
LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

LAKE AND STREAM FISHES:  

ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE 
 

 

 

 

 

James Allen Keast 

 

 

 

 

 

This document is a pre-copyedited version of an unreleased work by the author. It has not been peer-

reviewed. Details about its compilation can be found in the Postscript by Mary Campbell Baker 

 

 

 

 

 

 

 

 

 

 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

Table of Contents 

PREFACE 

ABSTRACT 

1. Lakes and water attributes as environments for fishes 

 1.1 Introduction 

 1.2 The water and lakes as physical media for fish 

 1.3 The internal physical structure of lakes and the distribution of life 

 1.4 The littoral zone 

 1.5 Evolution and structure of littoral zone substrates 

 1.6 Delimitation and definition of the littoral zone 

 1.7 The open water (limnetic) section of Lakes 

 1.8 Distribution of benthic organisms relative to water depth 

 1.9 Physico-chemical features of lakes, primary production, and fish production 

1.10 The nutrient-chemical factor 

 1.11 Particle size, energy content, and fish productivity 

 1.12 The phytoplankton as a seasonal factor productivity and cycling in lakes  

2. Habitat and space use in lake fishes: regional faunas and at the species level 

 2.1 Introduction 

2.2 Habitat in lineages and species (at the taxonomic level), the “ultimate” 

(phylogenetic component of habitat use) 

 2.3 Whole lakes as fish habitats: contrasting faunas 

  2.3.1 Fish faunal assemblages in a regional context, allopatric faunas 

  2.3.2 pH acidity and oxygen level factors 

 2.4 Fish species richness in lakes 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

2.5 Species groupings and relative abundances to some biological parameters, field 

studies 

 2.6 Habitat utilization within lakes, the Opinicon study 

  2.6.1 Water depth zone, and fish and invertebrate occurrence 

2.6.2 Littoral zone, substrate type and fish and invertebrate occurrence in a 

small Ontario lake 

  2.6.3 An offshore limnetic zone fish species association 

2.7 Diel lateral and general distribution movements in fish associations: comparative 

SCUBA studies on Michigan and Casanovia, New York, lakes 

 2.8 Habitat and vegetation complexity and space use in northern lake fishes 

 2.9 Contrasting habitat use patterns by age classes within species 

 2.10 Macrophyte beds and their use by fish 

 2.11 The proximate factor in space use by lake fishes: optimal foraging strategy 

 2.12 Space use and habitat in lake fishes: a synthesis with history of the subject 

3. Seasonality in North Temperate fish systems, optimizing on frigid winters and 

benevolent summers 

 3.1 Introduction 

 3.2 Temperature and its dominance in northern fish life 

 3.3 Contrasting temperature physiologies, different fish species 

 3.4 The North Temperate seasonal environment in a latitude small lake 

3.5 Experimental and field data: temperature relative to feeding and growth 

3.6 Feeding in small systems at low temperatures: insights into winter and early 

spring stomach contents.  Comparisons with summer feeding; research results. 

 3.7 The annual cycle in contrasting fish types 

  3.7.1 The tissue energy and fattiness cycle, winter component 

  3.7.2 Spring tissue energy replenishment 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

  3.7.3 The summer feeding period 

  3.7.4 Gonad cycles, reproduction, annual release of larval fish 

  3.7.5 Annual growth as an ecological factor: patterns in northern fishes 

 3.8 The adaptive annual cycle in northern lake fishes 

 3.9 Annual cycles in common lake fishes  

  3.9.1 Bluegill 

  3.9.2 Northern pike and Yellow Perch 

  3.9.3 Lake Trout 

  3.9.4 The Annual Cycle: a summary 

 3.10 Synchronization of components of the annual cycle 

3.11 The co-occurrence of multiple size cohorts in species: a consequence of limited 

annual growth in the north  

3.12 The northern freshwater Cold Temperate environment evolutionary and some 

ecosystem implications  

4. Diets and food resource division in lake fish associations 

 4.1 Introduction 

 4.2 The study of fish diets in historic context, findings on resource use 

 4.3 Stomach content analysis as a means of determining fish diets 

 4.4 Study rationalizations and method 

4.5 The "community" and "species association" issues in lake fishes: terminology and 

functional significances 

 4.6 Diets and resource division on a North Temperate lake fish community 

4.6.1 A case study, analysis of diets of the fishes in the littoral zone of a  

northern lake summer fish community 

  4.6.2 The prey resource base of fish in Birch Bay 

 4.7 Diets of the fish species: taxonomic categories of prey 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 4.8 Diets in terms of prey size 

 4.9 Numbers of prey organisms consumed in the various species 

 4.10 Seasonal shifts in diet: seasonally and body size in the prey resource base 

 4.11 Prey invertebrate populations, predatory impact of different fish species 

 4.12 Diet overlaps within fish associations, a quantification? 

 4.13 Species trophic separation on the basis of feeding times 

 4.14 Diets and resource division patterns in the associations, a summary 

 4.15 The limnetic zone mid-lake community in Lake Opinicon 

 4.16 Contrasting littoral zone substrate type association 

 4.17 Diets of three habitat specialists 

 4.18 Resource division in other Ontario lake communities 

 4.19 Theoretical considerations about fish feeding 

  4.19.1 Ivlev's prey electivity concepts 

 4.20 Indices of relative importance 

4.21 Classification of feeding strategies: "specialist" and "generalist" and other 

concepts 

 4.22 Prey "preference" in the feeding of individual fish: reality or artifact? 

 4.23  A comment on “omnivory” 

4.24 Optimal foraging theory and the resource base in lakes 

 4.25 Food webs and the trophic resource base 

 4.26 The ecological niche concept in fishes, the concept and the reality 

 4.27 Are species diets determined by interspecific competition? 

 4.28 The basis of species diet separations 

 4.29 Diets and resource division in lake fish communities, a synthesis 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

5. Larvae and early juvenile fishes: reproductive ecology, adaptations, diet, growth, 

energetic, life history strategies 

 5.1 Introduction 

5.2 Larvae and early juvenile fishes: what, morphologically and ecologically, are 

larvae? 

 5.3 Population controls in larvae and early juvenile fishes 

 5.4 Larval and early juvenile systems in a small lake 

 5.5 The Opinicon larval - early juvenile survey 

 5.6 The inshore open water larval association 

  5.6.1 Seasonality and time of occurrence of the larvae 

  5.6.2 The diets of the larvae 

  5.6.3 Interaction between larval fish and their prey organisms 

 5.7 The early juvenile macrophyte bed community of mid-summer 

  5.7.1 Community structure 

  5.7.2 The diets of the juvenile fishes 

  5.7.3 Dietary relationships of species: cluster diagrams 

 5.8 Contrasting strategies in spawning patterns in lake fishes 

  5.8.1 Single and multiple spawning 

  5.8.2 Successional spawning 

  5.8.3 Diets and diet differentiation in young fishes, literature review 

  5.8.4 Prey size and mouth size 

  5.8.5 Egg numbers and body size in fish 

5.8.6 Spatial separation of larvae and early juveniles in different species as a 

survival factor 

 5.9 Achieving adult-type diets in juvenile fishes 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

5.10 Versatility and plasticity in early yellow perch juveniles: Oneida Lake, New York 

studies 

 5.11 Growth in the first summer of life 

  5.11.1 Limits to the growth season 

  5.11.2 Innate factors on growth 

5.12 Growth depensation and compensation 

5.13 Factors affecting larval and early juvenile growth in lake fishes, abiotic verses 

biotic: a recapitulation 

  5.13.1 Temperature 

  5.13.2 Latitude 

  5.13.3 Crowding, high stock density, intra- and inter-specific competition 

  5.13.4 Predation and competition 

  5.13.5 Food 

 5.14 Larval fish relative to zooplankton populations 

 5.15 Multiple factors and growth 

5.16 Fitness and life history strategies relative to larval systems: the evolutionary 

perspective 

5.17 The trophic and energetic ecology of larval and early juvenile fish in lakes: a 

summary 

6. Ontogenetic diet shifts, multiple niches, resource strata, and feeding guilds 

 6.1 Introduction 

  6.1.1 Ontogenetic niche shifts 

 6.2 Age diet shifts in contrasting groups of fishes 

6.2.1 Bluegill and rock bass contrasting small- and large-mouthed species  

  6.2.2 Pumpkinseed 

  6.2.3 Black crappie 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

  6.2.4 Largemouth bass 

  6.2.5 Yellow perch 

  6.2.6 The bluntnose minnow, blackchin shiner, and golden shiner 

  6.2.7 Brown bullhead, yellow bullhead 

 6.3 Ontogenetic diet shifts, differences between trophic types 

6.4 Can the trophically distinct age classes of fish be regarded as distinct ecological 

species? 

6.5 A penalty of ontogenetic diet shifts; similar diets of equivalent age classes in 

species 

 6.6 Ontogenetic habitat shifts 

 6.7 Body size and the ecological niche 

 6.8 Stunting and diet in fish 

 6.9 Evolutionary implications of ontogenetic diet shifts 

 6.10 The feeding guild concept in fishes 

 6.11 The planktivore guild 

  6.11.1 Characteristics of the zooplankton resource 

  6.11.2 The zooplankton and zooplanktivores of a small lake, an exploration 

 6.12 How complete is planktivory: alternative prey types eaten by zooplanktivores 

 6.13 Prey size and optimal foraging theory in zooplanktivores 

 6.14 Zooplanktivory in small lakes, clarification and documentation 

 6.15 The piscivore guild in fish 

 6.16 Piscivory as a way of life 

 6.17 Piscivory and its development of age in different fish species 

 6.18 Prey selection in piscivores 

 6.19 Prey size and piscivory 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

  6.19.1 Primary piscivores 

  6.19.2 Secondary piscivores 

 6.20 The adaptive specializations of piscivores 

 6.21 The piscivore guild, summary 

 6.22 What prey sources could support guilds? 

  6.22.1 Chironomids and other dipteran larvae 

  6.22.2 Amphipoda and Isopoda 

  6.22.3 Ephemeroptera 

  6.22.4 Odonata 

  6.22.5 Trichoptera 

  6.22.6 Coleoptera 

  6.22.7 Mollusca 

  6.22.8 "Small", and "large" benthic invertebrate guilds? 

  6.22.9 Detritivory and herbivory (algivory) 

  6.22.10 The "catfish" guild 

 6.23 Summary 

6.24 Ontogenetic diet shifts, feeding guilds, and the use of resource strata by fishes, a 

synthesis 

7. Diet plasticity and resource diversions in contrasting lake systems.  The adaptability 

of variable growth rates 

 7.1 Introduction 

 7.2 Diet plasticity and contrasting resource division patterns, Ontario lake studies 

  7.2.1 The study lakes 

  7.2.2 Roles, diets, resource bases, governing factors 

  7.2.3 The invertebrate support base 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

  7.2.4 The fish faunas of the lakes 

7.2.5 Similar lake types: how comparable are fish diets and resource division 

patterns 

  7.2.6 Contrasting lake types: differences in feeding and ecological role 

  7.2.7 What determines between-lake resource division patterns and diet role? 

7.2.8 Relative importance of different invertebrate to fish feeding between lake 

comparison 

  7.2.9 Major predators and the role of co-occurring species in diets 

7.2.10 Diet plasticity in lake fishes, reality, degree, and significance as an 

adaptation 

 7.3 Growth rates in fishes, models, innate, metabolic, and ecological factors  

 7.4 Growth bioenergetics models and growth: theory and perspective 

 7.5 Factors influencing annual growth in fishes 

  7.5.1 The latitudinal factor 

  7.5.2 Temperature 

  7.5.3 Amount of food and growth 

  7.5.4 Calorific quality of different food types 

  7.5.5 Prey size and energy content 

  7.5.6 Utilization fish efficiency and fish growth 

  7.5.7 Crowding or high density as a growth inhibitor 

 7.6 Growth rates in contrasting systems: Ontario lake studies on four species 

  7.6.1 Yellow perch 

  7.6.2 Temperature and perch growth 

  7.6.3 Ontogenetic diet shifts in yellow perch, importance 

  7.6.4 Pumpkinseed  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

  7.6.5 Golden shiner 

  7.6.6 Eastern banded killifish  

  7.6.7 Growth and environmental factors 

 7.7 The adaptive importance of diet plasticity and growth rate variability, a synthesis 

8. Stream fishes, habitat features, resource division, and diets 

 8.1 Characteristics of streams 

 8.2 Streams as environments for fish 

 8.3 Classification of streams and rivers 

 8.4 River versus small streams as fish habitats 

 8.5 Stream types and attributes in a regional context 

 8.6 Space and habitat use in stream fishes 

 8.7 The food resource base of fish in streams 

  8.7.1 Detritus as a food for invertebrate and fish 

  8.7.2 Features of the zoobenthic invertebrate base 

  8.7.3 Drift organisms as a food of stream fishes 

  8.7.4 The sustainability of the prey resource base 

 8.8 The diets of stream fishes: previous studies on the diets of stream fishes 

 8.9 Ontario studies contrasting stream types, faunas and diets 

8.10 Features of the Ontario Stream Systems, The Medway Creek system: contrasting 

habitat, fish faunas and diets 

  8.10.1 Medway Creek  

  8.10.2 The fish species fauna of the Medway Creek 

8.10.3 Habitat occurrence and seasonal movements, Medway 

8.10.4 The impact of Medway stream on the resource bases, resource division, 

relative to individual diets 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 8.11 The Jones Creek fauna 

 8.12 Shelter Valley stream 

 8.13 Lower Poole Creek 

 8.14 Diets in the contrasting systems: Medway Creek fish 

  8.14.1 Medway diets, the five sites (May, July, September) 

8.14.2 Dietary changes along the length of The Medway, widespread and plastic 

species 

  8.14.3 Diet overlap levels in Medway fishes 

  8.14.4 morphology as channeling species to different resources 

8.15 Diets of the Jones Creek fishes  

 8.16 Feeding Shelter Valley fish 

 8.17 Lower Poole stream fish diets 

 8.18 Resources division and diets in stream fishes, a review of the literature 

8.19 The feeding of the species darters (Etheostominae) a special stream group with 

many co-occurring species  

 8.20 Stream fishes comparisons with lake fishes 

9. Body morphology relative to way of life and feeding in freshwater fish communities 

 9.1 Introduction 

9.2 Body structure, functional morphology, and way of life: the basic attributes of fish 

morphology 

 9.3 Body form and swimming 

 9.4 Fins and their functional morphology 

 9.5 Mouth morphology, feeding dentition, prey capture and prey processing 

 9.6 Dentition 

 9.7 Gill rakers and filter feeding 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 9.8 The alimentary canal 

 9.9 The sensory system in fishes, nature and specializations relative to feeding 

  9.9.1 The eyes and vision 

  9.9.2 Hearing 

  9.9.3 The lateral line system 

  9.9.4 Olfaction and taste 

 9.10 Body morphology relative to physiology and energetics in fishes 

 9.11 The structure of a small lake fish assemblage, Lake Opinicon, Ontario 

 9.12 The combining of fish species to form a fauna or community 

 9.13 A phenotypic factor in fish morphology: vertebrae, gill rakers 

  9.13.1 Vertebral numbers: temperature verses other factor control 

  9.13.2 Gill raker numbers 

9.13.3 Predator induced changes prey, gape size and body depth, interacting 

responses 

 9.14 Polymorphic forms and convergent species pairs in lakes 

9.14.1 Whitefishes and salmonines: body and mouth morphology, and gill raker 

formulae 

  9.14.2 Ecomorphs and sympatric species in sticklebacks (Gasterosteidae) 

  9.14.3 Body shape evolution in centrarchids: littoral verses limnetic forms 

9.14.4 The New World chiclids, molariform verses papilliform pharyngeal 

dentition 

 9.15 Polymorphic forms, significance 

 9.16 The correlation of form and function in fishes, theoretical considerations 

 9.17 Form and function: history of thought and modern theory 

 9.18 Structure, way of life and feeding in fishes: an integration 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 9.19 Ecology and body structure in lake fishes: a summary 

10. Origins, evolution, nature, and biogeography freshwater fishes of the North 

Temperate zone 

 10.1 Origin of North Temperate fishes 

 10.2 Freshwater fishes of the world 

10.3 The North Temperate freshwater fishes composition, taxonomic categories, 

ecological roles, origin in the fossil record 

  10.3.1 North Temperate fish groups, lineages, geological origins, adaptive zones 

 10.4 The division of trophic roles in northern systems: Cretaceous to Pleistocene 

 10.5 Acquisition of the contemporary North American freshwater fish fauna 

 10.6 The contemporary North American ichthyofaunas 

  10.6.1 North American regional ichthyofaunas 

10.7 The Mississippi-Missouri system, center of origin and refuge: ichthyofaunal 

richness and history 

10.8 Climatic change and extinction: the ichthyofauna of western North America 

10.9 The Great Lakes faunal history and fauna, development 

  10.9.1 The environment and evolution background 

  10.9.2 Acquisition of the Great Lakes fauna post-glacially 

 10.10 The European ichthyofauna 

  10.10.1    European and North American faunas and origins compared 

  10.10.2    Ichthyofaunal diversities 

  10.10.3    Geographic and glacial history, Europe 

  10.10.4    European ichthyofaunas, origins and status 

10.11 Fish community comparisons between North America and Europe: ecological 

verses historic factors 

  10.11.1    Faunal comparisons 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 10.12 mt-DNA studies on origins and paleogeography of European fishes 

  10.12.1    Ranges and speciation 

 10.13 North Temperate fish features, development and evolutions, a summary 

11. Tropical fishes: radiations, ecomorphological types, space use and trophic ecologies  

 11.1 Introduction 

 11.2 The richness of tropical fish systems 

11.3 Biogeography: faunal origins and relationships, the ichthyogeography of tropical 

Neotropical and African faunas 

 11.4 The Southeastern Asian tropical ichthyofaunas 

 11.5 Tropical river faunas, the Amazon and Congo 

 11.6 The tropical rivers as environments 

  11.6.1    Habitats and habitat use patterns 

  11.6.2    Diets of tropical river fishes 

 11.7 The African Rift Lake fish faunas 

  11.7.1 The African Rift Lake environments 

 11.8 Fish faunas of the major lakes 

  11.8.1    Lake Tanganyika 

  11.8.2    Lake Malawi 

  11.8.3    Lake Victoria 

  11.8.4    Recency of the Victorian radiations and specializations 

 11.9 Resource and trophic systems of the Rift Lakes fishes, some features 

11.9.1    The speciation problem, the case of allopatry 

11.9.2    Sexual selection not interspecific competition as the dominant factor in 

the production of large numbers of species 

 11.10 Radiations from single stocks, "species swarms" in isolated lakes 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

  11.10.1    Lake Tana and its Barbus species flock 

  11.10.2    Lake Lanao, Mindanao, Philippines 

  11.10.3    The Lake Titicaca and Andes Orestiinae 

  11.10.4    Lake Biwi 

  11.10.5    The Lake Baikal cottids 

  11.10.6    Species swarms in lakes, summary 

 11.11 "Secondary division" marine-derived freshwater fish systems 

  11.11.1    New Guinea and Wallacea 

  11.11.2    The Australian freshwater ichthyofauna 

  11.11.3    Madagascar 

  11.11.4    The Central American system 

11.12 Tropical freshwater fishes verses temperate ones: adaptations and species carrying 

capacities 

  11.12.1    How old are the tropical radiation? 

  11.12.2    Species coexistence mechanisms 

 11.13 Morphological species, extreme specializations to minor modifications 

 11.14 Habitat and space use specializations 

 11.15 Additional "feeding guilds" in the tropics 

 11.16 The problem of diet separation 

 11.17 Ontogenetic diet forms 

 11.18 Polymorphic forms in tropical systems 

 11.19 Tropical verses North Temperate systems, comparisons 

12. Evolutionary, trophic, and theoretical issues 

12.1 Faunal and ecological species 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

12.2 The ecosystem concept in water and land systems 

12.3 Interspecific competition 

 12.3.1 History of the interspecific competition concept, a review 

12.3.2 Communities and interaction of fish species within these 

12.3.3 The combination of species in communities: the concept of acceptable and 

non-acceptable entrants 

12.4 Morphological distance: minimum size separation 

12.5 The search for a central integrator and organizer in natural trophic systems: 

energy flow dynamics (trophic cascades), food web concepts, and metabolism 

based models 

 12.5.1 Trophic cascades systems 

 12.5.2 The food web concepts, history and tenets 

12.5.3 Stable isotopes as a tool for studying trophic interactions of individuals 

and species 

 13.5.4 "Metabolism ecology" as an interconnecting factor in systems 

 12.5.5 A multiple approach to trophic systems 

12.6 How do fish species acquire their ecological features during the speciation 

process? 

12.7 Space use and resource patterns: are these general to aquatic and terrestrial 

vertebrates? 

12.8 Do "rules" apply to ecosystem and trophic interactions? Are "communities" 

integrated and structured? 

REFERENCES 

APPENDIX:  Methodologies and rationale – The study of resource use in freshwater fishes 

 A.1 Space use and abundance determination 

 A.2 The efficiency of a seine net 

 A.3 Electrofishing as a means of determining habitat attachment 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 A.4 Strips counts to determine habitat use and fish abundance at a finer level 

A.5 Quantifying the zoobenthos 

 A.6 The push net 

 A.7 The Ekman dredge 

 A.8 Sampling of the zooplankton 

 A.9 Determine the diets of fishes by stomach content analysis 

 A.10 Determination of feeding times and periodicities 

 A.11 The problem of calculating the daily ration 

List of Tables 

2.1 Habitat designations of members of four different families of fishes, taken from the 

literature, Ontario. 

2.2 Habitat utilization by different age groups, Lake Opinicon fishes. 

3.1 Food uptake and growth rate of four common fish species. 

3.2 Feeding of fishes as determined by proportion of individuals with food in the alimentary 

canal from under the ice and during the early spring water warm-up period, six common 

species, Opinicon and Little Cataraqui Creek estuary. 

3.3 Feeding of fishes under the ice, % of individuals with food in stomachs in mid-winter 

compared to mid-summer. 

3.4 Major segments of the annual cycle, three contrasting northern lake fish species. 

5.1  Prey consumption by various species and sizes of larval fishes - onshore, open waters for 

four different sampling periods.                                                                                                                                          

5.2 Relationships between sizes of food organisms eaten and body length of young Lepomis 

gibbosus and L. macrochirus, Lake Opinicon, Ontario, June 17 to July 21, 1970 

5.3 Diet overlaps between species and size classes of young fish, inshore open water 

community of Lake Opinicon, June, 1970. 

7.1 Predators of the major resource types in contrasting 12 study lakes.   

7.2 Diets of pumpkinseed, golden shiner, yellow perch and banded killifish.   



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

8.1 Diets of fishes of Shelter Valley Creek. 

9.1 Major structural and functional features of the fishes of Lake Opinicon, Ontario. 

9.2 Some multivariate studies on fish assemblages that have related morphological attributes 

to habitat and diet. 

10.1 Contemporary native fresh water ichthyofaunas of Europe (west of the Caspian) and 

North America. 

10.2 Origin and early history of major Northern Hemisphere freshwater fish families. 

10.3 Composition of the Great Lakes fish fauna. 

10.4 The fish faunas of some small central European lakes, and of the Upper Danube. 

List of Figures 

1.1 The post-glacial Great Lakes and their drainage systems.   

1.2 Lake Opinicon (a) depth contours (m); (b) major littoral zone substrate types and habitats.   

1.3 Major fish types of the Great Lakes drainage.  

1.4 Major fish types of the Great Lakes (continued). 

1.5 Lake Opinicon (and other study lakes and streams), showing its position on the Rideau 

Canal system between Lake Ontario and the Ottawa River. 

1.6 Aerial photograph Lake Opinicon and surrounding terrain.  

2.1 Distribution of total fish numbers and biomass and numbers four major species relative to 

water depth zone. 

2.2 Distribution relative to depth invertebrate numbers and biomasses, and numbers of 9 

major invertebrate types that form the food of fish in May, June, and August Lake 

Opinicon. 

2.3 Correlations invertebrate (total) numbers and biomasses with those of fish May, June, 

August, Lake Opinicon. 

2.4 Proportionate occurrences size common littoral zone fish species relative to six different 

substrate types in the littoral zone, total summer data combined, Lake Opinicon. 

2.5 Biomasses (g/m2) of benthic invertebrates, and diversities (Levin's Index) in 11 substrate 

types, littoral zone, May, June, and August, Opinicon.   



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

2.6 Occurrences of five limnetic (mid-lake dwelling) fish species day/night relative to depth 

zone and distances from the shore, May and July compared, Lake Opinicon. 

3.1       Main seasonal parameters in the North Temperature eastern Ontario and seasonal 

changes in abundance of some of the major prey invertebrates. 

3.2 Annual cycle of the Bluegill, major events.  

3.3 Annual cycle of the Northern Pike, major events. 

3.4 Annual cycle of the Lake Trout, major events. 

3.5 Brown bullhead (Ameirus nebulosus), feeding and growth relative to water temperature. 

3.6 Bluegill (Lepomis macrochirus), feeding and growth relative to temperature. 

3.7 Fish with food in stomachs: (i) under the ice, Opinicon; and (ii) in early spring feeding as 

water temperatures warmed immediately following ice melt, Little Cataraqui Creek, 

Ontario. 

3.8 Tissue energy cycle, replacement of condition factor, % body fat, total body energy in k 

cals, and length increase in Year II bluegill, Lake Opinicon. 

3.9 Seasonal gonadal activity: bluegill, bluntnose minnow, blackchin shiner, eastern banded 

killifish, and yellow perch.   

3.10 Diameters of eggs in the ovary immediately prior to first seasonal spawning: bluegill, 

bluntnose minnow, eastern banded killifish. 

3.11 Annual growth of three age cohorts of the bluegill. 

3.12 Structure of the populations of bluegill, pumpkinseed, rock bass, black crappie, and 

yellow perch in terms of age (size) cohorts, based on body lengths, at end of summer 

(September). 

3.13 Structure of largemouth bass, brown bullhead, eastern banded killifish, bluntnose 

minnow, blackchin shiner, brook silverside, log perch, mudminnow, and golden shiner 

(September).  In successive years the faster growing members of younger age cohorts 

overtake the slower growing members of the previous ones. 

4.1 The fishes of Lake Opinicon: basic morphological types and adult body sizes.   

4.2 The fish species and their representative in terms of age (size) classes, at the end of 

summer, Birch Bay. 

4.3 Patterns of summer assembly, the littoral zone summer assemblage of Lake Opinicon. 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

4.4 Numbers and biomasses (wet weight) major food invertebrates, means and standard 

deviations, May-November, Birch Bay, Opinicon. 

4.5 Seasonal shifts in body length total prey invertebrates, Birch Bay.   

4.6 Occurrence of five major invertebrate types according to body length, Birch Bay. 

4.7 Diets on a month to month basis, May-September, Birch Bay, Lake Opinicon.   

4.8 Diets of Birch Bay fishes: bluegill, pumpkinseed, rock bass, black crappie. 

4.9 Diets of Years 0 (smaller and larger individuals) and Age 1, largemouth bass, Birch Bay, 

plus those of golden shiner, log perch, and mudminnow. 

4.10 Numbers of each category of prey organism (per ten individual fish species, Birch Bay, 

Opinicon, averages and standard deviations for periods. 

4.11 Prey size selection (percentages) by four size categories of rock bass, bluegill, 

pumpkinseed, and yellow perch, data from all months combined, Birch Bay expressed as 

length/width groupings. 

4.12 Expressed as % of data from all (length/weight groupings) months combined, brook 

silverside, banded killifish, blackchin shiner, bluntnose minnow. 

4.13 Diet overlap values, Year III fish, bluegill, pumpkinseed, rock bass, and yellow perch on 

each other, on a month to month basis, Birch Bay. 

4.14 Cluster diagram of trophic relations based on degrees of similarity and difference in diet 

items eaten, major fish species, May (spring), July (summer), September (autumn) 

compared. 

4.15 Mid-lake fish assemblage, diets, data from all seasons grouped, Opinicon. 

4.16 Bluegill diets Years II-II bluegill four contrasting sites and substrate types, Lake 

Opinicon littoral zone. 

4.17 Pumpkinseed diets, Year II-III pumpkinseed, four contrasting substrate areas, Opinicon 

littoral zone. 

5.1 Inshore open water assemblage of larval and early juvenile fish: species representation 

and morphological types for early June (yellow perch); mid and late June (log perch and 

black crappie, rock bass, largemouth bass, pumpkinseed); and mid-July (alewife, bluegill, 

and brook silverside). 

5.2 Juvenile fish in inshore macrophyte beds, mid to late July.  Body shape is approaching 

the proportions of the adults.   



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

5.3 Hatching dates at weekly intervals, showing temporal sequencing, inshore open water 

larval fish community. 

5.4 Seasonal occurrences: (a) larval fishes, offshore open water, and (b) of early juveniles in 

inshore macrophyte bed community, Opinicon, May to August. 

5.5 Numbers of cyclopoid copepods and their nauplii in the water column and in fish 

stomachs, calculated as numbers per m-3.  

5.6 Seasonal shifts in abundances of four dominant cladocerans, inshore open waters, Lake 

Opinicon, May-August. 

5.7 Diets of larval fishes four dates (May 8-9, May 21-23, June 14-17, and July 17-19), 

compared. 

5.8 Diets of juvenile fishes in weedbeds, July-August. 

5.9 Mouth width, relative to body length in juvenile fishes inferring capacity to handle prey 

of increasing size, Lake Opinicon. 

5.10 Sizes of chironomids eaten relative to body size, young of five fish species, littoral 

macrophyte assemblage, relative to size distribution in benthos at netting sites. 

5.11 Cluster diagrams to show degrees of relationship in diets (a) larval fish in inshore open 

water community, June 15-17, and (b) and (c) of subsequent juveniles in the littoral zone 

macrophyte beds. 

5.12 Weekly growth through the first summer.  

6.1 Lengths (means) successive age classes at end of summer growth period (September) to 

show ontogenetic size changes, rock bass and bluegill. 

6.2 Age class diets annual (means for months May-October), size age classes, bluegill and 

rock bass; taxonomic and prey size categories, numbers and weight of organisms in 

stomachs, and mean diet diversities (prey size and taxonomic categories), monthly 

changes in diet diversity (taxonomic categories). 

6.3 Prey size (width) and mouth width relationships successive age classes, rock bass, 

bluegill, and pumpkinseed.   

6.4 Monthly diet shifts Years I, III, and VI-VIII, May-October, bluegill.   

6.5 Monthly diet shifts, 3 age classes, rock bass. 

6.6 Diet overlaps, successive months Years I, III, and VI-X, on other age classes rock bass 

and bluegill. 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

6.7 Ontogenetic diet changes, relative to four prey type categories: fish, large invertebrates, 

small invertebrates, and zooplankton - largemouth bass, black crappie, rock bass, bluegill. 

6.8 Mean annual diets, three size groups, golden shiner, blackchin shiner, and bluntnose 

minnow.   

6.9 Mean annual diets of the brown and yellow bullhead, nocturnal chemo-sensory feeders 

compared. 

6.10 Seasonal abundances and changes in body size compositions, five common zooplankter 

prominent in the diets of fishes, Lake Opinicon. 

6.11 Diets of the planktivores, littoral zone genera of Cladocera consumed and non-

zooplankton items relative to zooplankters, littoral zone macrophyte bed association, 

Lake Opinicon. 

6.12 Diets of the planktivores, limnetic zone, Lake Opinicon. 

6.13 Use of the dominant zooplankter Bosmina longirostris relative to availability in the 

environment, five summer months (upper) and Chydorus sphaericus (lower). 

6.14 Cropping of Sida crystallina (upper) and Simnocephalus vetulus (lower) and seasonal 

availability in the lake, Opinicon, various summer months. 

6.15 Planktivory, importance in diet, relative to age, fifteen Lake Opinicon fish species. 

6.16 The development of piscivory with age size Lake Opinicon and two Jones Creek, Ontario 

(Keast 1995) fish species. 

6.17 Size of fish prey consumed relative to age and body size, four centrarchids and the 

northern pike. 

7.1 Diet of bluegill % weight relative to prey May and July resource bases, Years II-III fish, 

five "comparable" lakes. 

7.2 Diet of pumpkinseed, May and July relative to prey resource, % weight, years II-III fish 

five "comparable" lakes. 

7.3 Diets of members of the community, Cataraqui Estuary, and Fish Lake, May-August data 

integrated, % weight. 

7.4 Diets of Sunfish Lake and Little Cataraqui Pond communities, May-August data 

integrated, % weights. 

7.5 Pumpkinseed (ages II-III and IV plus fish), for four contrasting lakes, May and July data 

compared and relative to prey resource base, % weights. 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

7.6 Yellow perch (ages II-III and IV plus), for four contrasting lakes, May and July compared 

and relative to prey resource base, % weights. 

7.7 Size of Daphnia dubia in stomachs relative to that in the water column, Sunfish Lake, 

summer data integrated. 

7.8 Cluster diagrams to show dietary relationships, species and their age (year) classes, in 

three contrasting lakes (Cataraqui Estuary, Little Round Lake, and Atkin Lake) (derived 

from Complak  1982) May-August data integrated. 

7.9 Lengths (mean) to age September after completion of the summer growth period, seven 

study lakes: a) yellow perch, b) banded killifish. 

7.10 Lengths (mean) to age, in September at termination of the summer growth period, 

contrasting water bodies: a) golden shiner, b) pumpkinseed. 

8.1 Medway Creek:  Relative abundances of 20 major fish species, sites 1-5, May, July, and 

September data incorporated. 

8.2 Medway Creek:  Body size distributions of 11 fish species, September at end of annual 

growing period. 

8.3 Seasonal abundance shifts at sites common cyprinids, five sites, Medway Creek.   

8.4 Medway Creek:  Site 1, diets of fish species, May, July, September. 

8.5 Medway Creek:  Site 3, diets of major species, May, July, September (a and b). 

8.6 Medway Creek:  Site 5, diets of fish species May and July. 

8.7 Jones Creek:  Month to month diets of dace, fathead minnow, white sucker, 

pumpkinseed, grass pickerel, and golden shiner.   

8.8 Jones Creek:  Month to month diets of common shiner, brown bullhead, mudminnow, 

and creek chub. 

8.9 Lower Poole Creek:  Diets of six common species May and July-August compared and 

related to the prey resource base (% of weights). 

9.1 Body size in the fishes of a small lake system (Lake Opinicon).   

9.2 Heads of common Opinicon fishes to show mouth features (position on head, relative 

sizes, and shapes).   

9.3 Contrasting pharyngeal dentitions, six species, adapted from Keast (1978). 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

9.4 Receptor density at the back of the retina; area of greatest concentration relates to 

whether species is a bottom or mid-water or generalist feeding: rock bass (bottom feeder), 

largemouth bass (piscivore), bluegill (generalist), and mid-water feeder.   

9.5 Evolutionary relationships of the Centrarchidae. 

10.1 Representative members of the major groups of contemporary Holarctic fishes, as they 

occur in the North American Great Lakes system.   

10.2 Further North American fish families. 

10.3 History in the fossil record, major groups of native Holarctic freshwater fishes.   

10.4 Spatial distributions (including extra limited ranges) of 5 groups of Holarctic fish 

families.   

10.5 Distributions of six common North American species.   

10.6 Ichthyofaunas of the major drainage segments of North America (1986). 

10.7 a.  Extent of ice-cover, North America, 20,000 years ago at the height of the Winconsin 

(=European Wurm) glaciation.  b.  Major post-glacial recolonization routes into the Great 

Lakes area and northern parts of the continent.   

10.8 a. Extent of ice in Europe at the height of the last (Wurm=Wisconsin) glaciation.  b.  

Distribution of east-west mountain barrier that have greatly influenced freshwater fish 

distribution. c. Numbers of fish species, various places in continental region.   

10.9 Post-glacial history of the Great Lakes region.   

11.1 Specialized mouth forms in Lake Malawi fishes.   

List of Appendices (Supplemental Figures and Tables) 

2.1 Biomasses, with standard deviations the fish species of the 12 different lake types, 

Ontario. 

2.2 Different littoral zone substrate types, relative development of vegetation cover (height, 

per cent cover, patchiness).  July, Lake Opinicon. 

2.3 Distribution relative to water depth zone, vegetation and some common species, 

Opinicon. 

2.4 Relative representation, numbers and biomass, eighteen categories of potential fish prey 

invertebrates, relative to littoral zone substrate type, average numbers and biomasses, 

May, June, and August compared, Lake Opinicon. 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

3.1 Spring time temperatures summations, Lake Opinicon.   

3.2 Feeding of fishes in Jones Creek, Ontario at water temperatures of 2-3°C (February), 8°C 

(April), and 15°C (May). 

3.3 Food uptake of Jones Creek fishes during the spring warm-up. 

3.4 Diet diversities (numbers of prey organisms contribution of levels of 3% of stomach 

contents) from winter through to late summer. 

3.5 Loss of body tissue quality over winter, comparisons between late October (time of 

cessation of feeding before freeze-up) and post-thaw at the beginning of April. 

3.6 Summary growth in typical year, 5 age cohorts of the yellow perch, Lake Opinicon, 

Ontario. 

7.1 The prey resource base, weights and mean numbers (with standard deviations) for nine 

different Ontario lakes, May and July. 

7.2 Diets of yellow perch in five "equivalent" lakes, % weight in fish stomachs and in the 

zoobenthos, five "similar" lakes, May and July contrasted. 

7.3 Diet of golden shiner, May and July, four contrasting lakes, % weights in stomachs and in 

the zoobenthos, and of numbers of cladocera in the water column, for two age clases. 

7.4 Diet of banded killifish, May and July, four contrasting lake types, relative to prey 

availability. 

8.1 Prey organism representation, Medway Creek, Sites 1, 2, 3, 4, sampled by Ekman and 

pushnet (benthos), surber (drift organisms), and Schlinder zooplankton trap. 

 

 

 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

PREFACE 

LAKE AND STREAM FISHES: ECOLOGY,  

ADAPTATION, DIETS AND RESOURCE USE 

 

 This monograph explores the ecology, feeding and diets, space and habitat use, 

adaptations, and biogeography of freshwater lake and stream fishes.  The focus is on how 

freshwater fish systems "work" within a continental fauna relative to physical, biological and 

comparative features.  The work is set in the North Temperate system with its contrasting cold 

and hostile winters and benign, productive summers.  Most of the data is North American.  

Broader relevance is provided by chapters on continental biogeography, including an extensive 

chapter on tropical systems (Amazon and African Rift Lake fishes).  A theoretical framework is 

used.  Set in a detailed review of these multiple areas, a 20-year research program is also 

documented. 

 

 The book is the development of a long-term program initiated in the 1960s when I was 

introduced to a small Canadian lake as part of a professorial position.  At the time, I had ten 

years of experience with Australian terrestrial systems (birds), a group that did not lend itself to 

studying some aspects of ecology that fascinated me, specifically, how vertebrates evolved their 

ecologies. Fish lake systems are isolated and circumspect, the animals are confined to small 

areas, the food resource base (zoobenthic, zooplankton) lends to quantification.  Above all, diets 

can be precisely determined and quantified (using the stomach content method).  Fish are 

available in huge numbers for analysis.  None of these advantages applied to birds.  Over the 

following months I made a long list of ecological questions.  An extensive literature survey 

showed, to my great surprise, that many of the seemingly relevant issues had not been 

investigated.  A 25-year study with an expanding group of graduate students was the result. 

 

 This book is about 80% general and interpretation, and 20% research data.  The original 

data includes about 25 published papers of my own.  For additional detail, reference can be made 

to these.  Newer, unpublished research material enables me to develop an integrated work and 
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advance and test ideas. The work will be of importance to graduate and undergraduate students 

and to the professional ichthyologist.  

 

Other Books on Freshwater Fish Ecology 

 

 Other major books in the area of freshwater fish ecology include the excellent treatises of 

R.J. Wootton "Ecology of Teleost Fishes" (1990); Shelby Gerking's "Feeding Ecology of Fish" 

(1994); S.J. Diana's 1995 "Biology and Ecology of Fishes" (Biological Sciences Press); and W.J. 

Matthew's brilliant "Patterns in Freshwater Fish Ecology" (1998).  These books were preceded 

by various works: Kenneth Carlander's "Handbook of Freshwater Fish Biology" (1977); the C.H. 

Hocutt and E.O. Wiley (Eds.) Volume "Zoogeography of North American Fishes" (1986); David 

Heins and William Matthews (Eds.) "Community and Evolutionary Ecology of North American 

Fishes" (University of Oklahoma Press, 1987), and Rosemary Lowe-McConnell's "Ecological 

Studies in Tropical Fish Communities" (1987). 

 

 Of the latter, and more generally relevant books for students, the Wootton book, long in 

demand, is out of print.  The Gerking work, although replete with interesting references and 

discussions, is built up by a series of "examples" of phenomena, and this, along with limited 

attention to the comparative aspect, restricts its value.  Bill Matthews' 1998 book is devoted to 

stream fishes.  It is a unique reference for freshwater systems, and sets us with the highest 

standard to reach. My emphasis on lakes and my different objectives (especially on feeding) 

provides contrast with Bill's book. 

 

Figures 

 

 A feature of the book is the large numbers of Figures.  These provide visual 

documentation of results.  They bring out features that are less obvious in text and tables.  From 

them it is possible to view a summary of the total results of the book.  The Figures largely 
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illustrate our Ontario data because they best cover the points discussed. Other workers 

counterpart diagrams are listed.   

 

Appendices 

 

Appendices fall into two main categories: (1) additional research data relevant to chapter 

material (presented as appendix tables or figures) (for example, equivalent data on additional 

species). (2) Descriptions of sampling methods and philosophies (presented as a separate 

Appendix on Methods).  The last subject (that I hope will be valuable to fellow workers and 

students) is important in that acceptance by colleagues may partly depend on their confidence in 

my approaches.  Note here, for example, the continuing problems of quantifying "zoobenthos". 
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Philosophical Thoughts 

 

 The concept of this book goes back to 1962 when I joined the Biology Department of 

Queen's University, Kingston, Ontario, and moved to the University's magnificent lakeside field 

station.  I found the appeal of Opinicon as a research site irresistible.  Its waters are sparkling and 

clear.  The shoreline is lined by maples, birches, and conifers.  Across the lake gentle hills rise.  

Islets were scattered here and there.  Offshore ospreys dive for their fish food.  Barn swallows 
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and tree swallows fluttered past dipping in the water.  A heron flaps leisurely past.  I quickly 

observed no fewer than 3-4 species of fish swimming side to side along the water's edge. 

 

 I was filled with research questions. How many and what kinds of fish occurred in the 

lake? What adaptations permitted multiple species to co-occur?  What food resources supported 

them; how did they differ in diet?  What controlled their habitat selection and uses?  What were 

their reproductive methods and strategies?  Knowing that fish, in contrast to birds, have larvae 

and a distinctive set of age/size groups, what was the ecology of these?  How did they manage to 

over-winter when the lake froze over?  In summary, also how did fish ways of life and 

adaptations compare with those of terrestrial vertebrates?  

 

 Originally, of course, my book was to be steeped in the areas of information I have felt to 

be the important question of the 1960s, competitive exclusion, speciation, and adaptive issues.  

My original background was in terrestrial vertebrates, particularly birds, their ways of life, 

adaptations, habitat factors and, especially the ecology of speciation.  In the late 1940s and 

1950s, I had been Curator of Birds, Reptiles and Amphibians at the Australian Museum, Sydney.  

I made a 5-month long survey through the coastal inland, and northern parts of Australia, 

working on distributional habitat use phenomena.  This taught me to think in a continental 

framework.  (Fish did not come into it at this time: Australia is dry, fish are invisible in the 

muddy rivers, and the fish fauna paltry!)  I had become increasingly interested in ecological 

"niche" concept, on how species grappled with the three features of life (habitat, diet, use of 

time) seen as the basic priorities of species.  I had brief discussions with the leaders in the field, 

David Lack and Charles Elton.  The framework of allopatric speciation theory is that speciation 

is initiated when isolated daughter populations of species, now impacted by new selective forces, 

initiated ecological change.  Ernst Mayr's "Systematics and the Evolution of Species" (1942) was 

then the bible in evolutionary thought.  (Interestingly, just how species achieve ecological 

identity is still seen as an important question for contemporary study (Schluter, 2000). 
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The introduction of SCUBA and face mask and snorkel methods into lake systems in the 

early 1970s gave a handle to study the quantitative study of fish habitat and the habitat responses 

of fish.  Up to this time, in contrast with terrestrial systems, there had been virtually no such 

quantitative studies in fish.  Fish foraging methods can of course, also be studied in aquaria.   

 

The expanded data sets of modern fish ecology are an outgrowth of the 1960's theory.  

Along with the fabulous Lake Opinicon environment and my tremendous colleagues, allopatric 

speciation theory has provided personal inspiration. 

 

Postscript by Mary Campbell Baker 

 

 My uncle, James Allen Keast, was the inspiration for my own 40-year career as an 

Environmental Scientist.  A protracted visit to Lake Opinicon in the early 1970s with my 

younger brother included the opportunity to remove fish stomachs with graduate students, and 

the experience of swimming in the lake while fish nibbled at our toes, which must have been a 

factor in the pursuit of my own PhD in Fisheries.  When Allen died in March, 2009, I had been 

hearing about “the fish book” for years.  It has taken me the intervening 11 years to complete 

light editing (including making edits he left on a printed copy) and minimal reorganization, and 

to ensure that all figures and tables mentioned in the Chapters are available.  I did not check the 

completeness and accuracy of the numerous references.  The Chapter now presented as the 

Abstract was originally a synthesis Chapter 12.  Each Chapter is presented with keywords.  His 

family intends that this material be freely available to colleagues and researchers through Queens 

University Q-Space and archives. 
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ABSTRACT 

LAKE AND STREAM FISHES: ECOLOGY,  

ADAPTATION, DIETS AND RESOURCE USE 

James Allen Keast 

 

This text has as its objective a synthesis of the ecology and biogeography of small lake fish 

systems, as illustrated by the North American fauna and, specifically, the cool temperate one of 

the northeast of the continent.   

 

Freshwater systems are ancient.  They go beyond the Paleozoic.  North America is a 

water rich and diversified continent, with latitudinal range from the Arctic to near the Tropics.  A 

fossil record of fishes going back to the Ordovician testifies for a long period of fish evolution 

with an increasing diversity of body forms for freshwater fishes over time. 

 

Water has distinctive attributes.  With high viscosity and density, it provides physical 

bodily support for its inhabitants and buoyancy against gravitational pull.  Aquatic organisms 

live suspended in their environment.  Light penetrates water poorly, meaning that most 

productivity is near the surface.  Oxygen is optimal near the surface. The best habitat is along the 

shoreline and near the surface.  Cold temperature is a great limitation to fish occurrence and 

activity.  In the north, fish are relatively inactive in winter. 

 

Patchiness is a big factor in the distribution of aquatic organisms, as on land.  Benthic 

invertebrates, all important as fish food, relate to cover, substrate (mud, sand, rock), particle size 

and diversity, grain spacing, organic content, and vegetation height and type.  Fish species may 

be habitat specialists (for example, confined to cover), or generalists utilizing multiple habitats. 

Age classes within species often use different habitats.  This is a very important factor of habitat 

use by fishes. 
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The characteristic body shape of fishes, fusiform, is demonstrably the most efficient 

shape for passing through the aquatic medium.  Absence of legs limits overland movement 

between water-bodies.  Body morphology and all other systems, physiologies, annual cycles, 

reproductive methods, and ecologies, are specially adapted to the aquatic environment.  Different 

body shapes, fin positions, mouth sizes, angles of mouth opening shapes and positions on the 

head, marginal and pharyngeal dentitions, gill raker numbers, alimentary structures, vision, 

auditory, and lateral line variations combine to form adaptive suites.  Some of the features have a 

physiological, in contrast to anatomical, role.  Adaptive features in North Temperate freshwater 

fishes do not include the more extreme morphologies found in the sea, in coral reefs, and in 

African Rift lake fishes.  North Temperate fish differ from homeothermic terrestrial ones in that 

there is limited annual activity to perhaps six months, and species are represented by multiple 

size (age) and ecomorphological types. Growth being limited to a few months a year means that 

fish species are represented by series of distinct age (size) cohorts, which differ somewhat in 

ecology.   

 

 Results of diet studies involving the prey resource base indicate  (1) Diets are chosen 

from widespread and predictable prey types, the range is limited.  (2) Each species has an 

individual diet.  (3) Diets tend to be framed around a small number of basic prey types: these 

characteristically make up a significant proportion of the diet.  (4) Body morphological 

differences tend to favor this.  (5) Opportunistic feeders seasonally shift diet to more (abundant) 

prey types.  (6) In generalist feeders, some prey items are represented in diets as small numbers. 

These types are presumably taken as encountered when foraging.  (7) "Generalist" and 

"specialist" feeders (the latter defined by using only a few types) co-occur. The classification is 

artificial: a species may be a "generalist" in taking many taxonomic types but a "specialist" in 

body size.  Simultaneous sampling of the zoobenthos and zooplankton shows that most seasonal 

diet shifts in fish species is directly linked to prey abundance. The peaking abundance of a prey 

type will persuade many fish species to shift to it.  (8) Seasonal diet shifts are linked to 

availability of the different prey types.  (9) Absence of a "preferred" prey type may lead to 

inferior size cohorts. (10) Herbivory is uncommon in North Temperate fishes, in contrast to the 
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Tropics (Chapter 11).  Sometimes the herbivores ate animal matter at the beginning of spring 

following the long winter period of food deprivation.  (11) There is a good general link between 

mouth and prey size.  (12) Ontogenetic diet changes occur in all fish. They are marked in the 

larger-growing and longer-living species.  (13) Age classes of species commonly differ in 

proportions of a few prey types eaten, with the selection of larger-bodied individuals as fish 

grow.  (14) Differences in diet (as in rock bass in Opinicon - see Chapter 6) may be as marked as 

those otherwise separating different species.  (15) Diet overlaps, calculated on proportions of 

different prey types eaten, are usually high.  In almost all cases, increased overlaps occurred 

when a prey type became very abundant.  The fish species were attracted to an item rather than 

being forced to utilize it by shortage.  (16) Abundances of species in systems vary greatly. In 

Opinicon, bluegill made up 70% of total abundance and biomass of species, while some other 

species made up less than 1%.  The different fish species thus varied greatly on impact on the 

potential prey resource base.  (17) This largely undermined any argument that species diets were 

molded by interspecific competition.  There was not any "tight" resource division in this "open" 

system.  (18) No evidence was found of individual fish within a community or groups showing 

preference for particular types.  Characteristically, all individuals of a group took whatever was 

abundant.  (19) Fish species taking large prey ate much fewer items than small prey eaters, 

cropping patterns were necessarily different, the former using their energy to find fewer, rarer 

prey.  These generalizations were confirmed from studies of a wider range of lakes and streams 

(Chapters 6, 7, 8).  They presumably represent the optimal use and division given the ecosystem 

features. 

 

 Fish larval complexes are made up of large numbers of minute individuals that appear 

over a relatively brief period annually at the same time year to year.  Their impact on the 

ecosystem is temporally potentially very high but abundances fall rapidly with mortality, 

dispersal, and growth.  There is a sequencing in time of spawning of different species in most 

systems. This, and the separation of many species into separate spawning bouts, spreads impact 

on the prey resource base and limits intraspecific and interspecific competition.    
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Major features of larval ecology in freshwater lakes are (1) Larvae are released over a 

period of several weeks in spring when abundance of the prey types is high.  (2) Feeding may 

begin immediately or, in larger eggs, be delayed for a few days.  (3) Within days, growing from 

body lengths from 4-5 mm to 8-12 mm, increased mouth size initiates a shift to prey of larger 

size (for example, larger bodied copepods) and the cropping of a more diversified range of prey.  

(4) This change (and early dispersal) now reduces diet overlap in the hatchings of previous 

ovulations (in bluegill, for example, spawnings may be 7-10 days apart).  (5) A great number of 

predator types attack larvae.  With growth, predation falls. Dispersal is rapid.  Interspecific 

competition as a mortality factor remains inadequately quantified.  (6) In northern lake systems, 

the typical pattern is for larvae to hatch in the inshore open water littoral zone, and as young 

juveniles, they move into the macrophyte beds.  In a few species, hatching occurs in macrophyte 

beds.  (7) In the first weeks of life, the larvae and early juvenile of the species go through a 

sequence of equivalent diets: the large-mouth bass, that hatches with a large mouth, however, 

misses the copepod feeding phase and starts with small insects.  (8) Sequential spawning of 

species expresses phylogeny and temperature physiologies.  (9) Capacity to shift diet between 

alternative diets increases as the young juveniles start to grow.  Studies of yellow perch in 

Oneida Lake, New York, confirm much plasticity in diet after the first weeks.  (10) "Adult type" 

diets are mostly achieved in the first summer of life, but pumpkinseeds, dependent on 

development of molluskivore pharyngeal dentition, may not achieve this until the second 

summer.  (11) Importance of achieving "maximal" size during the first summer of life, and ahead 

of the winter, has been recorded by many workers.  (12) The larvae of different species vary in 

different ways (size of eggs, size and time of hatching, body shape).  (13) Amount of growth is 

limited by seasonal water temperature in the North Temperate zone.  (14) Within a hatch, young 

fish (for example, young largemouth bass) exhibit depensation and compensation relative to diet 

factors.  (15) Larval-early juvenile success has a major factor in determining age classes of fish. 

 

 Ontogenetic diet shifts to energetically more beneficial prey types are demonstrably 

critical to good growth.  The availability of a sequence of prey types of increasing body size and 

energy content is required to support this, or growth may be limited.  Prey categories that are 
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abundant and diverse (for example, zooplankton, fish, detritus) are cropped by many fish species.  

By contrast, seasonal availability of other foods like odonates and ephemeropterans, chironomids 

and Trichoptera larvae is too limited or numbers are too small to be widely used. 

  

 The guild concept in fishes is of limited significance in fish ecology.  To explore dietary 

consistency, a series of contrasting 12 lakes fish types was selected and the diets of their 

component fish species analyzed.  It was found that (1) For generally "similar" lakes (in this 

case, mid-sized, diversified systems) the wider-spread species analyzed had comparable diets. 

They differed mainly in proportions of similar prey types eaten.  (2) For contrasting lakes with 

different fish species compositions, diets and resource division patterns differed markedly from 

each other.  (3) Between lakes, diet differences were not random.  Commonly the shift was to a 

dominant resource that, in another study lake, was the second or third most important diet item.  

The shift was sometimes associated with the absence of a usual dominant fish predator of that 

type.  Thus, pumpkinseed and banded killifish became the main chironomid feeder in the 

absence of the bluegill.  The yellow perch that commonly has a characteristically ontogenetic 

diet shift of small invertebrates to large invertebrates to fish became a zooplanktivore in Sunfish 

Lake where there was a high population of the large-bodied zooplanktor Daphnia.  Perch became 

precocious piscivore in Atkins Lake where small-bodied fish prey were abundant and other 

piscivores uncommon.   

 

The changed diets were mainly related to different resource bases.  The diet changes were 

facilitated in three ways by (i) an item that was an incident diet type in one system becoming the 

dominant form in another; (ii) an ontogenetic stage in one area becoming the dominant; and (iii) 

different resource bases inviting the change.  There was a limit in how severe a diet change could 

be.  Prey size, status in the particular system, and body form were also factors. 

  

Lakes and streams are distinct as life zones.  Both provide great variability.  Expanse, 

degree of lineation, morphology, total depth, depth diversity, thermal regimes, habitats available, 

and quantity of fish faunas vary. Major features of feeding and diets in stream fishes are as 
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follows  (1) Major prey types in streams are chironomids, ephemeropterans, Trichoptera larvae, 

drift organisms, and detrital material.  (2) Swift-running small streams with limited bottom cover 

and backwaters provide only limited resource bases.  Sluggish (often secondarily degraded), 

macrophyte-dominated streams have a wider diversity of potential prey types.  In the former, fish 

diets are relatively limited. In the latter, they are diversified.  (3) In highland generated Medway 

Creek, Ontario, the entrant drainage area is populated by small-sized species and age classes, 

with fish species grouped into chironomid specialists, detritivores, and one generalist insect-

eater.  This resource use and division pattern also characterized downstream sites but with 

herbivores becoming less important.  Generalized insect-eaters and Chironomid fish specialists, 

which included most darters, were major faunal components in downstream areas.  Diet overlaps 

were higher than in most of the lakes studied.  Ontogenetic diet changes were minor except in the 

larger species.  (4) Sluggish, lowland, macrophyte-dominated Jones Creek had diversified 

invertebrate faunas and fish diet diversities.  (5) As an example of an impoverished stream diet, 

Shelter Valley Creek fish ate chironomid larvae, Trichoptera larvae, and Ephemeroptera nymphs.  

Ontogenetic diet shfits were minimal.  Zooplanktivores, and detritivores and, as in the Medway, 

piscivores, were absent.  (6) In Lower Poole, a still-water, a beaver pond with mud stratum, 

chironomids formed the major food. 

 

 Major distinctions between tropics and North Temperate regions (Chapter 11) include (1) 

High number of species, commonly double of that in equivalent temperate areas.  (2) A great 

diversity of adaptive morphological types.  (3) Additional feeding "guilds".  Besides 

zooplanktivores, benthic insectivores, molluskivores, piscivores and herbivores (the latter two 

categories highly diversified), there are fruit eaters, leaf choppers, and scale, fin and eyebiters 

(Fryer and Iles).  (4) Habitats (for example, rock substratum) support whole faunas, not just a 

few species.  (5) Distinctive morphological types and space divisions are major mechanisms 

permitting multiple species occurrence.  In big tropical rivers, additional habitat types (for 

example, floating vegetation) support distinctive fish assemblages.  There are very large numbers 

of piscivore species in the African Rift lakes.  The great tropical rivers are characterized by 

major seasonal habitat change associated with annual flooding.  There may be huge fish 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

dispersals associated with this.  A protracted growth season means that there is not the great 

diversity of ontogenetic forms found in the north. Evolutionary rates may be very rapid in the 

tropics.  The basis of this is still not adequately understood (Chapter 11).  Sexual selection is 

seen to be involved.  Species swarms involving single lineages are found in Malawi, Tana, and in 

the Cameroun volcanic lakes.   

 

Ecological systems in their nature and orderliness suggest structuring, organization, 

repetitiveness, and predictability.  No subject of ecology, however, is so elusive as determining 

whether measurable structure occurs to explain biomass, seasonal variation, species richness, 

ecological roles, and resource division patterns. Three potential structural systems may apply: 

competitive exclusion (space use and diet), energy flow, and food webs.  They emphasize 

different components.  Competitive exclusion has been area of study since the 1950's.  The 

question of whether assemblies are controlled by species interactions or the physical 

environment has long been joined.  As a contrast, a hierarchical concept of energy flow has been 

advanced as the "currency" of ecosystems.  All three concepts suffer from sloppiness and 

inadequacy.   

 

If there is no simple structuring base to be found, why are systems not just random?  The 

answer is, obviously, that the ecosystem does dictate certain repetitive viable patterns.  The rest 

of the answer possibly lies in: (i) complexity; and (ii) adaptability and plasticity.  Natural 

systems have many in-built alternative adaptive responses to mitigate environmental uncertainty.  

Therefore, space use and trophic systems function in a framework with guidance and general 

rules, not rigid and tight ones. 
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Chapter 1 

LAKE AND WATER ATTRIBUTES AS ENVIRONMENTS FOR FISHES 

Keywords: Limnology, Thermocline, Plankton, Nutrients 

 

1.1 Introduction 

 

 Lakes are broad well delineated basins. Rivers and creeks, in their linearity, narrowness, 

length, and water flow characteristics provide contrasts as habitats.  Freshwater covers less than 

2% of the Earth's surface.  The bulk of it is concentrated in lakes.   

 

 Lakes originate geologically in a multiplicity of ways, from down-faulting, the gouging 

of basins by glacial action, damming of drainages by volcanic activity and landslides, river 

disjunctions and, sometimes, by wind-excavation or chemical solution.  The North American 

Laurentian Great Lakes and European Constance and Maggiore are recent and glacially derived.  

Ancient Siberian Baikal and the African Rift Lakes had their origins in down-faulting 

 

 The North Temperate zone is uniquely rich in numbers and diversity of lakes.  The North 

American Great Lakes, latitudes 48°10' - 50°30' N, longitudes 74°30' - 93°20' E, whose fish 

fauna receives some research attention here, constitute the greatest area of freshwater on earth.  

They account for about 40% of the world's fresh water.  Their collective area is 245, 240 km2; 

their volume: 24,620 km3, and maximum depth: 450 m (Wetzel 1983, 2001). The Great Lakes 

drainage incorporates a great diversity of 50,000 smaller lakes (Wetzel 1983, 2001) and streams 

of all types and sizes (Fig. 1.1).  

  

 The Great Lakes achieved their contemporary dimensions post-glacially over the last 

13,000 to 8,000 years.  The basin has continued to respond with eustatic rebound, down-cutting, 

cycles of uplift and erosion, changing drainage connections, and proliferation of smaller lakes 

and streams.  
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 With the contraction of the glaciers, temperate North America received its fish faunal 

elements from the Mississippi, Missouri, and Atlantic coastal river refuges.  Europe received 

most of its fish faunas from the east, including from the Danube and Black Sea drainages.     

 

1.2 The water and lakes as physical media for fish 

 

 Water is composed of molecules (H2O) with a dipolar nature that interact to form quasi-

stable polymers.  The nature of this linkage varies both with temperature and pressure in a 

complex fashion.  It has one of the highest specific heat contents of naturally occurring 

substances.  Water thus has unique thermal-density properties and a high degree of viscosity.  It 

responds more slowly to temperature change than air.  Daily and seasonal extremes in 

temperature are minor compared to air: in this, water is a more benign environment (Hutchinson 

1967; Wetzel 1983, 2001; Kalff 2002).  

 

 The density of water is 775 times greater than that of air at standard temperature and 

pressure, i.e. at 0°C, 760 mm Hg (Wetzel 2001).  It is highest at 3.98°C under a pressure of one 

atmosphere.  It increases with depth at a rate of one atmosphere for 10 meters.  The temperature 

of maximum density increases about 0.1°C per 100 m of depth.  In very deep lakes temperatures 

below 4°C are partly related to relatively high pressures encountered at great depth (Eklund 

1963; Bjorke et al 1979).  Physical and chemical dynamics of lakes, and resultant intra-lake 

metabolism, relate to differences in water density.  Density and support features dictate the body 

shape and progression of fish and other aquatic animals.   

 

 Oxygen levels, so important to life, are highest close to the surface, and along the 

shoreline where there is turbulence. Bottom areas of deeper lakes may be anoxic.  

 

 Light, all-important to photosynthesis, penetrates water poorly.  Absorption increases 

exponentially with depth. This influences productivity patterns.  Ninety percent of light at a wave 

length of 0.75 mu, or higher (approximately that of the sun's radiation) is absorbed by a one 
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metre long column of clear water (Lambert's Law).  At two metres, the light penetration drops 

from 10.0% to 1.0%.  Lake bottoms are deficient in light, which severely limits photosynthetic 

activity.   Turbidity reduces light penetration further.  Visibility in lakes varies from a few 

centimetres under conditions of high turbidity, to up to 30 m in clear acid lakes.  Biological 

populations in clear acid lakes may occasionally reach such a high density that they are "self-

shading" and constrain their own growth (Wetzel 1983, 2001).  Limits to photosynthesis mean 

that productivity in the vertical water column declines with depth. Light, oxygen levels, 

nutrients, and temperature, all of which control productivity, all are deficient in the deeper parts 

of lakes.  Bottom-dwelling organisms are presented with potentially poorer environments when 

compared to surface-dwellers.  

 

 Temperature is a dominant physical variable in the North Temperate lakes (Chapter 3).  

Annual freezing severely constrains aquatic organisms.  Winter ice cover in northern lakes 

extends from early December until mid to late April.  Ice depth is commonly 50-65 cm. 

Temperatures immediately under the ice are 0.0 to minus 1.0°C, and at the bottom are minus 3-

4°C (Agbeti 1993;  Agbeti and Smol 1995).  Biological productivity is low in winter.  Ice, 

supplemented by snow, may form a blanket that limits (or prohibits) oxygen exchange between 

air and water, and sharply reduces light penetration.  A resultant anoxia may cause major winter 

fish kills in shallow water bodies (Tonn and Magnusson 1982).   

 

 North temperate lake systems are characterized by a repetitive annual seasonal sequence 

of events. The sequence is (i) spring and fall overturn (isothermal) with nearly complete mixing;  

(ii) an early winter phase with shoreline cooling and thermal bar - then;  (iii) winter conditions 

with partial, or full, ice cover;  (iv) early spring with shoreline warming and thermal bar;  and (v) 

summer stratification with wind-mixed epilimnion, transition zone (thermocline) and unmixed 

hypolimnion (Coutant 1987).  Fish must relate to this pattern.  In northern lakes there is an 

autumn withdrawal of fish into deeper waters away from the littoral.  The timing varies by 

species. There is an inshore movement of fish in the littoral zone.  
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 In deeper lakes in summer, lower and upper strata are separated by a steep thermocline 

(and, sometimes, a chemocline).  This has implications for the distribution of life.  The 

thermocline starts to develop in April, or later, as the surface waters slowly become heated by the 

sun and a temperature gradient develops, which is periodically interrupted by wind action.  The 

temperature of the deeper water remains cold, and a dynamic impasse develops relative to 

density differences.   

 

 In the open waters of larger, deeper lakes there may be a vertical stratification of fish 

species relative to depth (Engel and Magnuson 1976; MacLean and Magnuson 1977; Brandt 

1980; Crowder and Magnuson 1982).  (This was originally explored so that anglers could better 

set the depths at which they set lines (Dendy 1946)!) 

 

 Cold temperatures, partly related to the duration of winter and hence potential length of 

the feeding season, have undoubtedly been a factor limiting the northward spread of Mississippi-

Missouri fishes.  Reduced survival of over-wintering survival of young-of-year could be a factor 

in this (Shuter et al 1980; Post and Evans 1989a, b, Chapter 3). 

 

 In the Great Lakes region the cold water environment below the thermocline permits sub-

Arctic fishes and invertebrates to occur well to the south of where they otherwise could.  

Examples are some salmonid and coregonine fishes, and the deep-water shrimp Ponteporeia.  

The lake trout (Salvelinus namaycush), is at its southern limits in the Great Lakes region.  This 

species has an optimum physiological temperature of 16° C (Gibson and Fry 1954), and may 

move to depths of fifty meters or more in summer to maintain an optimum temperature gradient 

(Chapter 3). 

 

1.3 The internal physical structure of lakes and the distribution of life 

 

 In lakes, as on land, structure and its diversity provide a variability of habitats with 

differing features.  Fundamental physical variables in lakes are size (surface area), depth, 
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maximum and mean volume, extent of shoreline, and ratio of area of shallows (epilimnion) to 

deep area (hypolimnion).  A primary division is between the shallow littoral and deeper water 

limnetic zones. The littoral zone has good light penetration and oxygenation, is biologically rich, 

and offers plenty of cover for organisms (Welch 1935; Deevey 1941; and Johnson 1974).  The 

limnetic segment, by contrast, is spatially vast, three-dimensional, unvegetated, structurally 

relatively homogenous and offers little cover:  its inhabitants are either water column or bottom, 

dwellers.  The proportion of limnetic to littoral is determined by the physiogeography of the 

shoreline, lake depth, and nature and steepness of the peripheral drop-off zone.  Lakes with 

contorted shorelines, promontories and headlands, offshore islands, entrant and exit streams, 

peripheral marshes and extensive shallows have diversified littoral zones.   

 

 The "shoreline development factor" (DL) is the ratio of length of shoreline to lake area. A 

lake whose shoreline forms a perfect circle would have a minimum figure.  The factor is 

calculated by the formula: D =           L               (Wetzel 1983, 2001), 

                              2Aπ  

where L is shoreline length; and A the circumference of a circle with an area equal to that of the 

lake.  D reflects the extent to which the measured shore length is greater than the length of the 

circumference of a circle of an area equal to that of the lake (Wetzel 2001).   Higher values of 

shoreline development factors provide greater potential fish species richness. 

 

1.4 The littoral zone 

  

 The littoral zone has high rates of primary and secondary production (Rawson 1930; 

Kajek et al 1972; Wetzel and Allen 1972; Wetzel 1983; Chapter 7). Light, water movement, 

oxygen, carbon dioxide levels, and nutrients are highest here.  The greatest part of detrital 

material from the watershed is received here (Wetzel and Allen 1972).  Chlorophyll levels in the 

water column are high.  Macrophytes are present in high biomass and diversity (Klugh 1926; 

Needham 1928). Highest plant diversity, biomass, and turnover are also here (Brinkhurst 1974; 

Wissmar and Wetzel 1978; Rasmussen 1988).  High plant biomass and animal abundance are 
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correlated (Cooper and Crowder 1979; Heck and Crowder 1991, Chapter 3).  Invertebrate 

biomass is greatest in the macrophyte beds (Baker 1918; Ökland 1964; Ransom and Dorris 

1972), and is commonly several orders of magnitude more than in adjacent unvegetated areas 

(Gerking 1957; Harrod 1964). Littoral morphometry (slope, exposure, sediment water content) 

also exert a strong effect on zoobenthic biomass (Rasmussen 1988).  

 

1.5 Evolution and structure of littoral zone substrates 

 

 The littoral zone is commonly characterized by a diversity of substrates (Fig. 1.2).  Cliff 

face and rocky shoreline may combine in the open gently sloping sections. Substrate deposition 

is fashioned by wind, ice, and wave action.  These move, transport, sort, and deposit particles of 

different sizes.  Storms especially influence the distribution of substrate size particles.  Lake 

morphometry and depth influence the degree to which wind can push water across a lake and 

affect substrate type and organisms (Håkanson 1977).  The mechanisms of particle deposition are 

well understood (Davis and Ford 1982; Hilton 1985; Hilton et al 1986).  Exposed areas, where 

most scouring occurs, are characterized by bare cliff face, rock shelf, and gravel bed.  Juxtaposed 

with these may be sand shoal and beach sections of compact clay and, in the sheltered inlets and 

backwaters, deep silt deposits rich in nutrient material that can support dense macrophyte 

growth. 

 

 Water flow also influences the distribution of aquatic organisms. "Rough surface" 

substrates change flow dynamics on a micro scale.  Turbulence can be of major importance to 

biota.  Water movement is especially influenced by wind. 

 

Substrate features of importance to plant and invertebrate occurrence and abundance 

include particle size, water and organic content of the sediments, phosphorus levels, pH, 

pigments, and temperature (Rath 1986).  Schmid (2000), invoking the concept of fractal 

geometry, points out that littoral substrate structure involves two factors, particle size (which 
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may be large, small, or mixed), and grain spacing.  Organisms respond to an 'open' spacing 

compared to a compact one.   

 

Correlations between substrate type and invertebrate abundance have been documented 

by Downing (1986) and others.  This is especially marked when macrophytes are present.  

Comparable correlations also apply to the deeper and homogeneous pelagic sediments but are 

weaker (Downing 1991).  Patchiness of plant and animal distribution in the littoral zone are 

correlated with patchiness in substrate and vegetation structure (Tyler and Banner 1977; 

Marchant et al 1985).   

 

The variables of plants and invertebrate distribution have a direct effect on space use by 

fish. 

 

1.6 Delimitation and definition of the littoral zone 

 

Notwithstanding a confidence with which the term "littoral zone" is used, its definition is 

somewhat arbitrary.  The water column, of course, forms a continuum between the littoral and 

limnetic zones. 

 

The littoral has been defined as the area within which the light intensity at the bottom is 

at least 1.0% of the surface irradiance, light largely controlling vegetation development 

(Westlake et al 1981).  Slope, its steepness and nature, and hence substrate firmness, plus degree 

of exposure, is important in the onshore/offshore attenuation of zoobenthos biomass (Duarte and 

Kalff 1986).  Slope also influences the water content of the substrate, an important feature for 

life (Hakånson 1977).  Rasmussen (1988) used regression analysis to test the relationship 

between zone slope, exposure, plant biomass, and trophic status (micrograms of chlorophyll a 

per litre).  For Memphramagog and other Quebec lakes, 80% of the variation in log littoral zone 

biomass (Log LZB) among lakes, as opposed to within a lake, proved to be explained by the 

regression equation: 
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Log LZB = 1.0940 + 0.3511 Log Chlorophyll - 0.1632 Log Slope - 0.0518 

Exposure x Slope + 0.4416 Log Calcium (mg/L) - 0.2822 Log Chloride (mg/L) 

"where L' = shore length and Z is the circumference of a circle with an area equal to that of the 

lake.  D reflects the extent to which the measured shore length is greater than the length of the 

circumference of a circle of an area equal to that of the lake" (Rasmussen 1988).  Sites situated 

within deltas from stream inflows did not differ significantly from those that did not 

(ANCOVA), indicating that coarse allochthonous input from these fluvial sources was not a 

major factor determining littoral zoobenthic biomass in these lakes.  The author concludes that 

the "three dimensional heterogeneity" of the littoral zone of lakes (degree of slope, substrate 

nature, water clarity) denies it a meaningful delineation. 

 

 Notwithstanding this, authors commonly have been happy to arbitrarily use a depth zone 

criterion in discussions of the littoral.  For Quebec lakes, Boisclair and Leggett (1985) have used 

the 5.0 m contour as their arbitrary changeover point.  In Ontario lakes studied by the writer 

there is a clear drop-off in macrophyte density.  In some clear more northern lakes such a line 

cannot meaningly be defined.  One early author (Lundbeck 1936) used the 9.0 m contour as his 

arbitrary littoral zone delineation). 

 

1.7 The open water (limnetic) section of lakes 

 

 Contrasting with the littoral in lakes is the open water offshore deep water zone with its 

homogeneous vertical water-column.  Cover is minimal.  Some gradual differentiation relates to 

the surface section (high oxygenation, well lit) and the bottom.  The upper water column 

sometimes has a higher pH than the deeper sections (Downing 1991).  Currents and wave action 

create a degree of horizontal patchiness in distribution of life in the water column (Hâkanson and 

Jansson 1983) to which zooplankton may relate (Downing 1991).  The upper layers of the water 

column are generally superior habitat for phytoplankton and zooplankton. 
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Bottom areas in the pelagic zone are characteristically flat or of low slope (Downing 

1991).  Sediment accumulation usually increases with depth (Hilton 1985; Hilton et al 1986).  

Some structural diversity is created by rocky outcrops and the clearing action of currents (George 

and Edwards 1973), as in the littoral zone.  Profundal sediments are smooth and of homogeneous 

texture, and may be overlain by a deep layer of fine-grain suspended material, gyttja. Water 

column dwelling fish can harvest the invertebrates of the gyttja at night when they move 

vertically into the clear water-column. 

 

1.8 Distribution of benthic organisms relative to water depth 

 

Since many fish prey on benthic organisms, benthic diversity and biomass is of interest.  

Early workers were interested in the depth distribution of invertebrates as a wider interest in fish 

occurrence.  The structure of benthic communities from the shoreline to the central waters of 

mid-lake was of interest.  Various studies are available.  For North American Cayuga Lake, New 

York, (42.4-42.9° N, 77.0-77.1° W), Baker (1918) found that 63 species of mollusks occurred in 

the 0.3-1.0 m depth zone; 78 species at 1.0-2.0 m; 37 species at 6-9 m; and 29 species at 9-12 m.  

For the adjacent Oneida Lake, New York (43.3-43.4° N; 75.8-76.3° W) there was a comparable 

pattern. Lake Mendota, Wisconsin (42.6-42.8° N; 89.4-89.6° W), had 84 invertebrate species at 

1.0 m depth; 70 species at 2 m; 80 species at 3 m; reduced species numbers beyond 3 m (Welch 

1935).  Lake Mendota showed a greater drop in species richness beyond 6 m (Welch 1935).   

 

Walter (1985) made a more complete assessment of the Mirror Lakes (New York).   

Numerical abundance and biomass per square meter at different depths  were:  0-1.0 m: 30,000 

and 0.5 g dry weight; 1-2 m: 35,000 and 0.78 g; 2-3 m: 30,000 and 0.5 g; 3-5 m: 15,000 and 0.4 

g,  6-8 m:  2,400 and 2.4 g.  The lakes are typical for the area.  A drop off in numbers thus 

occurred beyond the 3-5 m depth zones.  This did not apply to biomass, however.  

 

 Data sets on invertebrate richness with depth for cold and deep more northern lakes like 

Lake Simcoe (44.2-44.7° N, 79.4-79.8° W) and Great Slave Lake (60.5-63.0° N, 108.0-119.0° 
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W), do not show a clear-cut abundance drop off.  For Lake Simcoe, numbers and biomasses of 

benthic invertebrates per m2 were:  shore to 0.1 m: 405 and 1.02 mg (dry weight); 1-5 m: 788 

and 1.28 mg;  5-10 m: 926 and 1.480 mg;  30-35 m: 1068 and 1.22 mg;  and 35-40 m: 1000 and 

0.95 mg (Rawson 1930, 1953).  Depth distribution patterns in the Great Slave Lake were 

comparable.   

 

 Surveys such as the above, with a focus on depth determinations, are of less interest with 

today’s emphasis on the habitat (substrate) causative factors.  The broad patterns they show are, 

however, real.  Many sets of depth distribution differential data are available for marine systems 

(Thayer et al 1975; Livingston 1975; Orth et al 1984; Heck and Crowder 1991).   

 

1.9 Physico-chemical features of lakes, primary production, and fish production 

 

The physico-chemical feature of lakes "impinge" on fish systems at many levels.  A 

relationship between lake morphometry, mean water depth, and lake productivity was indicated 

by Thiemann (1925).  A correlation between fish yield and mean lake depth and total dissolved 

solids was confirmed by Northcote and Larkin (1956) and Wilde and Mooneke (2001).  A 

positive relationship between fish biomass and total phosphorus was first reported by Moyle 

(1956).   A correlation between lake chemistry, primary productivity, fish yield, and fish species 

richness has been recorded (Oglesby 1977). 

 

Much attention has been paid to the "morphoedaphic index" of Ryder (1965, 1978, 1982).  

This is an outgrowth of the Rawson, and Northcote-Larkin findings.  This index, the ratio of total 

dissolved solids to mean lake depth, provides "an excellent predictor of fish yield for many 

systems" (Ryder 1982). There are now a hundred publications on this index, for example, 

Jenkins (1967), Oglesby (1977), Ryan and Harvey (1977), Matuszek (1978), and Ryder (1982).  

 

The index was developed after the exploration of a wide list of morphometric features; 

including lake area, volume, maximum and mean depth.  The retention and processing of energy 
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and matter are affected by lake morphology Ryder (1982). Thus, energy from the sun affects rate 

of autotrophic and other production processes.  The shape of a basin channels energy and matter 

in predictable patterns but also tends to dilute or dissipate them as a sink.  Energy and matter 

inputs are inexorably linked because energy is required for nutrient transportation in both biotic 

and abiotic sections of the system.  Thus, the productivity of aquatic vegetation, invertebrates, 

and fish are all closely linked.  Ryder et al (1974) concluded that within regions, if temperature is 

constant, mean lake depth has the greatest power as a predictor of yield.  Latitudes, temperature 

and area were considered also to be important. 

 

The value of the morphoedaphic index as a predictor can be considered to be 

controversial.  Critics see the index as over-simplistic.  Independent workers have had varied 

results with it.  For man-made reservoirs Jenkins (1967) discovered a significant correlation 

between fish biomass and morphoedaphic index but with a weak predictive power (r2 = 0.40).  A 

better correlation was achieved when reservoir water use patterns and chemical attributes were 

incorporated in the analysis before calculating morphoedaphic index to biomass ratios, and total 

dissolved solids to biomass ratios (Jenkins 1967, 1977).  Downing et al (1990) found no 

correlation between morphoedaphic index and fish production:  There was a correlation with 

primary productivity.  Matuszek (1978) tested the relative power of the morphoedaphic index, 

macrobenthos standing crop, mean depth, and total dissolved solids, in predicting yield.  Of these 

variables he found macrobenthos standing crop as the most meaningful predictor of fish yield.   

 

In Finnish lakes no correlation could be found between water quality factors and fish 

yield (Ranta and Lindstrom 1990; Ranta et al 1992).  Kalff (2002) accepts that the 

morphoedaphic index gives a quick approximation of fish yield, subject to many qualifications. 

 

1.10 The nutrient-chemical factor 

 

Fish and their prey organisms live suspended in a chemical environment.  Growth and 

standing crop in fish can be expected to be correlated through the food chain with the levels of 
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the major nutrients supporting the system (phosphorus and carbon).  There is now much work 

supporting such a correlation at the general level.  Examples are fish yields in northern lakes 

relative to summer phytoplankton standing crops as measured by chlorophyll a (Oglesby 1977); 

fish yields and gross photosynthesis in experimental systems (McConnell et al 1977); fish 

standing crop and total phosphorus (Yurk and Ney 1989); and fish community production, 

annual phytoplankton production, and mean total phosphorus concentration (Downing et al 

1990).  Earlier, Matuszek and Beggs (1988) had found that dissolved organic carbon, total 

aluminum levels, and elevation in combination explained 16% of fish species richness in 2931 

northern lakes; lake area explained 18%; and pH and pH-related factors explained the remainder. 

 

A positive correlation between total fish biomass per unit area and total phosphorus, total 

nitrogen, and chlorophyll a, and a negative correlation with Secchi disk findings on water clarity 

has been found by Bachmann et al (1995).  Species numbers were positively related to lake 

surface area, but not trophic state.  The 65 study lakes ranged from oligotrophic to 

hyperautrophic.  There were some shifts in species composition with changes in trophic state but 

only a few species showed change in their standing crops.  The results agree with those of Bays 

and Crisman (1983) and Jones and Hoyer (1982).  Bachmann et al (1995) noted that for southern 

lakes the changes were much less than those for northern lakes.  They ascribed this to the 

absence of deep, cold hypolimnia, absence of salmonid species, and absence of ice in winter.  

The results reveal inconsistencies. 

 

Various workers have combined biological and chemical parameters in their predictive 

models of fish fields, production, or species richness.  Stemming from the finding of Matuszek 

(1978), that there is a strong correlation (r2 = 0.84) between macrobenthos standing crop and fish 

yield.  Hanson and Leggett (1982) incorporated published data sets from 43 lakes into an 

equation.  They found that phosphorus concentration and ratio of macrobenthos standing crop to 

mean depth proved to be superior to total dissolved solids, mean depth, and morphoedaphic 

index as predictors of fish yield.  The phosphorus plus macrobenthos correlation value was r2 = 

0.75 for fish biomass to total phosphorus.  Fish yield relative to the ratio of macrobenthos 
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biomass to mean depth was an unsatisfactory r2 = 0.48, but fish standing crop relative to mean 

depth had a correlation of  r2 = 0.83.  (For discussions of correlations between phytoplankton 

biomass and available phosphorus see Schindler 1975)  Hanson and Leggett (1982) also found 

that total dissolved solids, used as a predictor by the earlier workers because of the assumption 

that it was proportional to phosphorus and nitrogen, was significantly correlated with phosphorus 

concentration and macrobenthos biomass, although it was a poor estimate of fish yield or 

biomass when used alone.  It is generally accepted that there is a relationship between fish 

occurrence and production and the degree of development of macrophytes (this being an index of 

productivity), which also provide critical habitat and cover (Randall et al 1996).  Recent 

overviews have suggested that at large scales productivity affects species richness.  Biomass of 

fish may, in turn, vary with the patchiness of the vegetation (Weaver et al 1997). 

 

1.11 Suspended particle size, energy content, and fish productivity 

 

A prediction that productivity could be correlated with prevalence of different suspended 

particle sizes was first advanced for marine systems by Shelton et al (1977).  Subsequently the 

idea that particle size, combined with other variables (lake size and degree of annual 

perturbation) might relate to production in lakes was explored (for Lake Michigan) by Sprules 

and Manowar (1986) and Sprules et al (1991). 

 

Theoretical biomass-size spectra models for lake fishes have been introduced by 

Borgmann (1987) and Cyr and Peters (1995).  Biomass and production data were gathered by 

Cyr and Peters (1995) for phytoplankton, phytobenthos, zooplankton, zoobenthos, and fish from 

24 lakes and reservoirs.  From these variables, fish biomass was only predicted poorly.  The 

inclusion of benthic algae and benthic invertebrates, in addition to the original phytoplankton and 

zooplankton in the model slightly improved predictions of fish biomass.   

 

 The idea that suspended particle size is important gains credence from a projected 

correlation between size of prey items and their energy content: theoretically the larger the prey, 
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the more energy it contains.  The suggestion that for whole systems, a higher proportion of larger 

particle sizes relates to increased productivity needs more testing. 

 

 In summary, postulated correlated relationships between the physico-chemistry of lakes, 

the morphoedaphic index, nutrio-chemical features, phytoplankton, prey size relationships and 

fish production and yield remain inadequately resolved.  Correlations are obviously very 

complex.  This has been acknowledged by Waide et al (1999) and later limnologists.  The 

potential correlations can, however, be appreciated as part of the complex aquatic environment in 

which fish live. 

 

1.12 The phytoplankton as a seasonal factor in productivity and cycling in lakes 

 

The annual cycle of primary productivity in lake systems is largely determined through 

the phytoplankton (Wetzel 2001; Kalff 2002).  This remarkable flora of minute organisms 

(length, <1-250 um; most between 63 and 153um), consists of huge populations, with high 

biomass turnover and population swings, high species diversity, and marked successions of 

dominant types.  Production annually may range through about three orders of magnitude. 

 

The phytoplankton is composed of eukaryotic green algae, diatoms, desmids, 

dinoflagellates, chrysophytes, cryptomonads, and prokaryotic blue-green algae.  For the cycles of 

the phytoplankton for some lake types see Patrick et al (1969), Hutchinson (1967), Hobbie 

(1973), Kalff et al (1975),  Reynolds (1980, 1993), Sommer (1985),  and others.  The floras of 

small Ontario lakes are discussed by Agbeti (1993) and Agbeti and Smol (1995).  

 

A typical annual seasonal succession of phytoplankton in typical small northern cold 

temperate lakes follows.  In winter phytoplankton biomass and productivity are minimal due to 

low irradiance.  The winter community is characteristically dominated by small, often mobile 

phytoplankters; cryptophyceans being particularly common (Wright 1964; Tilzer 1972; Maeda 

and Ichimura 1973).  In small Ontario lakes studied by Agbeti and Smol (1995), the winter 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

community is dominated by flagellates (cryptophytes and chrysophytes), and, occasionally, 

diatoms.  Dinoflagellates, cyanobacteria, and green algae are poorly represented.  Zooplankton 

communities which are potential fish food are low in winter. 

 

In early spring following the loss of ice cover, circulation in the water column of the 

lakes and warming water temperatures increase nutrient availability, bringing phosphate from the 

abiotic profundal zone, and silica and other substances from the adjacent watershed.  A bloom of 

small-bodied green nannoflagellates and diatoms follows.  Densities of these may rapidly 

increase from 10-3 to 10-6 per ml (Porter 1976).  Diatoms, drawing on the newly abundant silica, 

form a dominant component of the community.  The initial bloom occurs ahead of the numerical 

build-up of the harvesting zooplankton. 

 

In late spring as silica levels drop, diatom populations crash.  They are replaced as 

dominants by green algae, gelatinous greens, or by blue-greens too large or noxious to be eaten 

by the zooplankton.  As the spring bloom subsidizes, there may be irregular periods of increase 

and decrease in total algal biomass.   

 

In summer the subsequent community is adapted to low nutrient levels.  The rate of 

succession of species within the community decreases as the season progresses, probably 

because of exaggerated nutrient depletion, sinking, and increased cropping by predators, which 

slows the population increase rate.  As summer nutrients are further reduced, the numbers of 

Cryptophyceae and Chlorophyta may give way to a dominance of diatoms again (Klaveness 

1988). 

 

In autumn, with increased circulation, there may be another crop of diatoms and 

bluegreens.  There is commonly an early biomass minimum corresponding to the beginning of 

autumn destratification in deeper lakes.  Temperature may not, however, be a limiting factor in 

the autumn, as most algal species can function at a wide range of temperatures.  An alternative 

explanation suggests that autumn blooms stem from a reduction in top-down control of the algae, 
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the result of increase mediation pressure by young-of-year fish.  After November, algal biomass 

declines to an extended winter minimum. 

 

Much effort has gone into elucidating the factors that dictate or influence the predictable 

seasonal shifts in phytoplankton composition.  Despite a huge amount of work, it has not been 

possible to develop models able to predict species compositions over time and space (review in 

Kalff 2002).  It is generally agreed that nutrient limitation and competition for declining nutrients 

have a fundamental role in phytoplankton cycles.  Individual species may differentially relate to 

some of the following variables:  day length changes and shifts in average light intensity, 

temperature changes, sediment deposition fluctuations, nutrient availabilities, uptake kinetics, 

grazing by zooplankton, variable sinking rates, pathogenic infections by Protozoa and viruses, 

and allelopathy (the production of toxic substances by other algae) – see discussion in Reynolds 

(1980).  Evidence for sediment deposition fluctuations being a driving force in algal species 

replacement remains contradictory (Sommer 1985).  Presumably, no one chemical or physical 

factor drives seasonal succession, and the algae occurring at a particular time are those adapted 

to the specific suite of conditions then existent.  After analyzing 12 annual cycles of 

phytoplankton standing crops and 14 algal assemblages, Reynolds (1980) developed:  "a 

hypothetical possibility matrix".  He concluded that "the most likely dominant algal assemblages 

associate with co-ordinates determined in terms of general relative availability of (unspecific) 

limiting nutrients and column mixing”.  Progress towards producing a generalized explanatory 

hypothesis for phytoplankton dynamics has continued to be dogged by the great complexity of 

the system and the fact that individual species responses are influenced by different 

physiological characteristics and levels of ecological adaptability. 

 

In summary, for northern lakes:  (i) the seasonal periodicity of phytoplankton is 

reasonably consistent from year to year;  (ii)  the extent of abundance change through the season 

is usually a thousand-fold;  (iii) maximum and minimum abundances and biomasses of 

phytoplankton are often out of phase with rates of primary production and; (iv) species 
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composition fluctuates in a regular way from year to year, provided the system be not seriously 

disturbed.  

 

Superimposed on the spring-summer phytoplankton cycles are those of the zooplankton 

that crop them.  The zooplankton forms the major food of larval fish and successful fish 

reproduction thus is dependent on a superabundance of zooplankton being available at the right 

time.  Zooplankters only crop a subset of the phytoplankters, the "edible" small naked green 

algae, nannoflagellates, and cryptomonads.  Little is still known about the feeding habits and 

food of the well-studied zooplankton.  The food chain leading from phytoplankton to fish is, 

hence, only partially described.  There is a considerable literature on whether it is heavy grazing 

by herbivorous zooplankton or, by contrast, nutrient depletion, that cuts back the May bloom of 

the phytoplankton - see Owens and Esaias (1976), Schindler (1977), and Brett and Goldman 

(1997).  Cropping by the zooplankton can however, be efficient.  At peak abundance time the 

entire volume of a water-body may be filtered several times a day (Porter 1976).  A long period 

of coevolution of phytoplankters and zooplankters is demonstrated by the former possessing a 

range of defences against grazing zooplankters including body structures, toxin production, and 

general unpalatability.   

 

Abundance and seasonality of the zooplankton populations thus stems backward in 

seasonal time to the physical and chemical factors that control the phytoplankton.  In the 

environmental control model temperature, nutrient release, water turnover time, lake 

morphometry, and watershed geology (especially operating along environmental trophic 

gradients and in nutrient-limited systems) are dominant (Peters 1986;  Downing and McCauley 

1992).  The contrasting theory of zooplankton abundance, the biotic control model (Pinel-Alloul 

et al 1995), explains it in terms of the trophic interactions, and "top down" or "bottom up" 

processes"(see Carpenter and Kitchell 1993).  

 

Zooplankton control models involve the alternative factors: nutrition and predation.  

These remain inadequately tested (Pinel-Alloul et al 1995).  From a study of the zooplankton 
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communities of Quebec lakes, pure and spatially-structured abiotic and biotic environmental 

factors explained only 48% of the zooplankton variability (Pinel-Alloul et al 1995).  The findings 

thus supported a multiple controls hypothesis (Hunter and Price 1992; Power 1992; Rodriguez, et 

al 1993).   

 

A highly interesting and still puzzling feature of the phytoplankton flora is its great 

species diversity:  this in the light of the well established theory that multiple species can only 

co-occur if they have different ecologies.  (See later discussions on this subject in fish species.)  

 

The phrase "The paradox of the plankton" was advanced by G. Evelyn Hutchinson for the 

high diversity phytoplankton anomoly.  In average North Temperate lakes, 70-200 species may 

occur in the course of a year (Kalff 2002), although 6-8 species may contribute 90% of the 

biomass (Willén 1976).  Hutchinson concluded that there was an absence of interspecific 

competition in the phytoplankton because of permanent failure of the system to achieve 

equilibrium due to variation in the environment.  Porter (1976) early noted that species diversity 

is low during periods of high abundance:  high diversity thus occurs when there are no 

numerically dominant species.  These are times of rapid change, such as in early spring when one 

set of species is decreasing and a second set are proliferating.  Porter agreed with Hutchinson's 

rationalization that phytoplankton assemblages are a loose association of semi-independent 

species, each reacting to environmental conditions at its own rate and relative to slightly varying 

needs.  Explanation remains a continuing biological challenge. 

 

1.13 Energy flow and trophic cascades in lake systems 

 

 With a comprehensive thirty years of literature and many reviews on the subject 

available, only brief comment will be made here on food web theory.  For highly readable 

accounts of food web theory see Carpenter and Kitchell (1993) and Polis and Power (2004).  

Important early papers on food energetics in fish include Hairston et al (1960) and Hrbácĕk 

(1962).  Some of the more important later papers include:  McQueen et al (1986), Carpenter and 
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Kitchell (1988, 1993), Mills et al (1987), McQueen et al (1989), Power (1990), Kitchell (1992), 

Hunter and Price (1992), Strong (1992), Vanni et al (1997), Polis and Winemiller (1996), 

Goldwasser and Roughgarden (1997), Reynolds (1994), Perrow et al (1997) and McQueen 

(1998). Influenced by a cascade of size-selective processes starting at the top of the chain 

(Carpenter and Kitchell 1993),  selective planktivory by predatory fishes and invertebrates 

impact the herbivorous zooplankters (Peters 1983).  Processes starting at the top of the web can, 

thus, extend down through the trophic cascade to influence rates of primary production. 

 

Much debate on aquatic trophic cascade systems has focussed on whether control is 

“bottom up” (determined by nutrients such as phosphorous and nitrogen), that it is physio-

chemical, or from the top (by piscivores) – see Carpenter and Kitchell (1993) and Polis and 

Power (2004).  The control of zooplankton numbers near the bottom of the pyramid has of 

course, long been a central theme in limnology (Edmondson 1991).  Control has been considered 

by many to be “bottom up”.  For example, see the Northeast Pacific study of fish production by 

Ware and Thomson (2005).  By contrast, Brett and Goldman (1997), amongst others, found that 

fish had a much stronger control or zooplankton biomass than did nutrient control. 

 

Some authors have suggested that at different circumstances both or either controls may 

apply:  For example, control might vary with lake type (McQueen et al 1986).  McQueen et al 

(1986) suggested that in eutrophic lakes, top-down effects are strong for the piscivore to 

zooplankton segments, and weaker for zooplankton to phytoplankton segments of the food web. 

In oligotrophic lakes, top-down effects are not strongly buffered, so that zooplankton to 

phytoplankton interactions are significant.  It has also been suggested that flow direction may 

vary seasonally.  For example, in a system dominated the water mite Piona, the direction of 

energy flow was bottom-up early in the season, and top-down later when Piona became abundant 

(Matveer 1995).  (Rather than accept the obvious explanation, however, Matveer suggested that 

the strength of the top-down impact (in this and also in fish dominated systems) could be 

associated with the width of the food consumed, the impact being stronger when feeding niches 

are wider).  Striet (1995), also concerned with seasonality, notes the shift from a predominance 
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of large zooplankters early in the spring to small ones subsequently, influences energy flow 

dynamics.  Energy flow systems, he suggests, can be viewed as fluctuating arrangements.  The 

zooplankton control subject continues to attract much controversy and literature.  Sidestepping 

the continued argument as to the bottom-up or top-down control, Hunter and Price (1992) 

suggest that the relevant question to ask is not whether or not resources (or, alternatively, 

predators) regulate a particular population but, rather what are the factors that modulate resource 

limitation and predation?  This would allow us to better determine when and where predators, or 

resources, will dominate. 

 

Much effort has been expended on modeling and trying to quantify energy flow features 

between the strata in lakes.  There has been particular focus on leakage between the strata.   

 

For 66 Canadian lakes, Schindler (1978) found that phosphorus supply, corrected for 

hydrologic resistance time, explained only 48% of the variance in primary production, and lakes 

with similar phosphorous supply rates differed nearly a thousand fold in productivity.  Although 

built into the calculations, subtle differences in phosphorus release/uptake phenomena 

presumably explained part of the variation, he suggested.  In a range of systems that were 

studied, phosphorus loading explained 79-95% of the variance in chlorophyll a concentration 

(Oglesby 1977; Schindler 1978).  Cholorophyll concentration is a poor predictor of primary 

production Oglesby (1977) found. 

 

Energy flow dynamics are complex.  Carpenter et al (1985) have commented on puzzling 

differences in productivity among lakes with similar nutrient supplies.  In one major study, the 

phosphorous supply, corrected for hydrologic residence time, explained only 46% of the variance 

in primary production.  From analyzing many lakes, they calculated that only about 30% of the 

potential energy that enters a lake as macronutrients moves directly through the pelagic pathway 

to planktivores, and that about 70% of the potential energy cycles through the macrobenthos 

reaches the obligate and facultative benthivores.  In a later paper focused on nutrient verses 

biotic control of the zooplankton in Quebec lakes Pinel-Alloul et al (1995) modeled all possible 
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factors, including bottom-up and top-down processes.  The best final (integrated) model they 

could produce, and which involved multiple controls, could explain only half (48.2%) of the total 

variance in zooplankton species assemblages.  When only one set of biotic, or abiotic, factors at 

a time was considered, this, when significant, explained only 11.2-30.7% of the zooplankton 

structure variability among lakes.  From these figures it must be concluded either that not all 

variables were recognized or that energy slippage was great. 

 

Phosphorous dynamics have long been considered basic to understanding the economics 

of fish production (McConnell et all 1977; Kitchell and Carpenter 1987; Carpenter and Kitchell 

1988, 1993; Edmondson 1991; and Kitchell 1992).  In one set of figures for Canadian lakes, 

Hanson and Leggett (1982) calculated that a ten-fold increase in total phosphorous in a lake is 

associated with a 5-fold increase in fish yield; that a 5-fold increase in macrobenthos is related to 

a 3.5-fold increase in fish biomass! 

 

Are energy flow chains the ultimate quantitative organizer of tightly integrated lake 

systems?  Despite some enthusiasm and ample demonstrations of basic importance it is obvious, 

see Juliano and Lawton (1990), Strong (1992), and Polis and Hurd (1996) for example:   as 

leakage and the other limitations that lend complexities show, lakes function as loose, not tight, 

systems. 

 

1.14 Water and lakes as environments for fish, a summary 

 

 Water as a physical medium, with its density, molecular structure, fluid characteristics, 

and temperature and light carrying attributes, sets the stage for aquatic organisms and fish.  Fish 

morphology and shape, living their lives suspended in a nutritive medium, in their method of 

progression, and in the optimal adaptations they project, provide a contrast with terrestrial 

vertebrates.  In other ways, needs and demands of fish and land vertebrates closely parallel each 

other. 
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 Lakes, streams, and other freshwater on the planet, whilst showing some comparable 

structural variations with terrestrial systems, have distinctive ones.  Fish, in their distribution and 

use of space, show comparable complex responses.  They have to respond however, to the 

special  chemical and nutrient regimes of lakes.  Relationships between lake morphology, 

seasonal regimes with their marked climatic changes and chemical turnovers, and the 

phytoplankton yield relative to fish production, biomass, and diversity must be acknowledged.  

Correlations however, remain only partly resolved: they may also vary with circumstances and 

time.  The system is very complex.  One can appreciate the implications of all the features for 

fish without fully resolving them. 

 

 The varied structure of lakes both provides a range of different ways of life in fish.  The 

significance of the basic structural divisions of lakes into littoral and mid-water limnetic zones, 

of extended versus shortened shorelines, of varying bathymetric profiles, and occurrence of 

different substrate types provide ample opportunity for co-occurrence of distinctive adaptive 

types of fishes.  Body structure differences are part of this.  Habitat specializations at both the 

species and within species age class level are well developed.  Readily recognizable “habitats” 

are associated with clusters of associated features. 

 

 In any consideration of lakes as fish habitats, complex associated biological features must 

be documented.  The phytoplankton and their seasonal occurrence patterns are basic here.  Fish 

are critical components of the complex energy flow and food web systems in lakes. 

 

 Fish systems, annual cycles, life history strategies, and the species themselves, have 

evolved in lakes relative to a range of predictable structural, chemical, limnological, and seasonal 

features.  Fish systems have, of course, been in existence since the Devonian.  Despite glacial 

cycles (and in tropical systems, wide perturbations due to arid periods), there has obviously been 

overall, a degree of long-term stability and predictability.  Evolution of fishes, and their adaptive 

attributes relative to lake environments have obviously been able to proceed along a consistent 
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pathway for tens of millions of years.  In their productivity and diversity, lakes provide the 

widest range of ecological opportunities for fish. 

 

1.15 The North temperate fish faunas of North American and European lakes 

 

 The freshwater fish faunas of the northern continents would have been part of a common 

stock prior to the opening of the North Atlantic in the Eocene.  Thereafter, with extinction of 

some early lineages, a long history of separation mediated by limited exchange across the Bering 

Strait barrier, and origin of new lineages (especially in North America) they developed their 

current major differences.  Contemporary faunal figures for North America are 48 families (195 

genera, and 986 species) and for western Eurasia (Europe, area from Caspian Sea to British 

Isles), 37 families (83 genera, and about 207 species) (Mayden 1992; Kottelart 1997).  North 

American ichthyofauna is, hence, much richer. 

 

 Major shared taxonomic groups (Figs. 1.3, 1.4) occupying the northern lakes are 

clupeids, cyprinids, salmonids, coregonids, percids, sturgeons, and sculpins: these occur on both 

continents.  Thirty of the families represented in North American freshwaters are absent from 

Europe; the reverse applies to only 8 families.  Most of these families, however, are represented 

by only one or two species and hence make minimal impact on ecosystems.  The clupeids 

(herrings) are, however, of great importance.  In the case of the shared families relative 

representations differ.  Cyprinids account for 40% of the total native European fresh water fish 

species:  in North America the percentage is 28.  Comparative percentage figures for other 

shared groups are:  percids - Europe, 6, North America, 15; salmonids and coregonids - 11 and 4;  

atherinids - 1.5 and 3;  cobitids - 6 and 0;  clupeids - 2.5 and 1;  and gobies - 7 and 0.7. 

 

 The major difference in the lake and stream ichthyofaunas of the two continents lies in 

the radiations of endemic groups in North America:  ictalurid catfishes (7 genera and 44 species; 

the latter making up 4.4% of the total fauna); centrarchid sunfishes (9, 30, 3%); and percids 

(mostly etheostomine darters) with 5, 146, and 15%.  Of the 27 families and subfamilies, some 
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ten (paddlefishes, gars, bowfins, mooneyes, suckers, ictalurids, pirate-perches and trout-perches, 

drums and centrarchids), do not occur in European systems.  In Eurasia the ictalurids are 

replaced by other catfish groups.  North America has a small endemic group of blind cave-fishes 

(Amblopsideae), with 5 genera and 6 species.  The southern parts of the North American land-

mass support considerable faunas of secondary division cypriniform fishes and atherinids.  The 

radiation of secondary division fishes (atherinids, cypriniformes, clupeids) in the southern parts 

of Europe is modest by comparison. 

 

 The great richness of the Nearctic freshwater ichthyofauna stems largely from the 

Mississippi-Missouri vast central continental drainage (length of Mississippi River, 3778 km; 

and with the Missouri river added it is 6211 km).  The basin originated as an extension of the 

Gulf of Mexico that in Cretaceous times extended as far north as the junction of the Missouri 

(Robison 1986).  The river has thus had a long and continuous history of fish development.  In 

flowing from north to south its fishes were able to move ahead of the glacial advances and retain 

their integrity with later movement to recolonize northwards again.  In Europe, by contrast, the 

rivers are west-east systems where fish were more vulnerable to glacial elimination. Whole new 

lineages (centrarchids, ictalurids), etheostomines) have been generated (Robison 1986; Burr and 

Page 1986; Starnes and Etnier 1986; Cross et al 1986). Archaic lineages (Polyodon, Amia) have 

been able to persist in the Mississippi-Missouri system. 

 

 Today the Mississippi-Missouri system provides highly diversified fish habitats for fish.  

These include rivers and creeks of various sizes and structures: slow and fast-moving streams, 

main channel and backwater areas; large and small lakes, ponds, oxbow lakes and swamps.  Six 

major sections have differences in faunas (Robison 1986).  Supported by the system is 43% of 

North Americans 600 species of primary division fishes.  This amounts to 31 families, 69 genera, 

and 375 species.  Most modern adaptive radiations are centred here (Moyle and Cech 1902). 

 

 The Great Lakes ichthyofauna, of which the communities and species studied in this book 

are a part, consists of 28 families, 67 genera, and 150 native fish species.  Represented are 16% 
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of the total North American species (Gilbert 1976; Figs 1.3, 1.4).  It is largely derived from the 

Mississippi-Missouri fauna. 

  

 The families and sub-families illustrated include both geologically older elements 

(sturgeons, pikes) and geologically younger ones, like the cyprinid.  The diversity of 

ecomorphological types amongst North Temperate fishes is considerable, but much less than in 

tropical systems. 

 

1.16 The basic features, of the main study lake, Opinicon, Ontario 

 

 Lake Opinicon (Figs. 1.2, 1.5, 1.6) is the venue of many of the space use and fish feeding 

studies documented in this book.  The Lake in most ways is typical of a high proportion of the 

relatively productive lakes in Southern Canada.  Opinicon is located in Leeds County in eastern 

Ontario (44°30’N, longitude 76°30’W), has an area of 890 ha (Fig. 1.6), perimeter length of 58 

km;  dimensions of 9.0 x 0.5 km;  volume 385 x 105 m2;  and maximum and mean depths of 11.0 

and 4.9 m (Curran et al 1947).  The average pH is 7.8 and is comparable to that of other small 

lakes in the drainage area.  Opinicon is too shallow to have a thermocline and chemocline, 

although these are characteristic of some adjacent lakes.  Ice-cover extends from December to 

April and extends down to about 300 mm.  Opinicon lies in somewhat hilly terrain at the junction 

of Ontario’s granitic shelf and Ordovician limestones (Fig. 1.6).  Eastern Ontario is festooned 

with lakes and streams, many of them interconnected.  The lineation of the drainage systems 

reflects direction of down-cutting following terminal glacial withdrawal.   The age of Opinicon is 

about 10,000 years (Karst 1996) and hence has contained water from the original northward 

retreat of the glaciers.  The original area was more than doubled by the construction of the 

Rideau Canal in the 1850’s.  In category of size and general features, Opinicon is characteristic 

of hundreds of small lakes through Ontario, Quebec, New York and Manitoba. 

 

The shoreline of Opinicon is highly contorted, with innumerable headlands, islands, and 

bays, and hence, high shoreline development factor (Fig. 1.2).  Much of the lake is less than 4 m 
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deep.  A gradually sloping shoreline leads to an extensive central basin.  The littoral zone is 

diversified, with short, discrete sections of low cliff, rock platform, stony rubble, gravel bed, 

sandy shoal and bays, and silted inlets and backwater areas with macrophyte growth (Chapter 2). 

Marginal sections of marsh and cattail occur at the ends of the lakes.  In these features, which are 

basic to fish habitat diversity, Opinicon is again typical of many small lakes. 

 

The aquatic macroflora of Lake Opinicon is diverse, with some thirty species (Craig 

1976), a high figure.  The 0.8-1.5 m depth zone is richest both in terms of numbers of plant 

species and dry weight plant biomass: there is a precipitous drop in both beyond 3.0 m (Fig. 1.2).  

Dominant plant species such as Potamogeton robbinsii, Vallisneria americana, Najas flexilis, 

and Chara globularis have their highest frequencies at 1.0-2.0 m (Craig 1976).   The invertebrate 

fauna is rich and diversified with 130 plus species of chironomids (Dr. D. Oliver, personal 

communication), 30 plus cladocerans and copepods (Dr. D. Fry), with over 30 species of 

odonates occurring in the immediate area.  These represent rich food sources for fish.  

 

Lake Opinicon has 18 regular fish species.  This is characteristic of the richer small lakes.  

A couple of other species appear occasionally as individuals washed into the system.  Other lakes 

in the region have between 5 and 16 species (Chapter 2).  These figures are characteristic of 

those found by Matthews (1998, his Figure 2.3) for a large number of small to medium-sized 

lakes worldwide and in the north temperate region.  His survey produced a range of 5-16 species 

and an average of 7.6. 

 

In summary, Lake Opinicon is representative of many small north temperate lakes and provides 

an excellent natural laboratory to examine relationships between freshwater fish and their 

environment. 
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Figure 1.1 The post-glacial Great Lakes and their drainage systems (adapted from Bailey and Smith 1981).  A full 

range of potential freshwater fish habitats is provided by the large lakes, varying in size, depth, and temperature 

regimes), elaborate interconnected drainage systems, and lakes and ponds, rivers and streams of all kinds.  The 

latter, evolved by down cutting through a continuing phase of glacial rebound, include every habitat from swift-

flowing gravelly section to sluggish shallow expanses.  
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Figure 1.2  Lake Opinicon (a) depth contours (m);  (b) major littoral zone substrate types and habitats.  Reflecting 

deposition patterns they are erratically distributed.  The features of Opinicon are characteristic of structurally 

diversified lakes. 
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Figure 1.3  Major fish types of the Great Lakes drainage.  
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Figure 1.4  Major fish types of the Great Lakes (continued).
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Figure 1.5  Lake Opinicon (and other study lakes and streams), showing its position on the Rideau Canal system 

between Lake Ontario and the Ottawa River.  See http://www rideau-info.com/canal/map-waterway.html 
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Figure 1.6  Aerial photograph Lake Opinicon and surrounding terrain. Queens University Biological Station. 

https://qubs.ca/resources/aerial-photos 
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Chapter 2 

HABITAT AND SPACE USE IN LAKE FISHES: REGIONAL FAUNAS 

AND AT THE SPECIES LEVEL 

Keywords:  Habitat, Productivity, Species Richness, Vegetation 

 

2.1 Introduction 

 

Ecologists of the last generation noted that three things were of basic importance to an 

animal species: somewhere to live (habitat), feeding and food, and maintaining its population 

(reproduction).  Habitat is obviously central to the other two. 

 

 What is habitat? Most authors just think of a species habitat as the areas where it lives, 

feeds, and spends most of its time. This is useful enough for general purposes.  Other ecologists 

(Elton 1966; May 1974) have stressed the need for a proper definition.  When, however, it comes 

to asking why the members of a species occur precisely where they do, the answers are elusive. 

Few authors have attempted a quantitative study.  The mechanisms of habitat selection are only 

sometimes considered. 

 

 On a positive theme, some writers (Wiens 1977, 1989a, 1989b; Bell et al 1991) have 

measured habitat use based on recognizable structural criteria.  Many authors let the animal, by 

its occurrence, indicate the variables that are most important (Smith and Powell (1971), Harvey 

(1975, 1981), Keast and Eadie (1984), Jackson and Harvey (1989), Weaver et al (1997), Dunham 

et al (2002)).   

 

The habitat component of fish biology is underplayed in fish textbooks (for example, 

Wootton 1990;  Gerking 1994).  This contrasts with bird and mammal works, groups for which 

habitat studies have been vigorously pursued since the 1950’s.  The reason is obvious.  It was not 

until the introduction of SCUBA, and face mask and snorkel, that it became possible to visually 

and directly quantify habitat and space use in lake fishes (see Northcote and Wilkie 1973;  
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Emery 1973;  Keast et al 1978;  Werner et al 1977;  Helfman 1981).  As many measurements of 

structures and other variables as possible can be taken into account using component analysis 

and equivalent analytical tools. 

 

 This Chapter explores space use and habitat in fish as a basic factor in community and 

species ecology.  Habitat is considered both in the dimension of faunas and communities and at 

the species level.  Within-lake studies relate species occurrence and use to structural features 

(depth zone, substrate, and vegetation).  Other habitat-species associations are considered in the 

framework of resource opportunities, roles, feeding and other needs. 

 

 At a broader biogeographic framework, lake types and systems relative to faunas and 

communities are  explored.  Clustering of species relative to lake types and intra-lake features are 

discussed.  Evolutionary “ultimate” components and immediate-term “proximate” features of 

fish species use are noted.  At the end of the chapter, focus carries to the importance and critical 

factors of space use and habitat in species ecology, way of life, and evolution in species. 

Environmental complexity, vegetation diversity, productivity, latitude and temperature effects, 

and histories of isolation are discussed as key components.  The Chapter sets the stage for 

succeeding Chapters that deal with seasonality, feeding and diets, structure and way of life, and 

evolutionary biogeography. 

 

 The contemporary species and association patterns of northern fishes are post-glacial and 

the result of late dispersions.  In present pattern they have an age of only 6,000-12,000years.  

Post-glacially, movement was into habitats for which they were already pre-adapted, allowing 

for some modifications due to capacity to colonize and presence of competitors.  The fact that 

common species occupy comparable habitats throughout their range (see, for example, 

descriptions in faunal books like Scott and Crossman (1973)) indicates that they recolonized into 

pre-adapted habitats. 
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2.2 Habitat in lineages and species (at the taxonomic level), the “ultimate” (phylogenetic 

component of habitat use) 

 

 Habitat, like morphology and adaptive role, has a phylogenetic dimension.  This extends, 

of course, down to the species level.  A “habitat” is necessarily linked to body morphology, 

ecological roles, and specific needs and opportunities in the way of cover, feeding, and diet.  

Some lineages are more narrow in habitat usage, others are generalists and utilize a range of 

types.  As an example, the “habitats” of species in four North American families are listed in 

Table 2.1.  The species are listed in terms of the designated descriptions given in generalized 

works (for example, Scott and Crossman 1974).  Note here that Matthews (1985) found that 

when tested by more precise measurement, such descriptions have been fairly well confirmed.  

Table 2.1 is given here to show the general ways that fish relate to variables such as space 

opportunities. 

 

 Of the four common and widely dispersed families, the cyprinids are both lake and 

stream inhabitants.  Being small in size, they can occur in limited spaces and relate to minor 

environmental variables.  The salmonids, larger-bodied inhabitants of open water-bodies, mainly 

inhabit water-column.  The percids utilize open lakes, and include two contrasting lineages, 

larger insectivores and piscivores, and small-bodied inhabitants of stream and lake inshore and 

vegetated habitats.  The North American centrarchids, inhabit small to mid-sized lakes and the 

shorelines of larger bodies.  The gibbose-shaped bodies of many species identify them as still-

water dwellers that dominate multiple basic roles.  Diagnostic morphological and physiological 

features of fish families relate them to different ways of life. 

 

 The cyprinids provide an interesting insight on potential habitat specialization and 

fine-scale division at the species level.  The Great Lakes cyprinids occur as follows:  6 species 

live in small lakes;  2 species inhabit pelagic environments of large lakes; 10 species are creek 

and small stream dwellers; 6 species inhabit gravel-beds;;  and 3 species are restricted to swift-

flowing waters.  The spottail shiner (Notropis hudsonius) lives in larger water bodies and the 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

emerald shiner (N. atherinoides) is pelagic in large lakes (an unusual habitat for cyprinids).  Five 

of the species are credited as occurring in both small lakes and streams.  The highly successful 

golden shiner (Notemigonus crysoleucus), a habitat generalist– (see discussion of diet later)  

inhabits weed-choked streams, beaver ponds, and the open waters of small to medium-sized 

lakes.  River chub (Mocomis micropogon) and fallfish (Semotilus corporalis) are large river 

inhabitants.  Three species: the brassy minnow (Hybognathus hankinsoni), finescale dace 

(Phoxinus eos), and fathead minnow (Pimephales promelas), whose habitat is weed-choked and 

muddy streams and ponds, are specialist detritus feeders.  Cyprinids also are diversified in 

spawning habitat needs.  Bendell and McNicol (1987) have documented that cyprinid 

assemblages in 58 Ontario lakes are divided into two groups based on their need for hard 

substrates for spawning.  The gravel-bed inhabiting stream dwellers, the blacknose and longnose 

dace (Rhinichthys spp), and red side dace (Clinostomus elonatus), deposit their eggs in this 

substrate.  Cutlips minnow (Exoglossum maxillingua) and bluntnose minnow (Pimephales 

notatus) use logs or rocks for spawning.  The brassy minnow spawns on silt bottoms.  The 

golden shiner and finescale dace use vegetation and algal beds for spawning.  The river chub 

(Semotilus corporalis) assembles mounds of stones as a nest in open waters. 

 

 The large salmonids and coregonids show a strongly contrasting space and habitat 

pattern.  Their body form shapes reflect sustained swimming, life in open waters, and ability to 

cover long distances.  Species (for example, lake trout Salvelinujs namaycush) respond to depth 

in the larger lakes where they occur.  The brook trout (S. fontinalis) is a stream and river 

inhabitant.  Commonly where two species (or forms) co-occur, one may be a benthic and the 

other a pelagic feeder (Chapter 9).  Amongst the percids, the yellow perch (Perca) and walleye 

(Stizostedion) insectivores when they are young, and piscivores as they age, are open water 

dwellers. In North America,  the cover-dependant darters utilize larger lakes and rivers.  The 

darters (Etheostominae) are richly specialized, bottom-dwelling species use littoral, shallow-

water, and vegetated habitats.  Most are benthic feeders.  Some use gravel-beds and riffles.  The 

Iowa darter (Etheostoma exile) is a habitat generalist and widespread in beaver ponds.     
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The darters may exhibit unusually fine microhabitat specializations. Species separate 

based on substrate composition, depth zone, flow rate, diet, and preferred temperature occurrence 

(Smart and Gee 1979; Paine et al 1982; Hlohowskyj and White 1993; Martin 1984).  In the Elk 

River, Virginia, there is microhabitat segregation in terms of occurring under, between, and on 

the top of rocks.  The largest species, Percina macrocephala, is a water-column dweller.   

 

The endemic Centrarchidae are commonly represented by 4-5 co-occurring species and 

together they may form a dominant group.  Species separate ecologically by marked differences 

in body morphology and diet (Chapters 4, 5, 9).  In small Ontario lakes, the rock bass and 

pumpkinseed are littoral, the black crappie (Pomoxis nigromaculatus) an offshore dweller; the 

smallmouth bass commonly favours rocky substrates (George and Hadley 1979), and the bluegill 

is a habitat generalist. In three genera (Lepomis, Micropteris, and Pomoxis) species pairs replace 

each other spatially.  

 

 Distribution and space use in freshwater fishes has a basic phylogenetic or genetic basis 

that channels species into ecological roles or niches, advantaging an owner in specific roles.  

Contemporary space uses and, hence, interactions with resources and potential fish competitors 

identify habitat use into an “ultimate” (basic evolutionary) factor.  This is ascendant in a range of 

varying circumstances.  There is also a “proximal” factor in habitat use in animals, the habitat 

use response to short-term and varying factors.  This represents a different stratum to habitat use. 

 

2.3 Whole lakes as fish habitats: contrasting faunas 

 

Fish communities vary with lake type and region.  Early limnologists devoted attention to 

trying to classify lakes in frameworks of morphometrics and chemical features.  It was early 

realized that a basic division was between oligotrophic, dystrophic, and eutrophic lakes (Macan 

and Worthington 1951; Welch 1952).  An age component was also suggested, with oligotrophy 

being seen as the first stage and eutrophy the final step in lake evolution. 
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 Welch (1952) defined the three lake categories as follows: 

Oligotrophic:  deep; high thermocline; little sediment and suspended particles; few large aquatic 

plants; rich profundal fauna; deep, cold-water fish present (salmonids); first stage in succession 

to eutrophic status. 

 

Eutrophic:  shallow; cold water minimal or absent; abundant sediment and suspended particles; 

large aquatic plants abundant; poor diversity of profundal fauna; cold-water fish absent,  suitable 

habitat for pike, perch, centrarchids;  represents a late successional stage leading towards pond, 

marsh, or swamp. 

 

Dystrophic:  shallow; variable temperature; abundant sediment and suspended particles with 

abundant humus; few large aquatic plants;  poor or absent profundal macrofauna;  deep cold-

water fish absent and may be devoid of fish;  represents a successional stage into peat bog.   

 

Oligotrophic and dystrophic lakes were found to be metabolically relatively 

unproductive; eutrophic water-bodies are usually highly productive. 

 

The categorizations have a solid basis but they are simplistic.  Many lakes are 

intermediate.  There are problems in trying to simultaneously categorize lake types on the basis 

of abiotic and principal floral and faunal elements.  Rawson (1956) saw oligotrophic lakes as 

having diatoms as the dominant phytoplankton and salmonids as the dominant fish; and 

eutrophic lakes as being characterized by bluegreen algae and perch.  Margalev (1978) 

subsequently suggested that the indicated division based on algae was far from absolute.  

Rawson (1961), Brylinsky and Mann (1973), Margalev (1978), and Forsburg and Ryding (1980) 

express comparable reservations.  Schindler et al (1973), Schindler and Fee (1975), and Kalff 

and Knoechel (1978), have used nutrient loadings as a basis for contrasting water bodies.  These 

various attempts to classify lakes on chemistry suffer because categorization is on the basis of 

too few substances (for example, only nitrogen and phosphorus), and there is a failure to 
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recognize that chemicals may be locked up in the sediments and not be freely measurable (Fee 

1979;  Wetzel 1983, 2001).   

 

Oligotrophy and eutrophy assume extra importance with the conviction that lakes, and 

hence fish habitats, undergo fundamental, and commonly predictable, changes with age.  Lakes 

begin, so the theory goes, as deep oligotrophic basins and progressively become silted up and 

eutrophic, finally ending their careers as bogs and marshes.  The terminal transition from lake to 

land is characterized by accumulation of organic matter in excess of degradation (Wetzel 1983).  

This sequence has characterized many post-glacial North American lakes.  During the 

oligotrophic phase, under cold boreal conditions, nutrient loading and productivity are seen as 

being low for long periods.  There is only slow input of nutrients from external sources.  With 

transition from tundra to conifer and then deciduous forest conditions, and with temperature 

amelioration, a period of high productivity then occurs.  Declining productivity follows as the 

land surrounding the lakes becomes impoverished by leeching.  Progression from oligotrophic to 

eutrophic is not automatic.  It can be slowed down, even reversed, following tectonic changes, 

shifts in the morphometry of the lake, or changes in chemical input patterns from the surrounding 

drainage basin.  Some lakes do not change category through their lives.  Many of the eastern 

Ontario lakes discussed here, including Opinion, being located in alkaline rock, did not have an 

initial oligotrophic phase.  Nevertheless, lakes are dynamic systems and as part of this their 

biotas may change with time.  Some of the Ontario lakes whose fish communities are analyzed in 

Chapter 8, for example, Fish Lake in Leeds County, Ontario, are approaching a terminal phase. 

 

Earlier findings that oligotrophic and eutrophic water bodies have contrasting 

invertebrate communities were subsequently documented for fish by Larkin and Northcote 

(1970), and Colby et al (1972).  The latter suggest that the ichthyofaunal differences are not 

simply between salmonid and percid communities but that a cyprinid dominated system 

characterizes an intermediate dystrophic phase.  While ecologically-versatile fish species like 

yellow perch Perca flavescens occur both in oligotrophic and eutrophic lakes, growth rates are 

higher in the latter (Leach et al 1977, and Goldspink and Goodwin 1979). 
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 Three distinctive and stable fish lake community types occur in Ontario, dominated, 

respectively, by salmonids, percids, and centrarchids (Ryder and Kerr 1978).  Lake-type 

groupings of fish species have also been documented for Wisconsin.  Eighteen small lakes 

studied had either "mudminnow-cyprinid", or "centrarchid-Esox" assemblages (Tonn and 

Magnuson 1982).  The differences were related primarily to the absence in the latter of winter-

kill.  After an analysis of the faunas of 43 northern Wisconsin lakes Rahel (1986) identified three 

assemblages;  centrarchid, cyprinid, and mudminnow – yellow perch. These, it was also noted, as 

inferred in the discussions of oligotrophy verses eutrophy, represent stages of a lake age 

sequence (Rahel and Magnuson 1983). 

 

2.3.1 Fish faunal assemblages in a regional context, allopatric faunas 

 

 Over a wider area, geographic and regional processes may be controllers of fish species 

representations.  Geographic regions have different lake types and faunas.  A major survey of the 

importance of regional vs. local factors in ichthyofaunal compositions was carried out by 

Jackson and Harvey (1989).  They used 286 Ontario lakes in six geographic regions to the north 

of Lakes Huron, Erie and Superior, and over an area of 350 x 300 km2.  Numbers of lakes in 

each of the regions ranged from 42-55.  Present in total were 55 fish species (single species 

occurrences in single lakes were not counted).  Focus was given to obtaining complete species 

lists from all the lakes; especially the species inhabiting littoral zones.  Presence/absence of the 

fish assemblages were related to geographic location, region, lake surface area, maximum depth, 

and pH.  Correlations were sought with the aid of various multivariate techniques 

(correspondence analysis, multivariate analysis, multidiscriminate analysis).  

 

 Such patterns bring together a broader assessment of distribution influencing factors:  (i) 

faunas of the six regions had a level of discreteness and differed significantly from each other in 

various dimensions.  The areas where the lakes displayed the greatest biological similarity were 

the most geographically distinct.  (ii) As inter-regional distances increased, biological similarities 
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decreased.  Influencing variables included post-glacial colonization history and environmental 

conditions.  Thus, the lakes of the Bruce Peninsula have similar faunas because all are shallow, 

and relatively few are thermally stratified in summer:  these conditions restricted the entry of 

cold water fish species like brook trout, lake trout, and burbot.  Many of the latter species are 

piscivores and their absence might have been a result of ichthyfaunal compositions.  (iii) 

Compositions, they found, reflected post-glacial dispersal patterns.  Underhill (1986) earlier had 

concluded that because of its peripheral position, colonization into cold Lake Superior and its 

tributaries had been more difficult than into the other Great Lakes.  (iv)  Each of the 

environmental variables (pH, maximum depth) significantly separated regions.  (v) All regions 

showed a significant correlation between number of species and lake area. Lake pH, also 

significantly predicted number of species.  (vi)  Absence of centrarchids was linked to long 

winters, short summers, and low water temperatures.  This is believed to express itself in low 

over-winter survival of young-of-year (Chapter 3). (vii)  A marginally non-significant 

association between biological and lake physicochemical conditions implied that no general 

interrelation pattern between these and species occurrence existed.  Regional patterns among fish 

assemblages appeared to reflect large-scale factors (history and lake thermal regimes).  By 

contrast, variation within regions was likely related to local factors, such as maximum depth and 

lake pH. 

 

 Other studies over broader geographic areas have confirmed a generality to these 

conclusions.  Tonn et al (1990a and 1990b) and Eadie et al (1986) note the significance of ability 

to reach (colonize) lakes as a factor in the buildup of fish faunas.  

 

2.3.2 pH acidity and oxygen level factors 

 

Lakes in geologically diversified areas may vary widely in pH.  pH values for 19 small 

Ontario lakes studied by Kelso and Johnson (1991) varied between 7.1 and 4.8.  In a series of 

138 Wisconsin lakes, pH varied from 9.2 down to 4.8 (Rahel and Magnuson 1983).  In limestone 

creeks draining pyretic soils in New Jersey, pH varied from 9.0 to 3.3 (Graham 1993).  Many 
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fish species are responsive to pH (Johnson 1982).  The subject has drawn interest because of the 

acid rain phenomenon. 

 

Acid lakes invariably have fewer fish species than more alkaline ones, although the 

correlation is not necessarily as straight forward as might be expected from their lower 

productivity.  Whilst Rahel (1986) found that in a series of 100 alkaline Wisconsin lakes, the 

more acid ones both had fewer fish species and added new species at a slower rate as lake size 

increased.  There was a complicating habitat factor.  Smaller lakes lacked species that required 

wave-washed, rocky substrates, and cool, well-oxygenated water.  

 

In 2931 Ontario lakes analyzed by Matuszek and Beggs (1988), species number 

decreased with decreasing pH below 6.01 due to pH alone, and also due to pH related factors, 

(for example, increased aluminum).  However, lake area still explained 18% of the variation.  

Second to this were total dissolved organic carbon, aluminum concentration, and elevation.  

These together explained a further 16%.  pH and pH-related factors explained 21% of the 

variation;  whilst elevation, lake area, and dissolved organic carbon in combination explained an 

additional 20%.  They also found a weak negative correlation between elevation and lake area 

effects in low pH (under 6.0) lakes.  Abiotic factors explained 34% of the total variation in 

species richness. 

 

In New Jersey ponds Graham (1993) found no significant relationship between pH and 

species richness.  He suggested that this might be a reflection of the long history of blackwater 

impoundments in the Atlantic coastal plain, this having given species time to adjust to varied pH 

levels.  In Wisconsin species assemblages and richness vary with pH (Rahel and Magnusson 

1983). Individual fish species may vary markedly in their response to pH.  The mudminnow 

(Umbra limi), yellow perch, and various centrarchids occurred in water-bodies with pH levels 

below 5.0, but many cyprinids and darters are not present in waters with pH below 6.2.  Species 

interactions could, however, also have been a factor in absences. 
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The pH ranges at which 13 species in four families occurred in 426 Ontario lakes were 

graphed by Matuszek et al (1990).  The slimy sculpin (Cottus cognates) occurs in lakes with pH 

levels of more than 7.0 down to 5.7; blacknose shiner (Notropis heterolepis), 7.1-5.7; acid 

tolerant brook stickleback (Culaea inconstans), 7.4 to 4.3; golden shiner (Notemigonus 

crysoleucus), 7.4 to 4.3; and acid sensitive fathead minnow (Pimephales promelas), 7.5-5.5.  

Estimated pH thresholds for extirpation for 13 common small fish species were as follows:  

slimy sculpin, 6.4-5.8; blacknose shiner, 5.8; fathead minnow, 5.8-5.5; brook stickleback, 5.4-

4.7; and golden shiner, 4.9-4.7.  pH acceptance levels for 37 fish species in 85 of Graham's New 

Jersey lakes also showed marked species features.  The chain pickerel (Esox americanus 

vermiculatus) was found in waters with a broad range of pH (4.0-9.1).  Small sunfishes 

(Centrarchidae) had pH tolerance ranges of only 4.0-7.0.  For the rock bass (Ambloplites 

rupestris) the pH occurrence range was 6.8-8.3; alewife (Alosa pseudoharengus), 9.2-6.7; and 

introduced goldfish (Carassius auratus), 8.4-7.3 (a very narrow range).  Closely related sunfish 

of the genus Enneacanthus showed differences in low pH tolerance (Gonzalez and Dunson 

1989). 

 

  Loss of fish species from secondarily acidified lakes, due to both direct pH effects and 

the effects of associated metal toxicity, has repeatedly been documented in the literature 

(Beamish and Harvey 1972; Harvey 1975; Wright and Snekvik 1978; Haines 1981; Schofield 

1982; Baker and Schofield 1982; Watt et al 1983; Magnuson et al 1984; Rago and Wiener 1986; 

Matuszek and Beggs 1988).   

 

Oxygen, in special situations, may limit species occurrence and diversity as, for example, 

in the fish communities of 18 small bog lakes in northern Wisconsin (Tonn and Magnuson 

1982).  Large piscivores are absent from lakes with low winter concentrations of dissolved 

oxygen.  Where winter oxygen levels are adequate, or there are adjacent oxygen-rich stream 

refuges, the piscivores are present and form a major summer component of the communities.  

Small species tolerant to low oxygen, such as the mudminnow, and several cyprinids, form 

important year-round components of the fish assemblages in low oxygen lakes without 
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piscivores.  In low oxygen lakes with large piscivores, less vulnerable medium-sized spiny-rayed 

centrarchids, bullheads, and the yellow perch dominate.   

 

Seasonal oxygen availability may have an influence on community structure.  In some 

Californian streams, where levels of dissolved oxygen vary along the length of the stream, fish 

species may cluster relative to specific levels or ranges of dissolved oxygen (Cech et al 1990).  

Three co-occurring species of darter (Etheostoma) were found by Hlohowskyj and Wissing 

(1987) to differ in tolerance to low oxygen in summer.  Kramer (1987) has found that responses 

to lowered oxygen levels in Trinidad fish included a change in activity, increased use of air 

breathing, increased use of aquatic surface respiration, and vertical or horizontal movement.  

 

Dissolved organic carbon, elevation, and total aluminum levels together explained 16% 

of the variation in species numbers in 2931 northern lakes.  Lake area explained 18% of 

variation, and pH and pH-related factors explained a significant part of the remainder (Matuszek 

and Beggs 1988). 

 

 In summary, a number of different factors influence the fish compositions of small lakes 

(Chapter 1).  Preeminent is the capacity to support diversified fauna and specific types of 

species.  Included are: (i) regional factors, including geographical clustering; (ii) accessibility to 

colonization areas (iii) lake age; (iv) pH; (v) oxygen levels; and (vi) combinations of these 

(Jackson and Harvey 1993).  Other factors also are relevant.   

 

2.4 Fish species richness in lakes 

 

 Species richness in ecosystems, both aquatic and terrestrial, continues to be a lively topic.  

Only a small part of the considerable literature on the subject relates to aquatic systems.  Studies 

on species richness go back to the times of Darwin, Gleason, Elton, Lack, and Hutchinson.  

Major discussions of richness are to be found in:  Dobzhansky (1950), MacArthur and 

MacArthur (1961), Connell and Orias (1964), Williams (1964), MacArthur (1972), Cook (1969), 
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Pianka (1967), Connor and McCoy (1979), May (1983), Wright (1983), Minns (1989), Currie 

and Panguin (1989), Wiens (1989a, b), Keast (1990), Begon et al (1990), Currie (1991), 

Rickleffs and Schluter (1993), Gaston (1994), Rosenzweig (1995, 1999), Keast and Miller 

(1996), Kerr and Packer 1967, Harte et al (1999).  Procedural and sampling problems relative to 

the species area curve are discussed by Hill et al (1994).   

 

A formula for "species-area relations" was advanced as far back as MacArthur and 

Wilson (1967,):  S1/S2 = (A1/A2)
z, z being the slope of the species-area curve.  Procedural and 

sampling problems relative to the species-area curve have been discussed by Hill et al (1994). 

 

Global scale patterns of species richness apply to rivers and lakes as in terrestrial systems 

(Sheldon 1968; Oberdorff et al 1995).  Environmental gradients may influence richness, 

abundance patterns, and community attributes (Marshall and Ryan 1987; Wellborn et al 1996). 

 

 The relationships between diversity and productivity (Rosenzweig and Abramsky 1993; 

Waide et al 1999; Hector et al 1999; Loreau et al 2001) and stability and species richness 

(Tilman 1996; Ives and Hughes 2002), have been the subject of much discussion, and been the 

basis of theoretical models (Chave et al 2002).  A correlation has been shown between diversity, 

productivity, and stability.  

 Diversity figures vary, of course, with the spatial scale being considered.  Much thought 

has gone into countering this problem.  Recently it has been suggested that abundance 

distributions collected at different spatial scales may collapse into a single curve after 

renormalization (Borda-de-Aqua et al 2002). 

 Relative to lakes the following factors have been found to influence species richness: 

1. Lake area.  Area and size of waterway are singly the most important factor that 

correlates with species richness – see Barbour and Brown (1974), Mahon and Balon (1976), 

Smith (1981), Browne (1981), Matuszek and Beggs (1988), Jackson and Harvey (1989), Minns 
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(1989), Tonn et al (1990).  For Ontario systems, Eadie et al (1986) analyzed 82 lakes in the same 

general latitude and found a good correlation between the two. 

 

An area-species richness relationship has been demonstrated for the temporary lagoons 

(areas; 23 m2 to 25 ha) that annually form along the shoreline of Lake Erie, Ontario (Mahon and 

Balon 1977).  With increasing lagoon size, the number of species rose rapidly at first, but then 

decreased sharply, presumably because of limitations in the number of species capable of 

surviving in these habitats.   Mahon and Balon (1977) deal with what is only a temporary 

situation, an undirected early spring dispersive phase.  Hence it does not reflect ultimate 

supporting capacity.  In northern and southern Ontario lakes, Eadie and Keast (1984) found lake 

area (and the shoreline development factor) to be more important than latitude in determining 

species richness. 

 

It has been suggested that lakes, in their species richness-area effects, can be thought of 

as islands isolated in the sea, that is they show a clear cut correlation, but within the framework 

of isolation parameters.  Brown (1981) tested the analogy but came up with no insights.  The 

subject could, with advantage, be explored within the framework of the variables tested for 

Melanesian island birds by Mayr and Diamond (2001).  They analyzed area and species richness 

for cluster (archipelago) situations, varied isolation effects, number of species available from the 

adjacent colonizing pool, island types, and diversity of habitats occurring.  Good species 

richness-area correlations emerged when the data was plotted on a double-logarithmic scale, 

although in some cases relations were better fitted by a power function than a best-fit logarithmic 

function. 

 

2. Lake depth.  A lake depth-species richness effect may exist, but it is of little importance.  

Minns (1989) found that area and depth were only two of six factors affecting richness in 8,852 

Canadian lakes:  Geological origin was important.  Browne (1981) earlier suggested that the 

deep sections of large lakes could function as the equivalent of islands, providing “elevational” 
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habitat diversity.  Any such effect is dubious.  Pond depth may be singly the most important 

factor controlling the number of species along the course of streams (Sheldon 1968, Chapter 8). 

 

3. Shoreline development factor (ratio of littoral zone to lake depth).  The "shoreline 

development factor" representing a measure of relative amount of rich littoral zone also relates to 

species richness (Barbour and Brown 1974;  Kent and Wong 1982;  Eadie and Keast 1984) - see 

Chapter 1.  

 

4. Habitat complexity.  A positive linear correlation applies between habitat complexity 

and species richness in animals generally - see Gleason (1922); MacArthur and MacArthur 

(1961), Pianka (1967), Rosenzweig and Winakur (1969), Tomoff (1974), and Roth (1976), for 

terrestrial, and Luckhurst and Luckhurst (1977) for coral reef communities.  (Relative to coral 

reefs, however, Sale (1984, 1991) was unable to find a clear link.)   

 

For freshwater lake fauna, a correlation between habitat complexity and species richness 

has been documented for both fish and invertebrates (Gerking 1957; Barbour and Brown 1974; 

Gorman and Karr 1978; Kent and Wong 1982; Tonn and Magnuson 1982; Heck and Crowder 

1991; and, Matthews 1998).  Lake fisheries managers, charged with achieving optimal fish 

stocks, have long believed, in a superficial fusion, that vegetation, substrate variability, water 

depth diversity, occurrence of inlet streams, and breakwaters and docks increase species richness 

(Foster et al 1987, Wiley et al 1984, Hinch and Collins 1993, and Arscott et al 1994).   

 

5. Vegetation diversity.  Vegetation is basic in creating complex aquatic systems as it is in 

terrestrial environments.  Not only by its presence does it provide diversity and increase 

productivity (Hinch and Collins 1993; Randall et al 1996), but it also provides more habitable 

area for prey invertebrates.  It may add still further to habitat diversity through patchiness, 

complexity of plant species composition, foliage height diversity, and through a relationship to 

other variables like substrate structure and depth gradient (Benson and Magnuson 1992).  Using 

principal component analysis and multiple regressions analysis, Eadie and Keast (1984), utilizing 
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contrasting groups of lakes in southern and northern Ontario, found richness to correlate with the 

following littoral zone variables:  substrate composition, water depth, percentage of plant cover, 

foliage height diversity, height of tallest plant and mean plant heights in plots, plant species 

richness, zoobenthos diversity, zooplankton diversity and, at a macroscale, shoreline 

development factor.  In the southern lakes, however, fish species richness was significantly 

correlated with degree of plant cover, plant height, and foliage height diversity; and fish species 

diversity was correlated with foliage height diversity, substrate diversity, and water depth.  

Vegetation complexity was important, but not the absolute amount of cover or plant species 

diversity.  Northern Ontario lakes at higher latitudes, however, showed a significant correlation 

between fish species diversity and benthic invertebrate diversity; and between fish species 

richness and zooplankton diversity.  The difference, it was concluded, might have been because 

the northern lakes had more uniform shorelines, were structurally less diverse, and had less rich 

biotas.  They were also more recent post-glacially and, hence, as systems, presumably less 

mature.  A possible terrestrial parallel might be in the avifaunal differences between grassland 

and forest in plant succession (Wiens 1974). 

 

Several reasons have been advanced for the positive correlation between species richness 

in animals and environmental complexity and diversity.  Complex environments may allow 

greater "species packing" and additional niches (MacArthur 1972; Cody 1974).  They also have a 

greater diversity of resources (Rotenberry 1978).  More microhabitat types and greater total 

niche space might allow both the coexistence of more competitors and persistence of both 

predators and prey (Smith 1972; Crowder and Cooper 1982).  These rationalizations also have 

relevance for fish.   

 

A comprehensive review of taxonomic richness patterns and environmental correlates 

across 186 northeastern United States lakes for assemblages of fish, macroinvertebrates, 

planktonic crustaceans, planktonic rotifers, sedimentary diatoms, and riparian birds, was carried 

out by Allen et al (1999).  Aspects of lake morphometry (area, depth) superceded other 

environmental features (climate, water chemistry, nearshore physical habitat, and human 
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development) as correlates of assemblage richness, and were the strongest source of 

concordance.  Fish, benthic macroinvertebrates, zooplankton, and birds all showed positive 

associations between richness and lake area.  The diatoms showed negligible associations 

between richness and area, and negative associations between richness and depth.  On this basis 

they concluded that taxonomic richness alone may be of ambiguous value as an indicator of 

biological integrity in lakes.  Young (2001) has recently argued that when the negative effects of 

interspecific competition are removed, there is a positive relationship between habitat diversity 

and species diversity.   

 

Habitat complexity can also have a “disadvantageous” dimension.  It can lead to a 

reduction in prey capture rates (Smith 1972; Ware 1972; Murdoch and Oaten 1975; Crowder and 

Cooper 1979, 1982; Savino and Stein 1982; Stone 1982; Cook and Streams 1984; Anderson 

1984; Winfield 1986; Engel 1987; Diehl 1988; Savino et al 1992).  Anderson (1984), studying 

the foraging of largemouth bass in tanks with different vegetation densities, found that prey 

encounter rates, prey handling times, and swimming velocities while searching for food, were all 

significantly influenced by density of vegetation.  Crowder and Cooper (1982) found that 

experimental bluegill in ponds consumed more prey and grew better at intermediate rather than 

maximum macrophyte densities, where prey was harder to find and catch.  Not all predatory fish, 

however, are equally disadvantaged by dense or complex vegetation.  Eurasian perch (Perca 

fluviatilis) are less disadvantaged by dense vegetation than bream (Abramis brami) and roach 

(Rutilus rutilus), even though prey attack rates for all declined with increasing vegetation cover 

(Diehl 1988). 

 

6. Productivity and limnological features.  The notion that productivity (rate of 

conversion to biomass per area per unit time) influences species richness was suggested as far 

back as the mid-1960s.  Later reviewers (Waide et al 1999; Dodson et al 2000), after covering 

the literature, concluded that productivity affects species richness at large scales.  However, of 

200 relationships, 30% were uni-modal, 26% positively linear, 12% negatively linear, and 32% 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

were not significant.  The authors note that where there are positive relationships, there is 

disagreement about the underlying mechanisms.  

 

 Dodson et al (2000) found that phytoplankton, rotifers, cladocerans, copepods, 

macrophytes, and fish richness by taxa showed a significant quadratic response to increased 

annual primary productivity.  The richness-productivity relationship for phytoplankton and fish 

was, however, strongly dependent on area.  Lake status (age, pH) can influence species richness.  

Fish biomass is related to productivity  (Nakashima and Leggett 1975; Gascon and Leggett 

1977). 

 

7. Latitude and temperature effects.  Latitudinal effects on species richness are not 

necessarily obvious in fish because of the discontinuous nature of aquatic habitats and the over-

riding influence of climate.  Winemiller (1991), in studies of the fish communities from five 

biotic regions, found a general latitudinal effect.  The latitudinal factor combined with lake area 

(and volume) accounted for most fish species richness variations in 14 small North American 

lakes studied by Barbour and Brown (1974), with latitude explaining 36% and lake area/volume 

explaining 64% of variation.   In 161 Swedish lakes a geographic gradient, correlated with a 

climatic factor and productivity, was the most important ordination of fish species optima 

(Holmgren and Appelberg 2000).  The distribution of biomass in different size classes and 

trophic groups was, however, influenced more directly by local factors such as pH and lake 

morphology. 

 

 Latitude is partly a surrogate for temperature.  A temperate regime that permits a 

minimum growing season is important. 

 

8. Lake isolation.  The influence of lake isolation on fish species richness has been 

considered by Magnuson et al (1984).  Fewer fish species can reach an isolated water body.  

Again, with inability to recolonize after changes in lake area, extinction is a recurrent threat.  

These factors were assessed within the framework of island biogeography theory.  In the seven 
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Wisconsin lakes studied over 11 years by Magnuson et al (1984), the species turnover rate 

averaged 0.44% between successive years.  This was explained by accumulated species richness 

being 1.5 times greater than the mean annual richness.  Accumulated richness increased 

however, with the number of years of observation over the life of the study. 

 

Species richness relative to 6 “isolation” and 4 “extinction” variables was compared for a set of 

114 Wisconsin and Finnish lakes by Magnuson et al (1994).  The lakes had different histories 

and supported different taxonomic groups of fish.  The isolation parameters included: horizontal 

land distance between lakes, distance in an elevational plane, horizontal water distance, stream 

gradient, and area of succeeding lake.  “Extinction variables” were:  surface area, summer 

specific conductance of near surface water, pH, and depth.  The extinction variables consistently 

proved to be more important than the other factors in predicting richness and assemblage of 

fishes in both countries.  The influence of land barriers was more important in Wisconsin, where 

most of the lakes are sink lakes.  Variation in water corridors was important in Finland where the 

lakes are deeper. 

 

For small Ontario lakes, Eadie et al (1986), after reviewing a large number of data sets, 

concluded that species turnover is not a significant factor in the composition of lake and stream 

communities.  This could be explained, they suggested, by the large number of interconnecting 

waterways that have been available post-glacially, and by continued high intercolonization rates 

between lakes. 

 

9. Fineness of niche differentiation, increasing species carrying capacity per unit area. 

Increased niche differentiation mediated by comparative tradeoffs has been held to be a major 

feature in species diversity (Chave et al 2002).  The support of larger number of species on this 

basis, however, depends on the richness of the ecosystem.  There is also a time element here.  

Niche differentiation takes time and North American post-glacial systems could be too recent for 

this to have occurred.Too fine a division of niches could hinder ecosystem functioning (Bond 

and Chase 2002).  This consideration invites assessment. 
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10. Species diversity and stability.  The link between these species diversity and stability 

continues to be debated (Ives and Hughes 2002).  Several authors have emphasized that seeking 

a simple relationship between species diversity and single components of the environment is 

inappropriate. The species/area curve has come under renewed discussion relative to this.  Hart et 

al (1999) for example, working within a framework of self-similar patterns concepts (patterns 

that do not vary with spatial scale), have argued that mathematically, such fundamental 

generalities as the species area/curve, species – abundance distribution, and the power-law 

species-area curve, are in conflict.  Rosenzweig (1999), in commenting on this paper, and noting 

the long continued debate about the mathematical form of the relationship, suggests that the 

problem may arise because diversity is determined by different processes at different scales.  

Thus, (i)  at the level of the biological province (the area where most of the species originated), 

diversity may depend on rates of speciation;  (ii)  on islands, colonization rates may be 

important;  (iii)  diversity in provincial patches depends on the numbers of habitats they contain.  

Both ecological and historic processes obviously have a role in species richness patterns (Hill et 

al 1994).  Allen et al (1999), after their survey of the 186 northeastern United States lakes, 

conclude that consistency of pattern between different groups also indicate that multiple 

processes work simultaneously to influence species richness.  There is general agreement with 

this conclusion. 

 

 It is obvious that many factors influence species richness in lakes.  The situation is 

complex.  It is frustrating to those who would seek simple correlations. Expectation that number 

of species occurring is a clearcut measure of habitat quality warrants further monitoring.  The 

effort largely fails at the present state of knowledge. 

 

2.5 Species groupings and relative abundances relative to some biological parameters, 

field studies 
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 To explore fish community composition and its basis (and resource division patterns, see 

Chapter 4) a group of 12 small contrasting Ontario lakes were chosen for study - (see Appendix 

2.1).  The work extended over several years, but the tabulations represent the average of a 2-year 

data set.  Differences between the years were broadly consistent.  The material is introduced here 

to show broadly based differences and trends.  

 

 The lakes chosen (Appendix 2.1) covered the range of types regionally available.  They 

included ones that had been the basis of historical limnological studies (Terasme and Mirynech 

1964; Duthie and Carter 1970; Smol and Boucherle 1985; and S.R. Brown, personal 

communication).  The fish occurrence is an outgrowth of original data sets on the individual 

lakes developed by Brown (1977), Wynne-Edwards (1981), Complak (1982), Keast and Fox 

(1990), Fox and Keast (1990, 1991), Snetsinger (1992), and Keast (1996).  Standardized 

sampling procedures, regimes, and times used in other studies were followed. 

 

 The lakes grouped into three categories, as follows: (i) The Cataraqui River estuary, an 

extension of the main Lake Ontario, and hence with the attributes of a large and diversified 

system;  (ii) a cluster of five "mid-sized" lakes (Appendix 2.1), with high structural diversity 

(Opinicon, Sydenham, Gould, Upper Beverley, Lower Beverley); and (iii) six structurally simple 

but divergent small lakes that embraced the wider range of available types.  These were: (i)  

Little Round Lake, deep, fairly cool, steep-sided, and with virtually no littoral zone, and the most 

oligotrophic of the series (Smol and Boucherle 1985);  (ii)  Fish Lake which is shallow, weeded, 

with a shoreline of slabs of flat slate, isolated, relatively unproductive, and in the process of 

reverting to a swamp (Terasme and Mirynech 1964);  (iii) Atkins Lake, with a few expanses of 

littoral zone; with the bulk of the lake having a bottom of suspended sediment and hence 

inaccessible to fish foraging; it is regarded as a remnant of the western extension of the salt-

water Champlain Sea in early recent times (S.R. Brown, personal communication);  (iv) isolated 

Sunfish Lake (Duthie and Carter 1970), modestly rich and with a continuous bottom covering of 

entangled Chara, which limits access by fish to zoobenthic organisms and places emphasis on 

open water feeding built around considerable populations of the large cladoceran Daphnia dubia 
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(Wynne-Edwards 1981; Nishi 1982), and recognized as one of the first Ontario lakes to be 

deglaciated (S.R. Brown, personal communication); and (v) Little Cataraqui Pond on the 

Conservation Authority property, Kingston, and Lower Poole Beaver Pond; both shallow, 

heavily weeded, relatively warm, homogenous basins composed solely of littoral zone 

(Snetsinger 1992; Keast and Fox 1992; Fox and Keast 1992). 

 

 The Cataraqui Estuary had 25 regularly occurring fish species; the "mid-sized" lakes 15-

19; the small lakes 9-12.  Isolated, shallow Fish Lake had only five. 

 

A figure of 8-12 species for small lakes agrees with the findings of Matthews (1998) in 

his comprehensive survey of North Temperate lakes. 

 

1. These differences reflect the fact that the Cataraqui is a "big" system, part of the large 

Lake Ontario; with a diversity of habitats.  As the other extreme, the beaver ponds are small, 

shallow, simple basins.  There is minimal habitat diversity.  Also, only larger waterbodies have 

an open water column.  (In Pacific island birds, habitat heterogeneity increases with island area. 

There must be enough of specific habitats to support species needing these, and the area must be 

big enough to support populations of minimal size (Mayr and Diamond 2001).) 

 

2. Fish biomasses were high in the Cataraqui Estuary littoral zone and in the mid-sized 

lakes: 11,000-12,000  g/100 m2 for Lower Beverley and Sydenham (Appendix 2.1) in mid-

summer.  Some of the smaller lakes, however, supported huge numbers of very small 

individuals.  Shallow Fish Lake, where the entire lake is littoral zone, had 13,000 g/m2.  In 

Sunfish Lake, however, where the productive littoral zone was inaccessible due to Chara, fish 

biomass averaged only 3,700 g/m2. 

 

3. As is characteristic, the larger lakes were dominated by centrarchids, the smaller ones by 

cyprinids - see also findings for the Muskoka, Ontario, lakes and for different sets of lake types 

in Wisconsin.  In the mid-sized lakes, centrarchids made up 70-88% of the biomass, and 31-74% 
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of fish numbers.  The figures were 47% and 24% in Sydenham.  In the smaller lakes they 

accounted for 18-21% of the biomass, and 5-52% of numbers.  Only the pumpinkseed was 

widely distributed (and in the small lakes it sometimes did not grow large enough to become a 

molluskivore – Chapter 9).   

 

Cyprinids dominated the faunas of Atkins, Fish, and Little Cataraqui Pond but they were 

prominent in all systems (Appendix 2.1).  Being small-bodied in the larger lakes, they made up 

only a small percentage (1.9-6.4%) of the fish biomass.  By contrast, they made up 67% of 

biomass in the shallow Lower Poole Pond.  Numerically they account for 11-40% of numbers in 

the larger systems (4% in the Cataraqui Estuary), but 29-85% in the others (14% in Sunfish).  

Cyprinids are small-bodied and adapted to life in shallow ponds, creeks, weedbeds and restricted 

space.  They are the dominant creek dwellers in most places.   

 

 In terms of numbers, the smaller water-bodies were dominated by large numbers of 

small-bodied species (Lower Poole Pond, 10,900 individuals/1,000 m2; Little Cataraqui, 3,000; 

Fish Lake, 2,700), compared to only 265-635 in the larger lakes and 335 in Sunfish Lake 

(Appendix 2.1).  Differences between the three sets of figures were significant.  The fish 

communities contrasted strongly.  Small-bodied species obviously use smaller size prey than 

larger-bodies ones.   

 

Absent from Atkins, Little Round, and Fish Lake, and smaller ponds were  bluegill and 

black crappie that require open water column.  Rock bass and small-mouth bass are commonly 

associated with rocky shoreline.  The piscivorous largemouth bass was rare or absent in the 

smallest lakes.  These species need expansive inshore shallows for spawning.  Some smaller 

bodies are also subject to winter kill; which larger, longer-lived species cannot handle.  

 

4. Percids, with the yellow perch dominant species in the larger systems, were variously 

represented.  In the Cataraqui Estuary, they accounted for 31% of numbers of fish in the littoral 

zone, Sydenham, 38%;  Upper Beverley 18%;  and  5.7% in Opinicon (Brown 1977).  The larger 
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bodied perch made up 42 and 52% of fish numbers (20 and 33% of biomass) in Sunfish and 

Little Round Lake where it is a zooplanktivore (Appendix 2.1).  The species was absent from 

Fish Lake and the small beaver ponds, as is characteristic.  One or two species of small-bodied 

etheostomine darters occurred widely, but were numerically insignificant.   

 

5. The small eastern banded killifish (cyprinodont), a versatile, widespread, inshore 

dwelling generalist insectivore-planktivore (Chapter 4) was prominent in most systems.  

 

6. The white sucker, a bottom feeder and part zooplanktivore, especially characteristic of 

weeded creeks in Ontario (vide Jones Creek, Keast 1996), was a  dominant in the heavily weeded 

substrate of Sunfish Lake (Chapter 7).  The brown bullhead, with high biomass in Fish Lake, is 

common in weeded and degraded habitats; it can also handle low oxygen levels.  Its abundance 

in Fish Lake would, hence, be anticipated. 

 

7. The “additional” species of the Cataraqui Estuary littoral zone were partly Lake Ontario 

species, that is characteristic of larger water-bodies.  These were the shad Dorosoma 

cepedianum, channel catfish Ictalurus punctatus, the primitive bowfin Amia salva, and gar-pike 

Lepisosteus osseus.  The last three accounted for less than 0.5% of total fish numbers.   

 

8. Hierarchies of abundance of the dominant species in the littoral zones of the mid-sized 

lakes differed, despite have the same species present (Appendix 2.1).  In the littoral zone of the 

Greater Cataraqui Estuary the order of abundance was:  yellow perch, pumpkinseed, banded 

killifish, bluegill, golden shiner.  In Opinicon it was:  bluegill, pumpkinseed, blackchin shiner 

and killifish, rock bass; as in some of the other lakes.  In Sydenham the order of abundance was 

banded killifish, blackchin and blacknose minnows, yellow perch, pumpkinseed, bluegill.  

Bluegill mainly occurred offshore as in the Cataraquai.  In Fish Lake, the order of abundance 

was fathead minnow, golden shiner, banded killifish, and brown bullhead.  In Sunfish Lake, it 

was pumpkinseed, rock bass, yellow perch, and Iowa darter. 
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9. The different structuring of the fish faunas in the smaller compared to mid-sized lakes 

was, striking.  Here the major elements included pumpkinseed (but with 90% of individuals 

being only 50-110 mm in length) banded killifish, small detritivorous cyprinids (bluntnose 

and/or fathead minnow), and/or the detritivorous finescale dace (Phoxinus eos), the brown 

bullhead (also stunted), blacknose dace Notropis heteroclitus, a darter, sometimes the golden 

shiner, brook stickleback and mudminnow.  

 

10. Pumpkinseed, golden shiner, and banded killifish occurred in 11 lakes, the yellow perch 

in 10, the rock bass in 8, bluegill in 6, largemouth and small-mouth bass in 7, brown bullhead in 

8.  Other species occurred in few lakes: alewife (2), white sucker (3), tadpole madtom (3), 

logperch (1), mudminnow (5).  Some of these are habitat specialists: log perch utilize gravel 

beds; mudminnow and tadpole madtom prefer dense thickets of vegetation.  There was marked 

species versatility. 

 

11. The alewife is a late colonizer of eastern Ontario.  It has progressively penetrated the 

Rideau lakes in the 1960s, reaching Opinicon.  It has not yet reached Sydenham or the Beverleys 

that are in different watersheds.  The fathead minnow only appeared in Fish Lake halfway 

through this survey.  It immediately becomes dominant.  It could have been introduced.  Sunfish 

Lake and Fish Lake are today isolated, but may not always have been so.  To judge from its 

patchy distribution, and absence from more remote lakes, bluegill could be a later colonizer of 

eastern Ontario.  

 

12. The species abundance patterns of the fishes of the twelve Ontario study lakes show the 

typical log-normal bell-shaped curve:  a few common, a few uncommon species, and the rest 

numerically in between.  This curve is characteristic of a wide range of plant and animal taxa 

(Williams 1964; Whittaker 1967; May 1975; Pielov 1975; Sugihara 1980; Preston 1962).  After 

analyzing a considerable body of evidence across diverse fish taxa, Matthews (1998) concludes 

that a log-normal distribution of species across the “octaves” of abundance that result in a bell 

shaped curve is typical of most fish systems.   
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13. There was a degree of consistency in the relative "abundance" of species in the mid-sized 

lakes.  The rock bass, smallmouth bass, black crappie, and Johnny darter regularly made up only 

1-5% of individuals. Yellow bullhead were always rare.  Other species, however, varied 

considerably in abundance from lake to lake.  This was presumably explained by a habitat factor.   

 

 A problem in this sort of assessment is, of course, to judge whether a species in nature is 

genuinely rare or not.  Sheldon (1987), concluded, from his analysis of the fishes of Oswego 

Creek, New York, that numerous species were genuinely uncommon.  Matthews (1998) 

corroborates this observation, stating that any worker who has collected fish widely knows that 

some species occur only in small numbers.  

 

14. The division of lakes into larger centrarchid dominated and smaller, cyprinid dominated 

ones, agrees with other workers. 

 

15. Many of the species presence/absence cases could be predicted.  Bigger lakes with a well 

developed water-column have larger-bodied individuals.  Small water-bodies with lots of weed 

cover have small-bodied fish.  When members of a large-bodied species occurred in a small lake 

they were characteristically stunted.   

 

 The above discussion of species occurrences and relative abundances using the Ontario 

example is introduced to emphasis the ecological component to species occurrence and 

abundance.  It provides balance to the preceding section that emphasizes the physical 

environment as dictating occurrence.  It could be developed in a more elaborate statistical and 

analytical framework.  However, it adequately makes its point, species contrast in being either 

dominant or rare elements.  It is to be expected that bluegill and black crappie that need stretches 

of clear water-column will be absent from small lakes that lack this.  The white sucker is 
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abundant in streams in Ontario but only occurred in some of the lakes studied.  It did so where 

thick vegetation was present that represented stream-type habitat. 

  

2.6 Habitat utilization within lakes, the Opinicon study 

 

 Larger, physiographically diversified lakes have the following structural features:  (i) an 

expanded shoreline; (ii) contrasting littoral and limnetic zones; (iii) a variety of littoral zone 

substrates; both vegetated and bare areas;  (iv) exit and entrance streams and marginal marshes; 

(v) vegetation complexity.  Fish variously relate to these features.  The shoreline development 

factor (ratio of shoreline length to maximum depth) is, as noted, a measure of habitat richness.  

The littoral zone of lakes is characterized by shallows, good light penetration, good oxygenation 

and water flow, and macrophyte bed development.   

 

 The substrate of the littoral zone may be highly variable (Fig. 1.1, Chapter 1).  The major 

variable is particle size, the result of constant resorting by wind and wave action relative to the 

configuration of the shoreline.  The major prey invertebrate groups and fish species respond 

variously to these structural variations (Keast and Harker 1977; Keast et al 1978; Keast 1978; 

and Keast and Fox 1992).  The results are summarized here in the light of the work of other 

investigations.   

 

 Our Opinicon studies entailed fish counts onshore/offshore over the various 

littoral zone substrate types, and vertical distributions in deeper water using tiers of gill-

nets.  The SCUBA counts were made by pairs of divers who swam along the 1.5 m wide 

transects and related species occurrences to 11 different (arbitrarily chosen) substrate 

types (Keast et al 1978; Fig. 2.1).  Counts were written on underwater slates.  They were 

made during the major feeding periods of the fish: early morning, late afternoon, plus at 

night, representing 3-3.5 hours of sampling per day on seven sampling days during the 

12-day sampling periods.  These occurred at theend of May (spring), July (summer), and 
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September (autumn).  Fish sampling was throughout matched by sampling of zoobenthic 

and zooplanktonic organisms. 

 

 For the midlake studies a sampling program using 7 m high tiers of gill-nets was 

used.  These were cleared at dawn and dusk to discriminate between fish moving by night 

and day.  Sampling of fish and zooplankton (at different heights in the water column) was 

again carried out over 12 day periods in May, July, and September. 

 

2.6.1 Water depth zone and fish and invertebrate occurrence 

 

The results confirmed that:   (i) Two basic assemblages of fish occurred, the one 

inhabiting the shoreline littoral shallows (down to about the 2.5-3.5m depth zone), and an 

offshore deeper water assemblage.  (ii) When averaged out, 80-90% of the total fish biomass per 

unit area was concentrated in the littoral zone shallows (Fig. 2.1, 2.2).  (iii) There was a 

precipitous dropoff in numbers to about one-eight of the biomass between 2.5 and 3.5m, 

concordant with the reduction in vegetation.  This dropoff applied both by day and night and in 

most months.  (iv)  Prior to, and during the spawning season in June, 67.4% of total biomass was 

at 1.6m depth or less, and 86% at depths of 2.5m or less.  Corresponding figures for August were 

74% and 93%.  (v)  There was a general late season dispersal by large bluegill from the littoral 

zone into deeper water when they became largely planktivorous.  (vi)  Pumpkinseed (Lepomis 

gibbosus), rock bass (Amploplites rupestris), bluntnose minnow (Pimephales notatus), blackchin 

shiner Notropis heterodon), and banded killifish (Fundalus diaphamus) were abundant in the 0.8 

and 1.6m depth zones, and absent at 3.5m.  These species were littoral zone inhabitants.  Black 

crappie (Pomoxis nigromaculatus), golden shiner (Notemigonus crysoleucus) and alewife (Alosa 

pseodoharengus) were offshore dwellers.  Bluegill (Lepomis macrochirus) and yellow perch 

(Perca flavescens) occurred at all depths.  The members of the species inhabiting the deeper 

water were all large-bodied individuals. 
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Zoobenthic invertebrates were similarly characterized by high biomass in the littoral 

shallows and dropoff in biomass and numbers with depth (Fig. 2.2).  Figures were highest at 

2.5m, slightly less at 1.5 and 3.5m.  Individual taxonomic groups followed the general pattern, 

with some differences.  Amphipods were most abundant at 0.8-2.5m (May) and 0.8-1.6m (May, 

June, August, September).  Isopods, Ephemeroptera nymphs, Anisoptera nymphs, Trichoptera 

larvae (in most months), and small pelecypods, were richest between 0.8 and 2.5m (Fig. 2.2).  

Zygoptera nymphs had their highest biomass at 0.8 and 1.6m, larger-bodied individuals occurred 

out to 3.6m (June).  Chironomids, gastropods, and Hydracarina, were abundant out to 5.0m, 

especially in May.  Contrasting with these essentially littoral zone distributions, were the pelagic 

zone and gyttja-dwelling Chaoborus punctipennis and Chironomus plumosus.  These maintained 

high populations in the deeper parts of the lake throughout, peaking prior to emergence in June.  

For a comparison of invertebrate biomass in various small Ontario lakes, see Appendix 7.1.  

 

Throughout, there was a close correspondence between depth distribution of the fish and 

benthic invertebrate diversity and biomass (Fig. 2.3).  Linear correlation in the attenuation 

patterns for numbers and biomasses was significant (regression analyses), a=0.05, Spearman 

Rank test).  Relative biomasses and abundances, calculated as mean summer figures, were:  1.6m 

depth zone and under:  fish, 75 and 69% and invertebrates 48 and 57%; depths down to 2.5m:  

fish, 91 and 92%, and invertebrates, 68 and 81%, respectively.  The steep drop-off point beyond 

2.5m is evident for both groups except in June, when there were fewer benthic invertebrates near 

shore, and large mid-lake concentrations of pre-emergent Chaoborinae. 

 

Fish/invertebrate distributional correlations obviously relate to the use of the common 

space and habitat resource distribution.  The diet of the fish reflect the correspondence.   

Pumpkinseed take mainly mollusks; the bluntnose minnow eats detritis and small chironomids;  

and the blackchin consumes Cladocera (Chapter 4).  These resources are abundant inshore.  The 

bluegill, inhabiting both littoral and limnetic zones eats Cladocera, chironomids, and Trichoptera 

larvae: items that are widely distributed.  The offshore-dwelling crappie, alewife, and golden 

shiner are zooplanktivores and Chaoborus larva feeders, which are inhabitants of open water.  
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Concentration of smaller-bodied species (killifish, bluntnose, blackchin) in the inshore weedbeds 

obviously relates both to availability of feed and predator avoidance. 

 

2.6.2 Littoral zone substrate type and fish and invertebrate occurrence in a small Ontario 

lake 

 

Major features were: (i) Areas of dense macrophyte growth on silt supporting high 

numbers of individuals and biomasses of fish  (Keast et al 1978; Appendix 2.4).  During May 

and, especially, June when fish were most actively feeding post-winter and spawning inshore, 

number of fish exceeded 1000 per 1000m2.  (ii) “Mixed bottom” sections characterized by an 

intermediate  type sand-detritus substrate, sunken sticks and leaves, and moderate multi-species 

vegetation (with a high structural diversity), also had high fish biomasses.  (iii) The rock and 

sand-bottomed areas, which lacked cover, had half the numbers of fish, or less.  The differences 

were statistically significant.  (iv) Areas of compact, bare clay (also without vegetation) had few 

fish.  (v) The weeded area commonly supported 9 fish species, “mixed bottom” areas, 8-9;  

sandy shoals and mixed-bottom ones, 6-7;  cliff edge, rock and clay-bottom, only 4-5 species.  

(vi) Bluegill, as elsewhere in the lake, were ten times more abundant than the other species, 

followed in order by pumpkinseed, yellow perch and black crappie, which used the taller 

macrophyte beds for resting by day.  Blackchin shiner made up  10-20% of fish numbers in the 

macrophyte beds at peak times.  (vii)  Species related to specific microhabitat types (Fig. 2.4) as 

follows:  blackchin shiner, macrophyte beds in shallow water;  bluntnose minnow in taller 

macrophyte stands and, in autumn, in rocky areas;  eastern banded killifish in sandy shallows and 

shallow-water macrophyte beds;  the log perch (an uncommon species) in mainly gravelly 

shoals, and small mouth bass (Micropterus dolomieu), rare in Opinicon rocky area (George and 

Hadley 1979).  (viii) The larger-bodied predator-free largemouth bass, bluegill, and other species 

occurred in varying numbers over all substrates, as well as widely throughout the lake.  

 

When the various substrate types were statistically compared as pairs to examine shifts in 

occurrence/abundance, there were significant independent day/night differential distributional 
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changes in several species (Keast et al 1978).  In the bluegill, which characteristically lies 

immobile on the littoral bottom at night, and in banded killifish, numbers were relatively 

uniform.  In the pumpkinseed, significant day/night proportional shifts occurred between 12 of 

29 (41%) pairs of comparisons;  largemouth bass, day night shifts occurred in 38% of paired 

comparisons;  black crappie, 89%;  rock bass, a crepuscular feeder (Keast and Welch 1968), 

40%;  yellow perch, 68%;  blackchin shiner, 40%;  and bluntnose minnow, 83%. 

 

 Proportionate differences in abundance between substrate types in bluegill, pumpkinseed, 

rock bass, and largemouth bass were tested by comparing representation in terms of pairs of 

substrate types for May, July, and September (Keast and Harker 1977).  For the bluegill in May, 

only 4 of 56 paired comparisons (7%) were not significantly different:  figures for July and 

September were 18 and 35%.  In the pumpkinseed (absent in May), 38 and 56% of comparisons 

were significantly different in July and September.  For the rock bass the percentages were 55, 

45, and 45%;  and for largemouth bass 51, 78, and 82%.  Occurrences were thus as might be 

expected, not random and uniform in these “habitat generalists”. 

 

 Relative proportionate occurrence in individual substrate types was tested relative to 

usage by the abundant congeneric bluegill and pumpkinseed;  and the two largemouthed 

predators, rock bass and largemouth bass (Keast and Harker 1977).  The two sunfishes occurred 

over substrate types to a statistically significantly different proportionate extent in the case of all 

eleven substrate categories in May and September, and 10 out of 11 in July.  The bluegill is a 

zooplankton and chironomid larva feeder; the pumpkinseed is a molluskivore.  In the rock bass 

and largemouth, microhabitat occurrence differed in 7 of the 11 comparisons in May, but only 

two in July and September.  These results confirm that no two species have identical habitat 

responses. This would be expected. 

   

 Benthic invertebrate occurrence and biomass varied with type of littoral zone substrate 

(Figs. 2.3, 2.5).  Invertebrate abundance and biomass by substrate type increased markedly when 

vegetation was present (Appendix 2.3, 2.4).  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 

 Findings that vegetation supports the highest diversity and biomasses within the littoral 

zone confirms the finding of other workers.  The sand shoal areas were also rich in invertebrates, 

especially in June and August.  (Since many of the organisms live just below the water-substrate 

interface, fish presumably obtained them when they rose to the interface.)  The low invertebrate 

populations on the bare rock surfaces was expected.  Rocky habitats are difficult to sample. Most 

invertebrates here occur on the underside of stones and are of reduced accessibility to fish, 

except when they emerge at dusk or night.  Crepuscular feeding in the rock bass and other 

species is presumably linked to this (Chapter 4). 

 

 The macrophyte beds had high populations of chironomid larvae, isopods, 

ceratopogonids, Trichoptera larvae, oligochaetes, mollusks, and Hydracarina.  Amphipods had 

highest biomasses and numbers in the silt-weed areas, and “mixed bottom” areas of sand, litter, 

and open vegetation.  Chironomids are represented by 140 species in Opinicon (Dr. Don Oliver, 

personal communication).  Anisoptera and Zygoptera nymphs were present on most substrates.  

Zooplankters, which mostly inhabit the water-column, showed little link to littoral zone 

substrates. 

 

Fish in their occurrence are obviously closely linked to the distribution of their prey.  

With the conspicuous exception of the macrophyte beds, the link to substrate type was not 

obvious.  
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2.6.3 An offshore limnetic zone fish species association 

 

The open water column habitat of limnetic fishes and their prey invertebrates represents a 

strongly contrasting habitat to the littoral zone (Chapter 1).  Fish are at a far less density than in 

the littoral zone and, as underwater surveys show, long sections of water column may be 

traversed without any fish being seen. 

 

Five fish species made up the Opinicon midlake fish association.  Three of these, alewife 

(Alosa pseudharengus), black crappie, golden shiner, and an assemblage of larger-bodied 

bluegill, inhabited the water-column, and the (larger) yellow perch inhabit the bottom area. 

 

Grouped data revealed the following (Fig. 2.6):  (i)  The black crappie by day occurred at 

depths of 2.5m and greater;  alewife (Alosa pseudoharengus) mostly from 5.0 to 7.0m;  golden 

shiner at 2.5 to 7.0m (and along the outer edge of the macrophyte beds);  and the large mid-lake 

yellow perch at 5.0 and 7.0m (in May).  The generalist bluegill occurred at all depth zones.  (ii)  

Black crappie concentrated in the top half of the water column in mid-lake after dark, but spend 

the day in the taller littoral edge macrophyte beds.  Golden shiner were exclusively netted at and 

just below the surface by both day and night.  Yellow perch kept near the bottom throughout.  

Bluegill occurred in the top two-thirds of the water column, both by day and night, and in both 

months sampled (Fig. 2.6).  (iii) Golden shiner vacated the study area (south basin of the lake) 

from mid-summer onwards, and for the rest of the summer roamed along the outer edge of the 

macrophyte zone (depth 3.5-8.0m), parallel to the shoreline where, being surface dwellers, they 

were highly visible.  Alewife also vacated the south bay by mid summer, moving elsewhere in 

the lake. 

 

Comparison with the diurnal vertical movements of the water column dwelling 

Chaoborus larvae, Cladocera, and periodically emerging chironomid pupae showed a temporal 

correspondence between the availability of these food species in the water column and the diel 

distribution of fish preying on them.  Feeding periodicities determined by fluctuations in stomach 
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fullness confirmed the black crappie, alewife and golden shiner to be crepuscular and night 

feeders (see diagrams in Keast and Fox 1992).  The other species were diurnal.  The black 

crappie was mainly a mid-water predator of Chaoborus larvae (which only occur in mid-lake), 

but took some Ephemeroptera nymphs and small fish presumably from the littoral edge (Chapter 

4).  The alewife was a planktivore and Chaoborus larva feeder;  golden shiner, a planktivore;  

and mid-lake dwelling population of bluegill, mainly planktivores.  The yellow perch consumed 

insect larvae showing, by contrast, that it was feeding from the bottom.  

 

That Chaoborus punctipennis and some zooplankters migrate vertically through the water 

column at night is well-established.  The feeding of its predators relates to this window of 

opportunity (Keast and Fox 1992).  Chaoborus larvae, and the dominant zooplankter Bosmina 

longirostris spend the day near the bottom, the former in the opaque gyttja zone.  The nocturnal 

distributional shifts of the crappie and alewife, and the crepuscular feeding of the golden shiner, 

matched this movement pattern.  The bluegill, a day feeder, harvested the Bosmina from the 

lower part of the water column at this time.  The stomachs of the crappie and bluegill also 

contained littoral zone insects, which supports other data (Chapter 4) that they have a partial 

nocturnal inshore movement. These observations are in accord with the observations of other 

workers regardingthe nocturnal vertical movement of fish into the water column to feed on the 

shrimp Mysis relicta (Janssen and Brandt 1980).   

 

Diel upward movement within the vertical column is widespread in fish (Piet and Guruge 

1997).  Feeding is obviously the main reason (Northcote et al 1964; Begg 1976; Craig 1977a; 

Baker and Ross 1981; Rask 1986; Jansen and Mackay 1992; Clark and Levy 1988; Levy 1990; 

Tewinkel and Fleischer 1998).  However, such movements of alewife also relate to optimizing 

on light levels, temperature, and oxygen gradients, plus predator avoidance (Crowder et al 1981; 

Rudstam and Magnuson 1985; Gal et al 1999).  Vertical movement occurs in tropical as well as 

temperate fishes (Dunn 1975; Goldschmidt et al 1990).   
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2.7 Diel lateral and general distribution movements in fish associations:  comparative 

SCUBA studies on Michigan and Casanovia, New York, lakes 

 

Two comparable studies on northern lakes using SCUBA are available: those on a series 

of small Michigan lakes by Werner et al (1977), and for Casenovia Lake, New York, by Helfman 

(1978, 1979). 

 

In the shallow Michigan lakes (with 7 centrarchids and 5 cyprinids), two species, the 

green and longear sunfish (Lepomis cyanellus and L. megalotis) separated out spatially as edge 

or bench dwellers; the black crappie kept to deeper water; and three (largemouth bass, 

pumpkinseed, yellow perch) were uniformly distributed throughout the lakes. Pumpkinseed 

occurred offshore as well as inshore.  Pumpkinseed and perch were restricted to within 0.5 m of 

the bottom, largemouth bass, bluegill and black crappie occurred throughout the column as in 

Opinicon.  Green and longear sunfish occurred over open sediments and Chara-Scirpus beds.  

Crappie, bluegill, and largemouth bass were more abundant amongst water-lilies.  Perch and 

pumpkinseed used all vegetation types.  The cyprinids, likewise, showed segregation both along 

gradients of depth (distance from the shore), in height in the vertical column occupied, and 

relative to vegetation structure. 

 

Several species exhibited diel movements.  Bluegill had an inshore movement at dusk, 

with smaller individuals moving up the slope and being maximally abundant at the edge of the 

bench.  Larger fish also moved towards the bench, but occurred higher in the water column.  

Small bass moved inshore in the evening; larger fish showed no distributional change.  Crappie 

moved high up into the water column at dusk.  In the golden shiner, 80% of the population 

moved offshore at twilight to feed on zooplankton near the surface, this ceasing about midnight. 

 

In Casanovia Lake Helfman (1978) found the eastern banded killifish to again be strictly 

a littoral zone species, and the black crappie to be a nocturnal mid-lake feeder, as in Opinicon 

and Michigan lakes.  There was again differentiation of bluegill distributions in different 
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habitats.  Three kinds of feeding aggregation occurred:  (i) large offshore ones where members 

fed from the water column and plant surfaces;  (ii) shallow-water dwelling ones of plant-surface 

foragers;  and (iii) pelagic deep-water (3.2-6.0 m) planktivorous assemblages composed of the 

largest fish.   

 

Rock bass in Casanovia, as in Opinicon and Georgian Bay (Emery 1973), were 

crepuscular feeders.  They moved at dusk into the shallows to feed from the substrate.   

 

Yellow perch were diurnally active, and nocturnally inactive, with mobility accelerating 

at dusk and dawn, as shown in other systems (Hasler and Bardoch 1949;  Scott 1955;  Popova 

and Sytina 1977;  Helfman 1979).  The movements involve onshore migrations at dusk and 

offshore ones in the morning, with the breakup and reforming of schools (Scott 1955;  Hasler 

and Villemonte 1953;  MacLean and Magnuson 1977;  Jansen and MacKay 1992).  However, in 

Casenovia Lake, Helfman (1979) found three different kinds of feeding associations in perch.  

Fish of 100-200 mm occurred in small foraging groups at 1-2 m depth;  larger schools foraged 

below the littoral zone at 5-7 m;  and fish of 200 mm and more occurred solitarily at depths of 2-

4 m in the heavily vegetated drop-off zone of the lake.  In Lake Mendota there are both 

migratory and non-migratory groups of perch (Hasler and Villemonte).  Intra-population space 

use differences have also been recorded in the Eurasian perch, Perca fluviatilis (Popova and 

Sytina 1972).  Marked day/night distributional shifts were not recorded in the smaller Opinicon 

perch. 

 

 Comparative SCUBA studies on all of these lakes shows comparable space use patterns 

in all the species.  Hence, if this is not a "species pattern", they were responding predictably to 

the same conditions and opportunities. 
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2.8 Habitat and vegetation complexity and space use in northern lake fishes 

  

That habitat complexity functions to allow the occurrence of a greater diversity of fish 

and other species has long been recognized (Ferreira et al 2001).  Less well studied is how this 

influences the responses of individual species. 

 

The relationships of fish to a series of microhabitat variables, or fine scale patchiness, 

including plants, have been studied by a few authors.  Seven southern and seven northern 

Ontario lake communities of fish were analyzed by Eadie and Keast (1984), using principal 

components.  Variables included: % plant cover, horizontal plant patchiness, plant species 

diversity, plant species richness, plant height, foliage height diversity, substrate diversity, water 

depth, and depth diversity.  In the southern lakes, three principal components accounted for over 

78% of the variation.  The first component was (39.5% of the variation) loaded highest on plant 

species diversity and richness, plant height, and foliage height diversity.  The second component 

accounted for 21.2% of the variation and was loaded positively on total plant cover and 

negatively on horizontal plant patchiness and water depth diversity.  The third component was 

loaded highest on water depth and substrate diversity.  Multiple regression analyses were then 

used to partition the effects of each habitat dimension on fish species diversity and species 

richness.  Substrate diversity/water depth explained a significant amount of variation in fish 

species diversity, whilst species richness was significantly related only to vegetation complexity. 

 

In the northern Ontario lakes, which are seemingly simpler systems, there were few 

significant correlations between overall fish species diversity or species richness, and measures 

of habitat complexity.  There were, however, significant correlation between fish species 

diversity and benthic invertebrate diversity, and between fish species richness and zooplankton 

diversity.  The reason for the difference between the southern and northern lakes was not clear, 

but it may have been due to latitudinal effects, or the recency of post-glaciation of the northern 

lakes. 
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In a one month long study of fish species spatial relationships in Lake Mendota, 

Wisconsin, Weaver et al (1997) quantified vegetation patterns along series of transects and 

relative to five different water depths (0.5 to 4.5 m).  The amount of vegetation along each 

transect was estimated by determining: the ratio of number of vegetation intervals to barren 

intervals; the proportion of area that had no vegetation; total amount of vegetation; and relative 

amount of vegetation.  In estimating heterogeneity, a "patch" was considered to be a series of 

continuous horizontal intervals with vegetation (a one-dimensional cross section of vegetation 

along a transect).  Heterogeneity along transects was characterized by the number of patches, 

average patch length, and coefficient of variation in patch length.  Also calculated were the 

average coefficient of variation in plant height, the amount of vegetation within each patch, the 

average coefficient of variation in plant height, and the amount of vegetation weighted by patch 

length.  

 

The following correlations emerged:  (i)  Two contrasting assemblages of fish 

occurred:,one characterized by the rock bass and smallmouth bass in unvegetated areas, and the 

second consisting of a diverse set of species in vegetated areas;  (ii) The first assemblage 

preferred habitat where the complexity was provided by boulders, and here they occurred in 

loose schools;  (iii) Patchiness of macrophytes determined variations in specific assemblage 

structure;  (iv) Bullheads (Ameirus melas and A. nebulosus) were more common in patchy 

macrophyte beds than in rich vegetation;  (v) In the bluegill, there was a spatial sorting of age 

classes: Year 0 fish were more abundant in patchily distributed Myriophyllum spicatum, and 

older individuals used vegetation that was denser and more rich; (vi) Among Year 0 black 

crappie, bluegill, white bass there was a tendency to occur where the macrophytes were less rich. 

 

 Workers have sought to establish correlations between fish species richness and 

vegetation and habitat variables.  Weaver et al (1997) found vegetation patchiness to be the most 

important variable in distribution in the black crappie, bluegill, and white bass.  This disagrees 

with findings for these species by Heck and Crowder (1991), and Dewey and Jennings (1992).   
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 These contrasting findings suggest the lack of a fixed (or evolutionary) link at the 

vegetation and environmental complexity level in fish habitat usage (occurrence is 

opportunistic).  More work also needs to be done on the response of fish to plant species 

richness.   

 

There is some evidence that the taxonomic composition of a macrophyte bed may 

influence fish species occurrence.  Keast (1984) found 3-4 times as many fish, and 3-7 times as 

many individuals of five major taxa of prey invertebrates, in diversified native Potamogeton - 

Valisneria beds in Opinicon than in the largely monospecific ones of the introduced 

Myriophyllum spicatum.  A structural factor probably explained this.  However, Myrophyllum 

had only colonized Opinicon in 1978, which was perhaps not long enough to achieve a full 

invertebrate structure.  In Heron Lake, Michigan, macroinvertebrate abundance in dissected-leaf 

plants was significantly higher than in broad-leaf plants.  In Okeechobee, Florida, fish densities, 

abundances, and biomasses were associated with differences in plant species composition (Chick 

and McIvor 1994).  The trends were consistent throughout the year despite significant variation 

amongst months. 

 

 In the terrestrial literature the habitat diversity/species richness question attracted the 

attention especially of older workers (MacArthur and Levins 1967; Schoener 1974; Abrams 

1983).   The motive here was to evaluate interspecific competition.   

 

More recently Young (2001), using three salmonid species, sought to experimentally test 

the predictions that habitat diversity should:  (i) facilitate the addition of ecologically 

intermediate species into communities; and (ii) reduce the negative effects of interspecific 

competition.  Growth rate was used as a measure of competition.  Only one of the species grew 

faster in a diverse habitat.  The others grew no differently between habitats. 
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2.9 Contrasting habitat use patterns by age classes within species 

 

 Young and adult members of fish species characteristically utilize different habitats.  This 

especially applies to fish larvae compared to older individuals (Table 2.2 - Forney 1971, Bohlin 

1977, Treasurer 1988, Meyer and Hinrichs 2000, Spina 2000, and Rosenfeld et al 2000).The 

common explanation for the spatial separation of young fish from adults is that the distribution 

of young fish is limited by predation:  older, larger fish are not subject to this (Werner et al 

1983a, b, c; Schlosser 1988; Power et al 1989; Harvey and Stewart 1991).  In their discussions of 

habitat use by young fish relative to optimal foraging, Werner et al show that young bluegill 

faced with the alternatives of seeking optimal food in a dangerous habitat or keeping to cover 

where fewer resources are available leads to slowed growth.  Age class spatial segregation is also 

important in the piscivorous species (largemouth bass, northern pike; and yellow perch) that may 

cannibalize their own young.  (An alternative strategy of small fish, but uncommon in northern 

lakes, is for young individuals to join the evasive adults of schooling species.  This applies to 

brook silverside in Lake Opinicon.) 

 

 It is wise not to lose sight of the fact that predation risk is only one factor in the spatial 

separation of young fish.  A basic requirement of spatial use is to optimize food availability. 

 

 In Opinicon (Chapter 5), larval centrarchids occupy the inshore open water, juveniles 

(from the age of three weeks until Year III) use the macrophyte beds, large adult individuals 

occur in what is their appropriate habitat.  Multiple "habitats" may, of course, be used by adults.  

In the dominant bluegill, there is up to a 4-way division, with individuals of Years III-V ranging 

widely but occurring mostly in large, loose aggregations along the edge of the littoral zone, and 

the largest individuals being planktivores in the deeper open sections of the lake.  Age III-V fish 

are vulnerable to predation, but only by the largest largemouth bass and pike (Chapter 6).  The 

oldest individuals (years V and upwards) are not vulnerable.  Casenovia bluegill show a 

comparable pattern of age class separation in bluegills, as found by Helfman (1978). 
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 The separation of age classes within fish species is obviously of great importance in 

reducing intraspecific competition where there is considerable diet similarity (for example, 

bluegill - Chapter 6).  The subject is taken up elsewhere (Jenkins 1969; Keast 1977; Bohlin 

1977; Kincaid and Cameron 1985; Freeman and Stouder 1989; Schlosser 1987; Spina 2000).  No 

worker, however, as far as I can find, has attempted to quantify habitat occurrence for age class 

groups for all fish species in a lake. 

 

I demonstrate this for Opinicon in Appendix 2.1.  The data summarizes work throughout 

the lake using the range of available sampling devices.  Primary species-habitat use separations 

show that the adults of 12 or 13 of Opinicon’s 18 fish species are largely restricted to the littoral 

zone and its subhabitats.  Habitat specialists were the mudminnow (Umbra limi), confined to 

cattail fringes; logperch, mainly gravel beds;  and alewife, to the deeper central sections of the 

lake.  Smallmouth bass, an uncommon species in this “warmer” lake, inhabit mainly areas of 

rubble and rock.  The golden shiner here utilized mainly the outer edge of the macrophyte beds 

in water 2.5-3.5m deep.  The blackchin shiner is exclusively an inhabitant of the shallow-water 

weedbeds.  The eastern banded killifish kept to the sandy shallows and shallow-water 

macrophytes. 

 

 In only a minority of species do larvae, juveniles, and adults use the same habitat (Table 

2.1).  In 8 of the 17 species, larvae occupy a different habitat to adults.  In about 9 species, the 

juveniles occupy different habitats.  Ontogenetic shifts involve different habitat combinations.  In 

pumpkinseed, rock bass, and bluegill, age classes are relatively more discriminatory than in other 

species.  In alewife, mudminnow, blackchin shiner, eastern banded killifish, and log perch, the 

young fish utilize the same narrow range of habitats as adults.  In the black crappie, following 

the larval period in inshore open water, some months are spent in the inshore macrophyte beds.  

Larger adults utilize offshore open waters.  As in the bluegill, multiple habitats are used by the 

species. 
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2.10 Macrophyte beds and their use by fish 

 

 As shown by many authors, macrophyte beds support higher densities of fish than 

surrounding areas (Werner et al 1977; Keast et al 1978; Crowder and Cooper 1982; Gauch 1982; 

Heck and Crowder 1991; Dewey and Jennings 1992).  Distinct invertebrate and fish communities 

and species associations occur in them (Carpenter and Lodge 1986; Jeppesen et al 1998; Mitchell 

and Perrow 1998; Vestergaard and Sand-Jensen 2000).  Macrophytes provide cover protection 

from predators and increase structural variation in the system (Dionne and Folt 1991; Manatunge 

et al 2000).  Predator and prey foraging in macrophyte beds is handicapped or facilitated by the 

structuring of the vegetation (Heck and Thomas 1981; Crowder and Cooper 1982; Savino and 

Stein 1989; Gotceitas and Colgan 1989; Persson 1993; Beklioglu and Moss 1996; Manatunge et 

al 2000).  Dense vegetation may hinder predator foraging activity (Crowder and Cooper 1979).  

In the harvesting of small bluegills by predatory largemouth bass,  success declines with 

increased structural complexity.  This also applies to fish predators feeding on invertebrate prey, 

for example, pumpkinseed taking cladocerans and damsel fly nymphs (Dionne and Folt 1991), 

and killifish, Fundulus heteroclitus, consuming grass shrimp Palaemonetes pugio (Heck and 

Thomas YEAR).  Macrophyte beds, in offering haven to Cladocera from foraging fish play an 

important role in their population structure and cyclical abundances (Stansfield et al 1997).  

Zooplanktivorous fish can cause zooplankton to concentrate in vegetated habitats (Lima and Dill 

1990).  Piscivorous fish cause modifications of the behavior of prey fish in macrophyte beds 

(Werner et al 1983b). The extent to which a given level of vegetation density handicaps a 

predator varies with the species (Winfield 1986). 

 

 Macrophyte beds act as refuges for grazing Cladocera against fish predation (Stansfield et 

al 1997).  This may be an important stabilizing mechanism against the excessive population 

increase of phytoplankton in shallow lakes.  Daphnia spp formed an early summer peak but 

declined by July (presumably due to fish predation).   In dense macrophyte stands, however, it 

persisted longer.  At sites with cover and limited predation, high Cladocera populations were 

maintained by numerical buildup of Ceriodaphnia and Simocephalus, which are presumably 
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better able to limit the predation pressure.  Piscivorous pike and Eurasian perch changed the 

patterns of habitat use of the zooplanktivorous roach (Rutilus rutilus) and smaller perch.  The 

latter, in turn, changed patterns of habitat selection by the cladoceran Daphnia spp, causing them 

to avoid the use of open water.  On the basis of these observations, macrophyte beds can function 

as semi-independent ecosystems. 

 

 The impact of the planktivorous fish Pseudoasbora parva (Cyprinidae) on the cladoceran 

Daphnia pulex was studied at six different vegetation densities by Manatunge et al (2000). 

Foraging efficiency decreased significantly at the higher habitat complexities, both because the 

vegetation impeded its swimming behavior and obstructed its sight. 

 

 The structure of macrophyte beds may shape faunal and age class structure and behavior.  

In Swedish Lake Desgersjön, Eurasian perch (Perca fluviatilis) and northern pike, Esox lucius, 

relate closely to the beds and involve cannibalistic interactions on members of their own species.  

"Mid-sized" (length 80-110 mm) perch had high abundances in the weedbeds; to which they kept 

closely, and to which they were apparently confined by predation (Persson YEAR).  They also 

schooled, which the authors regarded as a defense mechanism.  Piscivorous large pike (length in 

excess of 160 mm) occupied peripheral open habitat but related closely to the prey assemblages.  

Pike size was inversely related to vegetation density.  This, it was concluded, related to 

cannibalism of the smaller individuals.  Numbers of the vulnerable perch were highest at 

intermediate vegetation densities, an apparent compromise between avoiding predation and 

feeding effectively.  Their prey, large invertebrates, increased in abundance and diversity as 

vegetation density increased. 

 

 When macrophytes are too dense, there is the potential problem of hypoxia (Miranda and 

Hodges 2000).  In reservoirs in Alabama-Mississippi oxygen levels in late summer were found to 

be inversely related to vegetation density.  Whilst oxygen levels along the edge of vegetation 

were 0.8-8.1 mg 1-1, at 50% vegetation coverage oxygen levels dropped to below 1 mg 1-1.  

Juvenile bluegills avoid waters with oxygen concentrations below 1.5-2.0 mg 1-1 (Whitmore et al 
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1960; Knights et al 1995).  In juvenile largemouth bass (Micropterus salmoides), food 

conversion and growth decreased drastically at oxygen levels below 3.0-4.0 mg 1-1 (Dahlberg et 

al 1968).  Miranda and Hodges (2000) show that respiration by plants can cause considerable 

fluctuations in diel pH and CO2.  

 

 These observations show that macrophyte beds are semi-independent self-contained units 

with many interactions taking place within them.  Life processes within the beds may be 

complex.  They are more than just a refuge for predation-prone young fish. 

 

2.11 The proximate factor in space use by lake fishes:  optimal foraging strategy 

 

 Virtually all of the considerable number of habitat use studies on fish in later years and, 

certainly, the better ones, have focused on habitat in the proximate dimension.  This dimension 

can be explored relative to analyzable local and/or temporary, situations.  These include 

fluctuations in the physical environment (including temperature and oxygen levels), seasonal 

factors, habitat quality, spatial availability of prey, and presence or absence of competitors or 

predators (for example, Luecke and Teuscher 1994).  

 

 Fish species, like other organisms, must be opportunistic in their approach.  They must 

optimize on habitat heterogeneity; and respond to unexpected events (Pickett and White 1985; 

Chesson 1986) and disturbance effects (Denslow 1985; Chesson and Case 1986; DeAngelis and 

Waterhouse 1987).  Individuals must concentrate relative to prey availability in the most 

profitable patches.  When appropriate, they follow the tenets of optimal foraging theory 

(Schoener 1969; Werner et al 1981).  

 

 The components of proximate habitat use have attracted great interest relative to 

predators and  competitors, and implications of these to the system (Mittlebach 1988; Lima and 

Dill 1990;  Milinski 1993).  Predators, both vertebrate and invertebrate, can in some 

circumstances, suppress the numbers of their prey (for example, Rasmussen and Downing 1988).  
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This necessitates a response (habitat change) from the prey.  Piscivores may cause fish prey to 

move to protected habitats (Stein and Magnuson 1976;  Sih 1982;  Cerri and Fraser 1983;  

Werner et al 1983a;  Power et al 1985;  Mittelbach 1986;  Schlosser 1987;  Greenburg 1991, 

1994); reduce their foraging distances (Dill and Fraser 1985); and/or limit feeding time and rate 

(Stein and Magnuson 1976;  Milinski and Heller 1978;  Power 1984;  Prejs 1987;  Magnhagen 

1988;  Ibrahim and Huntingford 1989).  Some workers (Mittelbach 1981, 1986; Werner et al 

1983a and b; Werner and Gilliam 1984) have argued that predation may be the main factor 

underlying ontogenetic niche shifts.  Better relative growth rates may result when, in the absence 

of predation, bluegill can utilize the open areas of ponds, rather than just the protective weeded 

littoral zone.  Where cyprinid algal grazers, restricted by predators, are unable to graze profitable 

areas, growth is reduced (Power et al 1985).  Predators can thus indeed influence habitat use 

patterns. 

 

A difficulty for predator-prone fish is that they may be forced to compromise between 

foraging in optimal areas when predators are present and foraging in inferior predator free areas 

(Cerri and Fraser 1983;  Fraser et al 1987;  Dill 1987;  Lima and Dill 1990;  Milinski 1993).  

Gilliam and Fraser (1987) have "modelled" the conflict using the creek chub (semotilus 

atromaculatus).  They concluded that the simple rule for foraging fish should be "use the refuge 

plus the site with the lowest ratio of mortality to gross foraging rate".  The observation is too 

obvious to merit comment!  Abrahams and Dill (1989) subsequently endeavoured to develop a 

method of evaluating predation risk relative to food energy gain in terms of a common currency 

of energetic equivalents.  To over-emphasize the importance of predators in habitat utilization is 

inappropriate.  Predators are only one proximate factor in habitat use.  They have long histories 

of co-evolution.  They must have long since have achieved a balance. 

 

Interspecific competition was long regarded as the major factor determining space use 

patterns and structuring animal communities (for example, Elton 1950; Schoener 1974).  

Competition is generally defined as “the state existing between animals securing supplies of the 

same resource from one region of the environment, resulting in an interaction that produces some 
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actually or incipiently deleterious effect(s) on one or each of the animals"(Weatherley and Gill 

1987).  Competition cannot, of course, occur when resources are not limiting, or if the species is 

not “confined”, as is the case in broader perspective with most North temperate fish species.  The 

appropriate "pressures" are lacking (Wiens 1989a, b).  Nevertheless, there are many documented 

cases in fish of species abundance, growth rates, and ranges varying in response to the 

presence/absence of a congener or fellow guild member - see Swingle and Smith (1942), Alm 

(1946), Swingle (1951), Le Cren (1958), Eshenroder (1977), Johnson and Hall (1977), Anthony 

and Jorgensen (1977) and Chapters 4 and 6.  Most of these examples emphasize, as the end 

result, growth rate differences in populations that are spatially confined (for example, to ponds) 

and hence that they cannot respond to the crowding by habitat change or dispersion.  

 

Habitat use patterns, including shifts or restrictions as a local response to interspecific 

competitors have been documented (Andrusak and Northcote 1971; Schutz and Northcote 1972;  

Crowder and Magnuson 1982;  Fausch and White 1986;  Persson 1986;  and Taylor 1991), and 

also for intraspecific competitors by Freeman and Stouder (1989), and Klemetsen et al (1992).  

Studies on Michigan ponds (Werner and Hall 1976;  Mittelbach 1981) and Swedish lakes 

(Nilsson 1960;  Svärdson 1976) demonstrate the implications of competition for feeding and 

growth.  Werner and Hall (1976) found that when three sunfish species are confined and forced 

to use common small prey they grew less well than when isolated in different ponds.  In larger 

water-bodies, these species separated out spatially by inhabiting inshore verses offshore, and 

bottom verses water-column.  The open water dwelling bluegill, when restricted to the weedy 

shallows habitat to which the aggressive green sunfish was optimally adapted, showed reduced 

growth rate whereas the sunfish was unaffected.  In subsequent studies, Werner et al (1981), and 

Mittelbach (1981) focussed on the relative profitability of different habitats to the  bluegill.:  

Again, better growth performance in open water compared to weedbed was demonstrated.  

Interestingly, in the course of making habitat switches as availability of food declined, the 

bluegill population split into distinct habitat specialist and habitat generalist groups.  The former 

subsequently achieved better growth.  A learning component was, hence, involved.   
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These findings parallel earlier ones on the interaction of Arctic charr (Salvelinus alpinus) 

and brown trout (Salmo trutta) in structurally simple Scandinavian lake systems (Nilsson 1960;  

Svärdson 1976).  The charr prefers littoral vegetation as a habitat, but abandons it for life in open 

water when the trout is present.  The shift was ascribed to the greater aggressiveness of the trout 

and its greater efficiency in harvesting organisms in vegetation.  On the other hand, the char was 

more plastic in its feeding behavior and had an ability to optimally exploit offshore zooplankton, 

even when it is rare.  A comparable example from Canadian lakes between trout (Salmo clarki) 

and char (Salvelinus malma) in sympatric and allopatric populations is provided by Andrusak 

and Northcote (1971). 

 

How important is "interference competition" in natural systems?  Since fish species will 

normally keep to those habitats to which they are best morphologically and ecologically adapted, 

interference competition may well only be a minor constraint in highly plastic species like the 

bluegill.  Nevertheless it has a role in "fine-tuning" abundance distributions. 

 

 The implications of sometimes being forced to use “suboptimal” habitats were the subject 

of a review by Sogard (1994).  She argued that this will occur when:  (i) fish larvae are 

transported away from a favorable to an unfavorable habitat (Jones 1986;  Suthers et al 1989;  

Sogard and Able 1992) as occurs sometimes in marine systems;  and  (ii) there is habitat 

disturbance or production due to human activity (Murphy et al 1986;  Toppin et al 1987;  Weis 

and Khan 1991;  Lamberti et al 1991).  She quotes cases of growth rate dropping 25% under 

such circumstances, and that age of maturity and other life history parameters may also be 

affected (Gagnon et al 1994, 1995).  “Inferior habitats”, meaning habitats where food and growth 

are limited, are however, an integral part of many natural systems (see Chapter 7). 

 

 Optimal foraging theory relative to space use has received much attention.  The theory 

postulates that an animal's relationship with its environment will represent the most 

advantageous and economical available in terms of costs, benefits, and constraints (MacArthur 

and Pianka 1966;  Emlen 1966;  Schoener 1969, 1971;  Charnov 1976;  Pyke et al 1977).  
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Schoener (1971), in a review of the subject, categorized optimal behavior as having three parts:  

(a) choosing a "currency";  (b) selecting the appropriate cost benefit functions (i.e. establishing 

the constraints);  and, (c) solving for the optimum.  In most writings, the currency is considered 

to be net energy intake.  Early writings were theoretical:  only later (for example, Werner and 

Hall 1974a and b, 1979) were the ideas experimentally tested in laboratory and field. 

 

Appropriately, optimal foraging thinking has mostly centered on space use, feeding, and 

food.  The basic features of optimal food use include the following:  (a) in resource choice the 

types are ranked by the ratios of the respective values of handling time beginning with the 

highest (Charnov 1976; Pyke et al 1977);  (b) as the abundance of the preferred resource type 

increases the less preferred ones will be dropped from the diet,  and (c) a resource type is either 

completely included or excluded, there are not partial preferences.  This leads to the prediction 

that increasing resource (food) abundance leads to greater food specialization.  The word 

“habitat” can be substituted for “resource” or “food” in the above rationalizations.  Faced with a 

patchy environment, the food-seeking animal must initially decide on which patch to use and, 

subsequently, the point when the patch no longer offers profitable foraging and it is time to move 

elsewhere. 

 

How to handle habitat patchiness is obviously a major consideration for a fish.  The study 

of the implications of patchiness began with Gibb (1958) who advanced a "hunting by 

expectation" hypothesis for the titmice (Paridae) he was studying.   The hypothesis postulates 

that an animal must "decide" at which point of lowering profitability it should abandon a 

particular patch.  Krebs et al (1974), also studying titmice, found that this was not constant for all 

habitat types but was shorter in those that were initially better, that is where initial expectations 

were high, than in poorer ones.  When foraging birds approached an unknown site containing 

alternative feeding places, they first sampled both, and then exploited the more profitable one 

(Krebs et al 1978).  Ultimately, a balance between sampling time and exploitation was achieved 

to maximize the number of food items obtained per unit time.  Experimental animals in 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

laboratories follow these predictions.  Some of this thinking was presaged for fish by Ivlev 

(1962).   

 

The best investigations of space use in fish relative to the optimal foraging theory have 

come from the Werner group (Werner and Hall 1974a, b, 1979;  Werner et al 1981;  Mittelbach 

1981).  It was found that foraging bluegill sunfish behaved as predicted.  When feeding at low 

absolute abundances, prey of different sizes were eaten as encountered.  As prey abundance 

increased, small size classes of smaller prey were sequentially dropped from the diet.  Foraging 

efficiency relative to habitat switching was studied in three congeneric sunfishes using two 

habitats (Werner and Hall 1979).  Given a range of background data on the species, the 

investigators were able to successfully predict habitat shifts as competitor species were added 

and the relative profitability of the habitats fell.  Subsequently, it was experimentally 

demonstrated that fish can learn to lessen the effects of the declining resources (Werner et al 

1981). 

 

Central to optimal foraging theory is the goal of being able to predict the habitat and diet 

use patterns by organisms as a function of resource availability and utility (Mittelbach 1981).  

Mittelbach used the model to predict the optimal diet breadth and maximum energetic intake of 

bluegill foraging in each of three contrasting aquatic habitats:  open water, vegetation, and bare 

substrate.  Large bluegills, unconstrained by predation in their habitat choice, maximized 

foraging return by switching habitats and utilizing energy-rewarding open water plankton, as 

opposed to vegetation-dwelling prey.  As foraging profitabilities in the habitats changed through 

the summer, the fish switched habitats.  Small-bodied predation-prone bluegills did not have this 

option.  They remained disadvantaged.  Moreover, the large bluegills (those greater than 130mm 

total length) were highly size selective in their choice of prey.  In selecting larger prey than that 

encountered at random they confirmed the predictions.  The diets of small bluegill included 

items of suboptimal size.  The results accorded with earlier laboratory work of Werner and Hall 

(1974a, b) that bluegill select habitat and prey so as to maximize energy. 
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The predictions of optimal foraging theory relative to habitat use in fish are logical and 

persuasive.  The concept has provided the basis for excellent analytical studies of habitat use 

relative to the prey resource base in a seasonal and proximate habitat use framework.  It reveals 

important “rules” as to how fish are likely to respond under specific sets of circumstances.  To 

what extent the theory applies to the day to day feeding of fish in natural situations needs more 

work.  Available habitats and available food sizes representing “idealized” circumstances for the 

theory to apply are only sometimes present.  Competitors will restrict options and limitations 

dictate that whatever prey is available will be eaten.  Sometimes the only prey available is sub-

size (Chapters 4, 6).  Under these circumstances, it would theoretically be advantageous to take 

superabundant sub-size prey rather than waste effort seeking rarer optimal sized ones.   

 

2.12 Space use and habitat in lake fishes: a synthesis with history of the subject 

 

 The use of space by fishes can be considered at a range of levels.  Distributional patterns 

form a heirarchy.  There are regional ichthyofaunas where faunal compositions differ between 

areas of the continent.  Drainage systems have different features.  Within an area, lakes and 

streams, big lakes and small ones, and rivers and streams differ in their faunas relative to the 

kinds of habitats that they can supply.  Within  areas, occurrence of species is related to lake age, 

limnological features, pH, and degree of isolation.  Size, proportion of shoreline and littoral 

zone, and diversity of habitats available varies the capacity to support multiple species.  

 

 A species defines its habitat with reference to a multiplicity of variables in its 

environment, and its needs.  Fish also relate to structure in their environment, as do birds and 

mammals.  This permits a superficial defininition of habitat for the species in a lake or stream.  

The basis of this, of course, is that structure is the visible expression of a co-occurring range of 

important variables.   

 

The most fundamental separation of fish species is into littoral zone and limnetic 

assemblages (Lindsey 1981).  Within the littoral zone, the young of most species concentrate in 
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or are restricted to the macrophyte zone (Hall and Werner 1977;  Werner et al 1978;  Gullory et 

al 1979;  Engel 1985;  Conrow et al 1990).  This particularly applies to predator-prone juveniles 

(McIvor and Odum 1988; Rozas and Odum 1988).  Habitat partitioning between vegetated and 

nonvegetated habitats is common (Savino and Stein 1982; Stang and Hubert 1984;  Ferrell and 

Bell 1991;  Chick and McIvor 1994).  Complex vegetation supports more species than areas of 

bare bottom (Weaver et al 1997). 

 

Macrophyte beds are commonly a distinct ecosystem in themselves.  A general 

relationship between vegetation features and fish species composition and abundance occurs ( 

Cooper and Crowder 1979, Wiley et al 1984, and Killgore et al 1989).  Some plant formations 

are obviously more favorable to fish than others (Keast 1984;  Eadie and Keast 1984;  Conrow et 

al 1990;  Meals and Miranda 1991; and Weaver et al 1997).  

 

In larger lakes there may be a vertical separation of species in the water column, for 

example, in cold, deep, Lake Superior (Hoff and Bronte 1999).  One association occurs in water 

less than 3.0 metres deep.  It consists of twelve “key” members:  four cyprinids (mimic shiner 

Notropis volucellus, emerald shiner Notropis atherinoides, spot-tail shiner Notropis hudsonius, 

and bluntnose minnow);  four percids (log perch, yellow perch, walleye, Johnny darter 

Etheostoma nigrum);  the black bullhead (Ameirus melas), silver redhorse (Moxostoma 

anisurum), and one centrarchid (rock bass).  A deep-water community, occurring below the 3.0 

m contour line, consists of three coregonines (bloater Coregonus hoyi;  lake whitefish (C. 

clupeaformis), lake herring (C. artedi), the spoonhead sculpin (Cottus ricei), longnose sucker 

(Catastomus catastomus), plus the stocked lake trout (Salvelinus namaicush) and non-indigenous 

rainbow smelt (Osmerus mordax).   

 

Seasonal and day/night habitat shifts characterize many species in lake systems - see 

Spencer (1939), Spoor and Schloemer (1939), Hoar (1942), Carlander and Cleary (1949), Hasler 

and Villemonte (1953), Hall and Werner (1977), Hall et al (1979), Werner et al (1981); and 

Helfman (1981).  Nocturnal feeding catfish Ictalurus nebulosus, brook silverside Labidesthes 
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sicculus and rock bass, characteristically enter the littoral shallows at night.  The inshore 

movement exhibited by many fish at dusk is an adaptation to minimize predation, since some 

predators become active in declining light (Heidinger 1975).  Typically, however, feeding is the 

basis of habitat shifts.   

 

The co-occurrence of diurnal and nocturnal species is widespread in aquatic systems.  

The rock bass is crepuscular.  In Casanovia Lake eight species were diurnally active, 6 nocturnal 

(Helfman 1981).  In Georgian Bay, Lake Ontario, Emery (1973) found that of 21 species, 17 

schooled or aggregated by day;  one at night.  Ten fed by day, four were crepuscular feeders, and 

four fed at night. Of the planktivores, seven were day-feeders, four nocturnal feeders.  Amongst 

the benthos predators, four fed predominantly in the evening or at night;  a similar number, 

(including the yellow and log perch and pumpkinseed) predominately by day.  Opinicon has six 

nocturnal feeders (black crappie, brown and yellow bullheads, silverside, golden shiner, alewife), 

the rest are day feeders.  Temporal separation of feeding times could permit more species to co-

occur by reducing interspecific competition. 

 

Species that are diurnal, or nocturnal, in one system, characteristically have the same 

habit elsewhere.  The bluegill is always a day feeder (Keast and Welch 1968;  Bauman and 

Kitchell 1974;  Sarker 1977;  Werner et al 1981).  The same is true of the yellow perch, but here 

there may be heavy emphasis on feeding movements at dusk (Engel and Magnuson 1976;  

Helfman 1979).  The black crappie is always a nocturnal feeder (Childers and Shoemaker 1953;  

Helfman 1981).  A few species are, however, plastic in feeding times.  The alewife may be either 

a diurnal or nocturnal feeder (Emery 1973;  Janssen and Brandt 1980;  Brandt et al 1987).  The 

golden shiner may also vary its feeding times (see Zaret and Suffern 1976;  Hall et al 1979;  

Gascon and Leggett 1977).  A basic link between activity and feeding times has been found 

(Emery 1973;  Janssen and Brandt 1980;  Helfman 1981;  Baker and Ross 1981;  and Keast and 

Fox 1992). 
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The co-occurrence of nocturnal and diurnal feeding fish, with contrasting activity patterns 

is also characteristic of marine systems like coral reefs (Hobson 1968;  Collette and Talbot 

1972).  Exaggerated and repetitively sequenced movement behaviors are here associated with the 

termination and initiation of both nocturnal and diurnal feeding activities. 

 

In summary, it is obvious that the same kinds and ranges of space and habitat use patterns 

characterize all lake systems.  Where lakes are deep enough, there are contrasting littoral and 

limnetic zone assemblages.  Vegetation in toto, and in its variations, is of particular importance 

as a habitat feature.  It is especially important for small-bodied predator-vulnerable fish.  Fish 

respond to structural features in their environment because structure commonly carries with it a 

range of other  desirable features.  Some species of fish range widely through lake systems.  

These can be regarded as “habitat generalists”.  Others relate closely to particular habitat types.  

Larvae and juveniles commonly occupy different habitats than adults.  Certain habitats are 

favorable to many species:  they have multi-species assemblages.   

 

How does a fish recognise its habitat?  Working with birds, James (1971) has suggested 

that an animal initially identifies it habitat on a preconceived “niche gestalt”.  It had earlier been 

argued that birds identify their preferred habitat on the basis of its gross structure, degree of 

edge, floristics, and microclimate (for example, Svärdson 1949;  Hildén 1965).  In aquatic 

environments other variables like degree of illumination and current flow can also be identified.  

Given that fish have good retinas, plus additional receptors like lateral line organs, it is 

reasonable to argue that they recognize structure in the same way that James has suggested for 

birds. 

 

No two species in a lake have exactly the same needs and habitat requirements.  Habitat 

separation has long been regarded as a mechanism that permits large numbers of species to co-

exist. Species characteristically show varying levels of habitat separation.  The basis of this is 

presumably different dietary needs. 
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How do lake fish differ in their space use patterns and habitats from birds and mammals?  

The bulk of early studies on vertebrate habitat were carried out on birds (Svärdson 1949; Hildén 

1965; MacArthur and MacArthur 1961; Cody 1968, 1974; Willson 1974; Wiens 1989a, b).  

Birds and mammals relate strongly to visible structural features in the environment.  Various 

quantitative systems for describing terrestrial vertebrate habitats have been advanced, for 

example, James and Schugert (1970).  Influencing species occurrences in land and in water are 

physiographic and geological features, vegetation variation, floristic diversity (Rotenberry 1985), 

surface-volume relations of different plants (Crowder and Cooper 1982), and influence of short-

time/scale changes to habitat (Bell et al 1991).   

 

Distribution both in the horizontal and vertical dimension characterizes terrestrial 

vertebrates.  Birds, for example relate to forest, shrubland, grassland, and edge, and to ground, 

low shrubbery, tree trunks, branches, upper foliage, and air (Grinnell 1917;  Lack 1937; Pitelka 

1941; Wiens 1969; Emlen 1974, 1977;  Cody 1978).  Specialization for life at different vertical 

levels also occurs in fish.  The water column, however, with its relative homogeneity, provides 

fewer structural opportunities for vertical space separation.  The tiering of fish species 

distributions in large, deep lakes (Engel and Magnuson 1976;  MacLean and Magnuson 1977; 

Chapter 1) could be said to represent a crude parallel to the vertical tiering of birds in forests.  

 

Poikiothermic fish relate more directly to temperature than homeotherms.  In Lake 

Michigan in mid-summer, the yellow perch (preferred temperature 16-22°C) occurs in the 

warmer shallows.  The introduced coho salmon (Onchorhynchus kisutch)-preferred temperature 

12-17°C) lives at intermediate depths, and the cisco (Coregonus artedii) in deep water, at 8-

12°C.  The cold adapted lake trout moves beneath the thermocline in mid-summer (Gibson and 

Fry 1964).  Vertical summer migration characterizes whitefishes, the lake trout and some other 

salmonids.  The cisco (Leucichthys artedi) vacates the shallows for deep water as the 

temperature warms (Fry 1937).  
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Age classes of fish species, as well as individual species, may also be vertically 

structured in deep lakes. In large deep lakes there is a separation of age classes across the 

thermocline, as with young adult alewives and other species in Lake Michigan (Brandt 1980;  

Crowder and Magnusson 1982). This also applies amongst planktivores in New Zealand lakes 

(Rowe 1994).  There is no parallel to this in birds or mammals. 

 

Some fish species undergo winter torpor.  Terrestrial vertebrates respond variously to 

winter by remaining active, migrating or, occasionally, undergoing hibernation. 

 

Land vertebrate associations change relative to predictable habitat successional changes 

in time and to phases in the transition (Johnson and Odum 1956;  Moss et al 1979; Lanyon 1981;  

Fuller 1982;  Graham et al 1966).  Stages in lake succession from oligotrophy to eutrophy can be 

regarded as a partial equivalent for fish systems.  Here limnological or chemical features are, 

however, quite important.  

 

In both aquatic and terrestrial vertebrates there may be a relationship of body morphology 

to habitat (Chapter 9), despite the strikingly different basic body and mouth shapes of fish (Liem 

1990). 

 

Aquatic and terrestrial habitats differ in basic space use and habitat features.  The 

evolutionary and ecological responses to them are necessarily somewhat different.  There are, 

however, also ample parallels in how both groups utilize, and optimize on, the diversity of space 

and habitat use opportunities provided by their respective environments. 

 

In summary the term "habitat", well established as it is, is not yet capable of precise 

definition in many animals.  Its extensions extend into basic anatomy, back into the fossil record, 

and into attributes of distribution patterns.  Responses to temperatures, pH, and structural 

features that influence occurrences have been consolidated in species physiologies and 

behaviors. 
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Clusters of cohabiting species respond to the way that habitat features group in water 

bodies and ecosystems.  But, within that, each species has its own needs and responses, many of 

which are predictable.  Allowing much potential for adaptation, it is still possible to 

meaningfully talk about a species habitat, with a considerable potential for prediction. 
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Table 2.1  Habitat attachments and space use patterns in members of four contrasting groups of fishes:  Salmonidae, 

Centrarchidae, and selected Cyprinidae, northern drainages of the Great Lakes.  Data from summaries in Scott and 

Crossman (1973), Page (1973), and original sources.  Classification and species order as per Mandrak and Crossman 

(1992). 

 
 

Species 
 

Basic habitat occupied 
 

Cyprinidae (selected) 
 
Clinostomus elongatus - redside dace 

 
clear streams, western Ontario 

 
Couesius plumbeus - lake chub 

 
streams, rivers, lakes;  deeper in summer 

 
Erimystax x-punctatus - gravel chub 

 
gravel bottoms, slow streams, rivers 

 
Exoglossum maxillingua - cutlips minnow 

 
warm, clear, gravelly streams 

 
Hybognathus hankinsoni - brassy minnow 

 
cool, dark, acid waters;  bog ponds; heavily vegetated 

silted creeks 
 
H. regius - silvery minnow 

 
inshore of lakes; migrates backwaters to spawn 

 
Lucilus cornutus - common shiner 

 
clear lakes and streams 

 
Macrhybopsis storeriana - silver chub 

 
large sandy or silted rivers; in Lake Erie to 20m 

 
Nocomis biguttatus - hornyhead chub 

 
clear, gravelly creeks 

 
N. micropogon - river chub 

 
large gravel-bottomed rocky rivers, not creeks; clean 

waters 
 
Notemigonus crysoleucus - golden shiner 

 
clear weedy lake-edge, streams 

 
Notropis atherinoides - emerald shiner 

 
pelagic in large lakes 

 
N. bifrenatus - bridled shiner 

 
clear, quiet streams, lagoons; silted areas with vegetation 

 
N. heterodon - blackchin shiner 

 
clear, weedy waters; quiet pools, shallows 

 
N. heterolepis - blacknose shiner 

 
quiet, clear, weedy bays and streams; shallows; non 

turbid 
 
N. hudsonius - spottail shiner 

 
larger lakes, rivers 

 
N. rubellus - rosyface shiner 

 
flowing water of streams and rivers over gravel, fine 

sand 
 
N. stramineus - sand shiner 

 
sandy shallows of lakes and large rivers 

 
Opsopoeodus emiliae - pugnose minnow 

 
clear, weedy lakes; clean sand 

 
Phoximus eos - northern redbelly dace 

 
boggy creeks and beaver ponds 

 
Pimephales notatus - bluntnose minnow 

 
small lakes and ponds; sand, gravel areas 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

P. promelas - fathead minnow muddy ponds and creeks 
 
Rhinichthys atratulus - blacknose dace 

 
small, clear, swift streams; gravel bed 

 
R. cataractae - longnose dace 

 
swift flowing, turbulent streams; gravel bed 

 
Semotilus atromaculatus - creek chub 

 
small, clear streams; shoreline small lakes 

 
S. corporalis – fallfish 

 
clear lakes; large streams 

 
 

 Percidae 
 
Ammocrypta pellucida - eastern sand darter 

 
sand-bottom streams, rivers; sandy shoals in lakes 

 
Ethiostoma blennioides - greenside darter 

 
 

 
E. caeruleum - rainbow darter 

 
gravel bottomed, clear water streams; glacial regions 

 
E. exile - Iowa darter 

 
clear standing waters of lakes and rivers with rooted 

vegetation and bottom of organic debris 
 
E. flabellare - fantail darter 

 
small shallow water; gravel and boulder-bottomed 

streams 
 
E. microperca - least darter 

 
quiet weedy waters of lakes and slow flowing streams 

with plants and mud bottom 
 
E. nigrum - johnny darter 

 
generalist, prefers moderate or no current; sand, gravel, 

not weed or riffles 
 
E. olmstedi - tessellated darter 

 
 

 
Perca flavescens - yellow perch 

 
versatile; large lakes; quiet rivers 

 
Percina caprodes - log perch 

 
gravel, rock, sand beaches 

 
P. copelandi - channel darter 

 
sand and gravel beaches, bars, current slow 

 
P. maculata - blackside darter 

 
streams, quiet pools 

 
P. shumardi - river darter 

 
large rivers, gravel bottom; moderate current 

 
Stizostedion canadense – sauger 

 
large rivers, lakes 

 
S. vitreum vitreum – walleye 

 
large lakes, rivers 

 
 

 Salmonidae 
 
Coregonus adtedi - lake herring 

 
lakes, pelagic 

 
C. clupeaformis - lake whitefish 

 
cool lakes, pelagic, bottom feeder 

 
C. hoyi – bloater 

 
lakes, intermediate depths; bottom or pelagic feeder 
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C. johannae - deepwater cisco large lakes; deep water 
 
C. kiyi – kiyi 

 
large lakes; deep water 

 
C. nigripinnis - blackfin cisco 

 
large lakes; deepest waters 

 
C. reighardi - shortnose cisco 

 
large lakes; deep water 

 
C. zenithicus - shortjaw cisco 

 
large & medium sized glacial lakes; deep water 

 
Prosopium coulteri - pygmy whitefish 

 
lakes; intermediate to deep section 

 
P. cylindraceum - round whitefish 

 
lakes; shallows to deep sections; bottom feeder 

 
Salmo salar - Atlantic salmon 

 
sea, anadromous; large lakes 

 
Salvelinus alpinus - Arctic char 

 
Arctic, large rivers 

 
S. fontinalis - Brook trout 

 
clear cold streams, lakes 

 
S. namaycush - lake trout 

 
lakes, large and medium-sided; deep sections 

 
 

 Centrarchidae 
 
Ambloplites rupestris - rock bass 

 
rocky and weedy areas in lakes; littoral zone generalist 

 
Lepomis cyanellus - green sunfish 

 
shallows, moderate-sized clear to turbid lakes, mouths 

small streams 
 
L. gibbosus – pumpkinseed 

 
small lakes, littoral; small streams; bottom feeder 

 
L. macrochirus – bluegill 

 
small lakes, throughout water-coloumn and weedbeds; 

not streams 
 
L. megalotis - longear sunfish 

 
moderate sized lakes, ponds, shallow rivers, in 

vegetation 
 
Micropterus dolomieu - smallmouth bass 

 
rocky, sandy areas of lake shallows; goes deeper in mid-

summer 
 
M. salmoides - largemouth bass 

 
weedy areas small lakes and bays, soft bottom 

 
Pomoxis annularis - white crappie 

 
silted streams, ponds, muddy slow rivers; often turbid 

situations 
 
P. nigromaculatus - black crappie 

 
clear open waters, small lakes and rivers adjacent to 

vegetation where rests by day; not turbid situations 
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Table 2.2  Major feeding habitats, Lake Opinicon fishes and their age classes: *-Larva; j-juvenile; Y-young (up to 

1-2 yrs); A-adult.  

 

Species Littoral Zone Edge of Littoral Mid-Lake 

 Water 

Col. 

Weeds Mixed 

Botto

m 

Sand Rubble Cat-

tail 

fringes 

Water 

Col. 

Weed Mixed 

Bottom 

Water 

col. 

Bottom 

ALE WIFE 

 

      *   *jA  

MUDMINNOW 

 

     *jA      

NORTHERN 

PIKE 

 *j    A A A  A  

GOLDEN 

SHINER 

 *j     YA jYA  (A)  

BLACKCHIN 

SHINER 

 *jA (A)     (A)    

BLUNTNOSE 

MINNOW 

 *j A  A   YA    

BROWN 

BULLHEAD 

 *j YA   YA  YA A  A 

E. BANDED 

KILLIFISH 

 *jYA YA YA        

BROOK 

SILVERSIDE 

*jA *jA *jA A A  YA YA  YA  

ROCK BASS 

 

* jYA YA A A YA YA YA A   

PUMPKINSEED 

 

* jYA YA A A A  A A   

BLUEGILL 

 

* jYA jYA A A A *A YA  (*)A  

SMALL-

MOUTH BASS 

* j j  *jA  A A    

LARGE-

MOUTH BASS 

*j j Y jY  A  YA YA A  

BLACK 

CRAPPIE 

* (YA)     *YA jYA  *A  

YELLOW 

PERCH 

* *jYA YA  j  j YA YA  A 

LOG PERCH 

 

*      (*)     
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Figure 2.1 Distribution of total fish numbers and biomass and numbers four major species relative to water depth 

zone. 
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Figure 2.2  Distribution relative to depth invertebrate numbers and biomasses, and numbers of 9 major invertebrate 

types that form the food of fish in May, June, and August Lake Opinicon. 
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Figure 2.3 Correlations invertebrate (total) numbers and biomasses with those of fish May, June, August, Lake 

Opinicon. 
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Figure 2.4  Proportionate occurrences size common littoral zone fish species relative to six different substrate types 

in the littoral zone, total summer data combined, Lake Opinicon. 
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Figure 2.5  Biomasses (g/m2) of benthic invertebrates, and diversities (Levin's Index) in 11 substrate types, littoral 

zone, May, June, and August, Opinicon.  Associated with high species diversities (and different life histories) food 

resources remain high all summer. 
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Figure 2.6  Occurrences of five limnetic (mid-lake dwelling) fish species day/night relative to depth zone and 

distances from the shore, May and July compared, Lake Opinicon. 
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Appendix 2.1  Biomasses, with standard deviations the fish species of the 12 different lake types, Ontario. 
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Appendix 2.2  Different littoral zone substrate types, relative development of vegetation cover (height, per cent 

cover, patchiness).  July, Lake Opinicon. 
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Appendix 2.3  Distribution relative to water depth zone, vegetation and some common species, Opinicon. 

 
 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

Appendix 2.4  Relative representation, numbers and biomass, eighteen categories of potential fish prey 

invertebrates, relative to littoral zone substrate type, average numbers and biomasses, May, June, and August 

compared, Lake Opinicon. 
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Chapter 3 

SEASONALITY IN NORTH TEMPERATE FISH SYSTEMS, OPTIMIZING  

ON FRIGID WINTERS AND BENEVOLENT SUMMERS 

Keywords: Temperature, Energy, Feeding, Growth, Reproduction 

 

3.1 Introduction 

North Temperate fishes live in a highly seasonal environment where activity is largely 

limited to seven or eight months in the year.  This dictates their annual cycle, feeding regime, 

growth, and all aspects of reproduction.  In effect, the ecosystem is functionally an eight-month 

phenomenon!  This third chapter summarises some of the implications and adaptations of this 

marked seasonality. 

 

The North Temperate environment alternates between hostile, frigid winters and warm, 

benign, and highly productive summers.  There is a long period of 3-4 months ice cover or 

freshwater lakes during which biological processes then all but cease.  The summers are 

characterized by exuberant plant growth, associated new habitat development, and huge 

invertebrate populations (Fig. 3.1).  Fish must minimize winter constraints and maximize 

summer opportunities.  Energy systems, all the major components of the annual cycle, feeding, 

reproduction, annual growth, interactions with other fish species, have to be compressed into, 

and sequenced relative to, the 4-6 spring-summer months (Figs. 3.2, 3.3, 3.4).  Fish in warmer 

regions can function optimally year-long: not so in the north.  The harshness of the seasonal 

fluctuations are a debit.  On the positive side there is a year to year predictability to the 

environment. 

Relative to the physical environment key questions are:  (i) What are the precise dates of 

the spring-summer-autumn activity period?  (ii) How does the warming environmental 

temperature, or temperature and photoperiod, in combination, initiate activity in spring and 

curtail it in the autumn?  (iii) When fish are under the ice in winter what are their energy 

relationships with the environment? Especially what are the environmental constraints?  (iv) 

How do temperatures regimes define the annual cycle of fish? (v) What are the implications of 

the marked seasonality of the north for ecosystems as a whole? (vi)  How, biologically, do the 
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component species differ in functional temperature and adaptations: in particular there is a death 

of data on how ecosystems function in winter (Campbell et al 2005)?  

 

A feature of northern poikilotherm species is that, because annual growth is 

discontinuous, representation may be by two or more ecologically semi-distinctive age (body 

size) classes.  In this they contrast with tropical species where growth continues for much of the 

year.  Discussion of ecology in an ontogenetic framework will be held over to Chapter 6. 

 

3.2 Temperature and its dominance in northern fish life 

 

Temperature dictates, or influences, virtually all phases of activity in poikilotherms.  The 

leading fish physiologist Jack Brett (1971) called temperature the abiotic master factor for fishes.  

Beitinger et al (2000) comments on the link between the temperature features of water and those 

of fish, the "high specific heat of water, relatively low metabolic rates, lack of insulation and 

countercurrent lamella blood-water flow, cause the body temperature of most fishes to conform 

to water temperatures, i.e. most fishes are classic poikilotherms”.  The body temperature of fish 

is usually only about 0.1 to 1.0° C above water temperature (Stevens and Fry 1974; Beitinger et 

al 1977).  Much of our original basic knowledge of fish environmental physiology, including 

such aspects as optimal and lethal temperatures in species stem from Professor F.J. Fry and 

colleagues at the University of Toronto (Fry 1957, 1971; and Brett 1970a, b, 1971). 

 

Temperature is the major controller of fish activity and feeding (Hathaway 1927, 

Wootton et al 1980), metabolism (Fry 1971), growth and reproduction, as has been repeatedly 

shown in the field and experimentally (Coutant 1977;  Caulton 1978;  Weatherley 1978;  Brett 

1979;  Brett and Groves 1979;  Spotila et al 1979;  Picard et al 1993). At low temperatures 

swimming speed is reduced (Webb 1978; Beamish 1978; Rimmer and Paim 1990; Claireaux et al 

1995).  The degree of this reduction varies with the species.  In Perca fluviatilis routine 

swimming speed increases with temperature but not significantly in the cooler-adapted 

Gymnocephalus cernuus) (Bergman 1987).  In both, prey capture rates increased as the 

temperature rose. 
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Fish consume much less food at low than high temperatures (Hathaway 1927;  Marcus 

1932;  Pentalow 1939;  Kilambi et al 1970;  Keast 1970, 1985;  Wootton et al 1980).  Digestion 

rates decrease at low temperatures (Marcus 1932; Molnar and Tolg 1962;  Molnar et al 1967; 

Booth and Keast 1990).    

 

That Centrarchids, a dominant group in North American lakes, do not feed significantly 

at temperatures below 10°C, was Marcus (1932) noted.  Some centrarchids spend the ice-covered 

period resting in crevices on the bottom or form loosely drifting pods.  Fisherman have long 

known that bluegill Lepomis macrochirus, and smallmouth bass Micropterus dolomieu are not, 

or only rarely caught through the ice (Moffett and Hunt 1945). Yellow perch (Perca flavescons), 

pike (Esox lucius), and lake trout (Salvelinus namaycush) are adapted to cooler conditions, can 

be caught.   

 

Temperature influences most aspects of the reproductive process.  A fecundity effect has 

been documented (Vladikov 1956; Stauffer 1976).  Temperature determines how long eggs take 

to hatch.  “Cold-adapted" yellow perch eggs take 30.5 days to hatch at 3.3°C, but only 8-11 days 

at 18°C;  for "warm-adapted" largemouth bass it is 13-21 days at 10°C, and one day at 30°C 

(Hardy 1978).  For winter developing lake whitefish (Coregonus clupeaformis), figures are:  

0.5°C, hatch at 141 days;  10°C, 29.6 days;  and 15°C, 18 days (Price 1940; Braum 1964; 

Lillelund 1967).  Temperature influences emergence patterns of fry (Bardonnet and Gaudin 

1991) and larval survival (Forney 1971).  Temperature determines larval and juvenile growth 

rates (Strawn 1961; Coble 1966;  Fry 1971;  Ney and Smith 1975;  Lemke 1977;  Brett 1979;  

Keast and Eadie 1984;  et al).  In Lake Opeongo, Algonquin Park, Ontario, smallmouth bass, and 

yellow perch, but not lake trout, grow better in warmer summers.  

 

The need to obtain physiologically optimal temperature conditions influences habitat 

usage in northern fish (Danzmann et al 1991;  Luecke and Teuscher 1994).  Since it affects 

maintenance costs a fish should seek a temperature level that is optimal (Crowder and Magnuson 

1983).  Seasonal migrations have been related to this (Heggennes et al 1993).  Nocturnal 

temperature influences the vertical migration in the rainbow trout Onchorhynchus mykiss 

necessary for maximum prey harvesting (Luecke and Teuscher 1994).  In larger lakes like 
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Michigan, fish species may cluster spatially into vertical “temperature strata” (Brandt et al 1980;  

Crowder and Magnuson 1982, 1983).  The latter authors refer to this as "thermal habitat 

partitioning".  

 

The temperature relations of fish with their environment have been considered in terms of 

“preferred”, “optimal”, and “lethal” temperatures.  The concepts have different ecological 

implications.  The first two relate to efficiency of energy exchange, optimal feeding, and growth. 

Defining lethal temperatures experimentally is important in assessing resilience of the various 

species to environmental fluctuations, and at what temperatures species can, and cannot, occur.  

The heated effluent from nuclear plants may limit fish occurrence in the immediate area 

(Alabaster and Lloyd 1980).  Latitudinal differences in the temperature physiology of various 

fish species has been documented by Hart (1947, 1952; and Fry 1971). 

 

3.3 Contrasting temperature physiologies, different fish species 

 

Northern Lake fish species may differ significantly in their "preferred" and energetically 

optimal temperatures.  Coutant (1977) has produced tables of "final temperature preferences" as 

experimentally found for various species.  Both acclimation and genetic, factors operate.   

Amongst Great Lakes fishes the common brown bullhead (Ameirus nebulosus), has been 

experimentally shown to have a preferred and “optimal” temperatures of 26°-29°C, in an 

artificial temperature gradient of 9-30°C (Crawshaw and Hammel 1974); and in a subsequent test 

as between 29-31°C (Crawshaw 1975). In eastern Ontario populations of the brown bullhead 

studied by us optimum temperatures are 15-25°C for best conversion efficiency, are 25-29°C for 

growth – see later (Keast 1985b). For typical centrarchids in the Great Lakes, optimal 

temperatures have been documented as 20-25°C, and for cyprinids 20°C, or higher (Jopling 

1981). Yellow perch in Canadian lakes (Ferguson 1958) variously have average thermal 

distributions of 19.7, 21.0 and 21.2°C (Lakes Nipissing, Costello, and Opeongo data), and 

20.8°C figure for four Wisconsin lakes.  A high level of between-population consistency in this 

species is indicated. Figures for the introduced white bass Moro nesaxatilis/chrysops are 21.2°C 

and 26.8°C (Woiwode and Adelman 1991). 
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Contrasting with such optimal temperatures for more southern derived fish species are 

those of the marine and northern dwelling salmonids.  Optimal temperatures for growth here are:  

sockeye salmon (Oncorhynchus nerka), 15.5°C;  rainbow trout, 17°C;  pink salmon (O. 

gorbuscha), 15°C; European brown trout (Salmo trutta), 13°C; and Arctic charr (Salvelinus 

alpinus), 14°C (Jopling 1981, 1985).  

 

A strong correlation between the ability of a fish to relate itself to its experimentally 

determined “preferred” temperature and its growth rate has been found (Weatherley and Gill 

1987). Temperature preferences may change during growth in some species (McCauley and 

Huggins 1979).  Examples are the yellow bullhead Ameirus natalis (Reynolds and Casterlin 

1978), and the marine striped bass (Coutant 1980).  First year members of the latter prefer and 

grow best at 24-26°C, whereas larger fish select cooler temperatures.  Coutant (1987) suggests 

that fish species have evolved individual “thermal niches” to optimize physiological, ecological, 

and reproductive performance.   

 

On the basis of different temperature physiologies Great Lakes fishes have been 

arbitrarily classified into groupings, for example into a "warmer" and "colder" category (Hubbs 

and Laaler 1958).  Hokanson (1977) and others (McCauley and Casselman 1981;  Jopling 1981;  

Coutant 1987) have thought in terms of lower, middle, and upper summer functional temperature 

regimes.  Hokanson (1977) called his three categories: “temperate stenotherms”, “temperate 

mesotherms”, and “temperate eurytherms” (Hokanson’s Lakes). 

 

Temperate stenotherms are species whose physiological optimum is less than 20°C, 

whose general growth is in the summer, and that spawn in fall, or early spring.  There are few of 

these in the Great Lakes area.  Temperate mesotherms have physiological optima of 20-28°C, 

gonad development in fall or winter at temperatures of less than 12°C, and spawn in spring at 

temperatures of 3-23°C:  they have an ultimate upper incipient lethal temperature of 28-32°C.  

Temperate eurytherms have physiological optimal temperatures of greater than 28°C, upper 

incipient lethal temperatures of greater than 34°C:  they develop their gonads during the 

lengthening days of spring and summer, and spawn at temperatures of 15-32°C between spring 

and fall. The last category occurs only marginally in the Great Lakes.  Many species cannot be 
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slotted neatly into categories.  Magnuson et al (1979) used the term “temperature guilds” relative 

to them. 

 

3.4 The North Temperate seasonal environment in a latitude small lake 

 

The activity cycle of North Temperates fishes relates closely to the attributes of a 

predictable environment. 

 

The mid winter photoperiod at the latitude of the Great Lakes and of equivalent latitudes 

in western Europe is a brief nine hours and the mid-summer one 15.5 hours (Fig. 3.1).  Water 

temperatures in mid-winter vary from 1.0-1.7°C immediately under the ice to 3.0-3.5 in deeper 

waters (Chandler 1964;  Agbeti and Smol 1995).  These are relatively constant from November 

to April. Winter ice cover is commonly 30-70 cm deep in small freshwater lakes.  Open water 

with good oxygenation occurs in lakes and in creeks that have water movement.  In small ponds 

when thick snow cover prevents light penetration winter anoxia may occur (Tonn and Paszowski 

1986; Fox and Keast 1991).  With the melting of the ice water-temperatures start to warm in late 

March - early April.  They commonly reach 20°C in about the first half of May.   

 

Maximum summer (late July) temperatures in shallower water-bodies in southeastern 

Ontario average 25-27°C (Fig. 3.1).  They drop precipitously to 18-20°C at the end of August. 

By mid October temperatures are about 10°C. 

 

Year to year summer water level fluctuations are commonly minor in small North 

Temperate lake systems.  After the annual melting of the ice in April, intermittent rain during the 

summer provides water replenishment.   

 

 Lakes warm up in temperature in the spring as a regular occurrence.  In Lake Opinicon 

over a ten-year period, for example, using 5.0°C as the baseline water temperature accumulation 

levels varied as follows:  summation of 50° - May 5-9;  100° - May 12-17;  200° - May 17-24;  

400° - June 4-10 (Appendix 3.1).  This represents a year to year variation of only about 6-10 
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days.  In the extreme "early" and "late" years of 1988 and 1996 50°C of temperature were 

accumulated on April 25 and May19;  and 100°, 200°, and 400°C, respectively, on May 5 and 

24;  May 17 and 31;  and June 3 and 14.  Between lake temperature regimes in some other lakes, 

however, may be twice or more greater (Ferguson 1996). 

 

The macrophyte beds of the littoral zone in southeastern Ontario lakes begin to 

proliferate in mid-May and by late June reach maximum summer biomass, species diversity, 

height, and completeness of bottom coverage.  Massive new habitat for invertebrates and 

hatchling fish results.  Late summer wind and wave action initiate fragmentation and dieback. By 

then, however, young-of-year fish are more mobile and less dependent on cover in the original 

area.  Through the winter the macrophyte beds are shrunken with minimal green growth.  

Phytoplankton abundance is also minimal then (Chapter 1). 

 

Physical warming of the environment in spring initiates a massive numerical build-up in 

zooplankton, the major food of larval fish (Chapter 1).  Zoobenthic organisms, which have 

grown very slowly through the winter (Cooper 1965) are now abundant in the littoral zone 

following pre-emergent inshore movement.  Massive withdrawal with emergence follows.  In 

mid to late summer following the breeding and loss of the larger individuals there are huge 

populations of newly-hatched odenate and empheropteran nymphs (Chapter 4). 

 

3.5 Experimental and field data: temperature relative to feeding and growth 

 

How, in a seasonal framework, do North Temperate fishes respond to the different 

temperatures occurring annually in their environment?  

 

The link between temperature, feeding and growth has been variously experimentally 

explored by Hathaway (1927), Kinné (1960), Brett (1971), Wootton et al (1980) and others.  

Most workers, however, tested only subsets of available ambient temperatures.  More complete 

data sets are on the cooler-adapted European brown trout (Salmo trutta) (Elliott 1976a and b, 

1979;  Paloheimo and Dickie 1965, 1966a, b;  Elliott 1975), stickleback (Gasterosteus aculeatus) 

(Wootton et al 1980; Wootton 1982, 1984a), European carp (Goolish and Adelman 1984), and 
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for the warmer-adapted brown bullhead and bluegill (Keast 1985a).  Yellow perch Perca 

flavescens by Kitchell et al (1977), and Schaeffer et al (1999), both used as the basis of 

bioenergetics models. 

 

To acquire a more comparative data set on temperature responses for "warm water" fish 

species more important here in that make up the bulk of the fauna in the Great Lakes fish (here 

near their northern range limits) were initiated.  The work involving six species was carried out 

responses to a fuller range of natural annual environmental temperatures (5, 10, 15, 20, 25, 29°C) 

over 10-week periods to correspond with the normal growth (length increase) period (Keast 

1970, 1988a).  Pre-experimental acclimation followed the formula of Fry (1971) and feeding was 

ad libidum, on a daily basis.  

 

For the brown bullhead (Ameirus nebulosus, Ictaluridae) a typical member of the 

“warmer adapted” group the following results (Fig. 3.5) emerged:  (i) At 5° and 10°C total food 

consumption was virtually nil in both small and larger-bodied age groups of bullhead Year 0-I, 

and II-III.  The same applied to instantaneous growth (% body weight increase per day, and % 

body length increase per day).  (ii) At 15°C there was a marked increase in feeding and growth, 

the amount of food consumed per day trebling.  The body weight in the smaller size group 

doubled over the 10-week period, the average length increase was 17%.  In the larger group 

increases were 45% and 4%.  The latter figure was barely statistically significant from zero 

growth.  Such temperature dictated growth differences between smaller- and larger-bodied age 

classes of fish species are characteristic (Brett and Groves 1979).  Hence, 15°C can be regarded 

as the temperature, in nature, when significant feeding and length increase is initiated.  (iii) At 

20°C response of the fish was markedly increased in all categories.  In the small size group the 

amount of food eaten doubled again; there was a body weight increase of 80% and length 

increase of 20%.  In the larger fish increases were less, 40 and 13%.  (iv) At 25° and 29°C the 

increases were proportionately still greater.  (v) Conversion efficiency (Fig. 3.5) was best (in 

both groups) at temperatures of 15, 20, and 25o C.  It was lower at 29o C at which temperature, 

presumably, the fish put more energy into maintenance in an adverse temperature environment. 
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Comparable temperature responses were obtained for the bluegill, using Years II and IV 

bluegill (Lepomis macrochirus, Centraarchidae) (Fig. 3.6).  In Year II, food uptake and 

conversion was less than that in the brown bullhead of equivalent age.  Again the food uptake 

rate and growth was higher in the smaller-bodied age class. 

 

 For the banded killifish (Fundulus diaphanus, Fundulidae) conversion efficiency was 

optimal at 20, 25, and 29°C (Tables 3.1, 3.2, 3.3).  Length increase was especially good at 29°C 

although it entailed higher food consumption.  In the common shiner (Notropis cornutus, 

Cyprinidae) growth and energetic efficiency were good at 15-29°C but, again, at the last 

temperature a disproportionate amount of food was eaten.  Length increase at 29°C was 15% 

compared to 12.5% at 25°C, but the difference was not significant.  In the creek chub (Semotilus 

atromaculatus, Cyprinidae) conversion and length increase was absent at 5 and 10°C, modest at 

15°, best at 20°C, fairly good at 25°C (difference significant), and very low at 29°C, despite a 

continued high food uptake.  In the mudminnow (Umbra limi, Umbridae), there was modest 

length increase at from 10-15°C, it was best at 20°C difference significant, but, despite 

disproportionately high food consumption virtually no length increase occurred at 25-29°C. 

 

 Thus, the mudminnow and creek chubb (cool adapted species) were physiologically 

stressed at 29°C.  These results accord with the earlier findings of Brett et al (1969), Elliott 

(1979), and Jopling (1994), that the growth rate of fishes increases with temperature only up to a 

maximum point and thereafter there is a drop in conversion performance.  The subset of species 

thus showed some differences at the same temperature regimes.   

 

 The seasonal temperature responses may be related to the natural lake annual temperature 

cycle (Fig. 3.1).  There was a period of about 130 days (about May 20 to early October) when the 

surface water temperature exceeds 15°C, and about 85 days (early June to early September) 

when it is above 20°C.  On these calculations, the creek chub and mudminnow had a 85 day of 

optimal performance temperature compared to 21 days in those functioning at 20°C, and above.  

The former two species were, however, disadvantaged (functioned only inefficiently).  However, 

temperatures in excess of 25°C were limited to 2 ½ -3 weeks (late July – early August).  If 25°C 
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represents the temperature for maximum conversion efficiency it is then reached and exceeded 

for only for perhaps six weeks at the study latitudes (46°N). 

 

Modifying features must, of course, be noted.  Fish are known to undertake diel 

movements to maintain optimal temperature relations. Diel shifts in distribution occurred in the 

study lakes in the bluegill, black crappie, golden shiner and others (Chapter 4).  They are 

presumably mainly related to feeding but obtaining optimal summer temperatures may be 

involved.  This being so then the fish could thus maintain a longer effective period.   

 

Data that North American temperate zone fishes differ slightly in optimal physiological 

regimes has implications for environment, resource base, and between fish species interactions.  

This could be an additional factor (through minor distributional differences) in permitting 

multiple-species co-occurrence.  The subject has yet to be properly analysed. Temperature it has 

been suggested can be viewed as a “resource” (Beitinger and Magnuson 1975; Magnuson et al 

1979; Beitinger et al 2000). 

 

3.6 Feeding in small systems at low temperatures: insights into winter and early spring 

stomach contents.  Comparisons with summer feeding; research results. 

   

Mid-winter feeding and food uptake through the time of “ice out” and initial water 

temperature increase were studied using stomach content weights as the criteria (Keast 1968).  

Two studies of each were made. 

 

(i) Feeding under the ice Lake Opinicon (January –February).  Fish of six species (300 

stomachs analyzed), all larger-bodied individuals, were obtained from under the ice by hoop nets 

(temperature, 1.5-2.5°C) cleared twice daily.  Food occurred in fish stomachs as follows:  brown 

bullhead, 14% of individuals in January and 11% in February; rock bass 15 and 15;  black 

crappie, 20 and 24;  pumpkinseed, 10 and 12;  bluegill, 8 and 4;  yellow perch, 37 and 31% (Fig. 

3.7, Table 3.2).  Amounts of food in the stomachs of the centrarchids and bullheads were 
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negligible and limited to a couple of individual items in a few individuals.  In most cases the 

stomachs were tightly shrunken and anteriorly contracted indicating the absence of feeding.  In 

the perch stomachs, however, content weight amounted to 10-20% of that of summer processing 

is very slow in winter so daily ration estimates by stomach fullness gives a gross overestimation 

(Booth 1980).  Perch are cool-water feeders.  Only a few prey types were present. 

 

(ii) Initiation of spring feeding Cataraqui River (April).  Through April, large samples of 

fish were studied as they moved into the estuary from deeper water in the main Lake Ontario 

over the period when water temperatures climbed from 5.5 to 11.0°C (Keast 1968b) (Fig. 3.7).  

Brown bullhead and black crappie had already started to feed at 5.5 - 6.5°C, newly eaten food 

being present in the stomachs.  At these temperatures the rock bass, pumpkinseed, and bluegill 

still had empty and shrunken stomachs.  A week later, at 8.5 - 9.0°C, the first food was found in 

the rock bass and pumpkinseeds.  In bluegill, feeding did not commence until several days later 

when temperatures exceeded 10.5°C.  Yellow perch, that were about to spawn, contained no 

food. 

 

(iii) Feeding under the ice Fish Lake (Prince Edward County) Ontario (January-

February).  Two thousand stomach contents obtained at a water temperature of 2.0-3.0°C were 

analized (Table 3.3).  Fifteen percent of individuals of all species contained small amounts of 

food in the stomach or intestine, (%'s) being as follows:  mudminnow, 10-20, varying with size 

group;  golden shiner, Notemigonus crysoleucus (Cyprinidae), 14-15;  brown bullhead, 16-18;  

eastern banded killifish, nil;  brook stickleback, Eucalia inconstans (Gasterosteidae), 20;  and 

Johnny darter, Etheostoma nigrum (Percidae), 18%.   

 

Weight of food (g.) in the alimentary canals, per g. body weight of fish, when present, 

was 0.002 - 0.006 but in a few individuals it reached 0.01 - 0.019.  June figures for same-sized 

individuals of most of these species were 4.0-8.0 times higher.  In the small brown bullheads 

they were 15 times higher, and, in the eastern banded-killifish, 20 times higher.  The number of 
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prey categories ranged, in the different species, from 4-7.  This was about two thirds the number 

of categories found in equivalent series of stomachs in late June (Table 3.2). 

 

(iv) Initiation of feeding in spring, Jones Creek (Appendices 3.2, 3.3, 3.4) (St. Lawrence 

River, near Brockville).  Fish seine netted during spring flood following ice-melt April 14-22  

(temperature 7.0-8.0°C), and again on May 4-12 (14.5-15.5°C). In all species, mudminnow, 

grass pickerel (Esox americanus vermiculatus), finescale dace (Phoxinus eos), golden shiner, 

common shiner, fathead minnow (Pimephales promelas), creek chub (Semotilus atromaculatus), 

white sucker (Catastomus commersonnii), and brook stickleback feeding had already been 

initiated by the third week of April (Appendix 3.2, 3.3).  Over 50%, of all individuals contained 

food, and in several species all individuals contained food.  Two to three weeks later 

(temperatures 14.5 - 15.5°C) all individuals of all species contained food except for the grass 

pickerel, then spawning, and larger creek chub.   

 

Weight of alimentary contents the individuals in most species increased 2 to 4 times over 

the two-week gap mid April - early May as the temperature increased.  Two thirds as many items 

now occurred as in mid-summer (Table 3.2, 3.3, Appendix 3.4).  The white sucker showed only a 

slight seasonal difference.  In the fathead minnow, a detritivore, more animal prey was consumed 

at the beginning of the season than later.  This, it has been suggested, reflects a physiological 

need for animal protein at the end of winter (Keast 1966, 1996).  The combined data thus showed 

that in these "warm water" species winter feeding was negligible, if not absent.  There were, 

however, species differences.  

These data sets, actually mostly on species that are regarded as “warm water” species 

show clear differences in the degrees of feeding at low temperatures in the different species 

whilst physiological experimental studies have been carried out on a few of the species where 

such data is available it conforms with this field finding.  For all where organisms were found in 

stomachs amounts were low and taxonomic diversities sparse. 

The cooler adapted yellow perch is active, and feeds, under the ice as various workers 

have noted (Hasler 1945;  Hergenrader and Hasler 1966;  Magnuson and Karlan 1970).  

Stomachs from Lake Mendota in winter contained only chironomid larvae, a prey than at the 
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lower end of the species-preferred size spectrum.  Presumably at this time optimal prey types 

were unavailable.  No data was given by the authors on stomach content weight/body weight 

ratios.  Pike, also cold adapted, may consume 25 mg/g body weight of food per day at low 

autumn and spring temperatures, compared to 45 mg per g. per day during the late June peak 

(Johnson 1966a, b).  Note field and experimental data that “warm water” bluegill do not or only 

sparsely feed in winter.  That spring feeding in fish beginning at lower temperatures than 

cessation in the fall (which is at 13°C) in the largemouth bass at Lake Opinicon and at 12-14 in 

Lepomis (personal observation) and even early observations of  Pearse (1919). 

 

(v) Stomach clearance rates relative to temperature in lake fishes.  To use stomach 

content weights and compositions per sea as a measure of consumption forms undervalue as at 

low temperatures, in lieu of largely clearing twice a day at summer temperatures stomachs take 

days to clear.  Thus should be noted.  Information on the latter, however, continues to be sparse. 

 

For “force-fed” largemouth bass food remains in stomachs for in excess of five days at 

temperatures below 10°C (Molnar et al 1967).  This compares to high summer temperatures 

when stomach clearance times (in various centrarchids) takes only half a day (Windell 1966;  

Keast and Welsh 1968;  Booth 1990).  On this calculation the winter daily ration is only one-

twentieth that of summer.   

 

How then, does low temperature feeding in "warm water" habitats compare with that in 

cold adapted species.  Note studies on the European brown trout in Elliott (1976a, b, 1979), and 

five-spined stickleback in Wootton et al (1980), Wootton (1984) and others.  The brown trout 

feeds at 3.8-5.0°C  increase and grows well at 11-12°C.   It increases up to a maximum at about 

13.0°C, and then declines at temperatures above this (Brown 1946; Elliott 1975, 1976a, b, 1979). 

Arctic charr (Salvelinus alpinus) feeds and grows at winter ambient temperatures as low as 2.9°C 

although feeding is best at 13.1° C (Wandsvik and Jopling 1982).   

 

Marine sub-Arctic species like the marine cod feed at temperatures of down to 1.0° C 

(Templeman and Fleming 1965;  Waiwood et al 1991).  Temperate zone marine species like the 

starry flounder ( Platichthys stellatus), however, take only insignificant amounts of food in 
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winter (Miller 1967).  In comparison of food uptake rates between North Temperate and Sub-

Arctic species are compared the differences are vary great.   

 

3.7 The annual cycle in contrasting fish types 

 

 The annual cycle of fishes is developed around sets of basic needs.  In the north the 

phases are closely tied in with the temperature cycle.  Major components are successful over-

wintering, maximizing habitat opportunities and food in summer, reproduction, and producing 

young at the optimum time, as discussed.   

 

 The three basic kinds of annual cycles occurring may be itemized (Figs. 3.2, 3.3, 3.4 and 

Table 1). The concentrated spawnings of the pike and perch type are representative of cooler 

adapted fish species.  The bluegill (warmer) type with multiple spawnings in spring is the usual 

one in most northern fishes.  Most small-bodied fishes are unable to produce more than a limited 

number of eggs at a time.  May have very protracted spawning seasons. 

 

 The major components of the three annual cycle types found northern fishes will now be 

reviewed. 

 

3.7.1 The tissue energy and fattiness cycle, winter component 

 

Northern fish in general lay down body fat during summer and dissipate it during the 

winter either for body maintenance or, in some cases, gonad development (Brett and Groves 

1979;  Paloheimo and Dickie 1966a and b;  Holmgren et al 1983;  Gardiner and Geddes 1980). 

 

Fish commonly emerge from the winter thin and lacking in body fat, emaciated and with 

low "condition factor"  ratio (body weight/body length3 ) - see Cooper and Benson (1951), 

Cooper (1953), Keast (1968) (Appendix 3.5).  This may not apply to cool adapted salmonids, for 

example, the stream-dwelling brook and brown trouts (Hunt 1969; Cunjak and Power 1987; 

Cunjak 1988; Heggenes et al 1993).  Earlier workers focussed on condition factor as a measure 

of body condition.  A high figure was seen as indicating a “fat” fish.  Energy depleted fish, 
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however, maintain body shape, may compensate by taking on water, a confounding factor.  

Hence, total body energy (Wootton 1990), or RNA/DNA ratio (Bulow et al 1981), are a more 

reliable indicator of tissue quality. 

 

 A comparative data for over-winter energy depletion in eight of the warm water fish 

species under study for diet (3 centrarchids, 2 cyprinids, a fundulid, and a percid), was developed 

(Appendix 3.5); three size categories of bluegills were used, Years II, III and IV.  Samples were 

netted in late October as the temperatures dropped towards zero, and after feeding had ceased, 

and matched with comparable series taken immediately following in early April in water 

temperatures 4-6°C following the melting of the ice.  Testing was of weight/length (body 

condition), total body energy content, carbon, nitrogen and water content per g body weight, 

using calorimetry and Kjahl determinations).  Results (unpublished 2002) were as follows:  

 

(i) All eight species showed some depletion of body energy content over the five months;  

this was greatest and statistically significant in the years II and III bluegill (but not in 

older fish), killifish and largemouth bass;  These are species that do not feed under the 

ice, as noted. 

 

(ii) There was a statistically significant loss of body carbon in the killifish, pumpkinseed II 

and III, year II and III bluegill, and largemouth bass;   

 

(iii) A drop in body nitrogen content characterized all groups:  this was significant in both 

years II and III in the bluegill, largemouth bass, and perch;   

 

(iv) Percentage of water in the tissues was increased in several species and to a significant 

extent in the blackchin shiner, killifish, and larger size category of bluegill.   

 

(v) The larger bluegill emerged from winter in better condition than the smaller ones.  This 

accords with the subsequent findings of Cargnelli and Gross (1997); 
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 Low energy reserves going into winter is probably a factor in over-winter mortality in the 

Year 0 of some species like the largemouth bass (Garvey and Stein 1998).  In high-density 

cohorts of yellow perch in Lake St. George, Ontario (Post et al 1987) there was higher over-

winter mortality.  Small-bodied fish cannot lay down adequate pre-winter fat (Hargreaves and Le 

Beasseur 1986; Post and Prankevicius (1987).  Mortality could be linked to length of the low 

temperature period (Ney and Smith 1975, Oliver et al 1979, Garvey and Stein 1998). 

 

 Variation in age class strengths may be due to differences in over-wintering survival from 

year to year (Forney 1971; Drake and Taylor 1996).  This is why young-of-year fish must 

achieve minimum growth rate in their first summer (Oliver et al 1979; Shuter et al 1980; Post 

and Evans 1989a, b; Johnson and Evans 1996; Shuter and Post 1990).  They tend to be less 

tolerant of starvation as observed in the laboratory. 

 

 Based on a simulation model, Shuter and Post (1990) have shown that such constraint is 

enough to explain the present northern limits of the yellow perch in central and western North 

America, Eurasian perch (Perca fluviatilis) in Europe, and smallmouth bass in central North 

America (Shuter et al 1980). 

 

3.7.2 Spring tissue energy replenishment 

 

Post-winter tissue quality replenishment in Years I and II “warm water” bluegill was 

studied by Booth and Keast (1986).  The size groups were chosen because they were pre-

breeders and their energy intake should be directed to body maintenance and growth, not gonad 

tissue.  It was found (Fig. 3.8) that:  (i)  body condition (tissue energy content) was restored 

within a few weeks of the beginning of spring feedings in May;  (ii) full pre-winter tissue quality 

was restored by the end of June;  (iii) lipid composition in the fish increased from 7% to 14% of 

dry weight body mass between mid-May to late September;  (iv) mean total body calories (+ 1 

S.E.) increased from 3300 + 300 calories to 9200 + 4500 during the summer. 

 

The spring lipid build-up in the bluegill matched that documented for largemouth bass 

(Adams et al 1982), smelt (Osmerus mordax) by Foltz and Norden (1977), and yellow perch 
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(Newsome and Leduc 1975; Henderson et al 2000).  In the yellow perch, also, these authors 

found that pre-winter body condition may be restored within a few weeks from the beginning of 

active feeding in late May. 

 

To what extent does winter somatic energy loss:  (i) contribute to winter mortality, as has 

been suggested;  and (ii) by so doing limit the northward spread of warm-water fishes?  The 

Booth-Keast findings for bluegill showed that the calorific content of the tissues of Year II fish 

(average body weight 4.38) in May averaged 3300, down from the 4500 in the autumn (when 

they were aged Year I fish).  This represents a loss of 1200 calories over the winter.  When fitted 

into the equation of Wohlshlag and Juliano (1959) for a temperature of 6°C this suggested that 

4.3 calories per day would be required to meet routine metabolic needs of these bluegill through 

the winter.  The energy stores entering winter at these latitudes then were barely adequate to 

supply the overwinter energy requirements. This emphasized the need for rapid adaptive post-

winter restoration of body energy content.  On this basis gaining energy during the early 

warming period (when water is 10-15°C) is of survival importance.  

 

Most winter fat depletion in fish occurs, not uniformly throughout, but during the autumn 

period of rapidly declining water temperatures (Hunt 1969; Gardiner and Geddes 1980).  

 

In many cool-adapted fish species, both freshwater and marine, winter fat depletion is 

associated, not with body maintenance, but with gonad maturation (Healey 1972;  MacKinnon 

1972;  Craig 1977a, b;  Folz and Norden 1977).  Female plaice studied by MacKinnon (1972) 

used 80% pre-winter fat for winter maintenance and 20% for gonad development.  In capelin 

also a marine species, much of the winter fat, however, goes to egg production (Winters 1972).  

 

Winter gain in tissue energy has been recorded in a few cool-water fish species, (Medford 

and Mackay 1978;  Diana and MacKay 1979).  In 3-year old males of the winter-feeding pike 

body energy increases from June through early winter into January, but in females it does so only 

during the summer.  There is no loss of somatic energy during winter resulting from ovarian 

growth, the fish presumably feeding enough to maintain this.  Total energy production from May 

to March in female pike is twice than in males. 
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The over-wintering energy physiology of fresh water fishes invites extensive study.  

 

3.7.3 The summer feeding period 

 

The summer feeding period at the latitude of eastern Ontario extends from late April or 

early May to September-October.  The extent obviously varies with latitude regimes (Chapter 3).  

In small lakes it begins with a movement of fish from deeper water into the littoral zone warming 

shallows of the shallows.  In Ontario this commonly occurs in mid-May at temperatures of 14-

15°C (Chapter 2).  The fish withdraw offshore again to the deeper water with dropping 

temperatures in early September.   

 

3.7.4 Gonad cycles, reproduction, annual release of larval fish 

 

Virtually all northern lake fish spawn in the spring.  The spawning patterns of freshwater 

fish species fall into three categories (Fig. 3.2, 3.3, 3.4). These are: 

(i) Species in which gonad development building continues through the winter and there is a 

massive and short spawning soon after ice-melt (yellow perch, northern pike) - Turner (1919), 

LeCren (1951), Hokanson (1977), Bromage et al (1982), (Fig. 3.9). 

 

(ii) Gonad development takes place in early spring (May) and spawning in June-July takes 

the form of a series (commonly 3-4) of distinct bouts - see pumpkinseed and bluegill (Amundrud 

et al 1974;  Keast 1978; Clausen 1991). 

 

(iii) A variate of the latter in which spawning takes place in many egg releases over a longer 

period with, perhaps a few dozen eggs at a time.  This applies to small-bodied species where egg 

production capacity at any time is limited (Duckworth 1978). 

 

(iv) Autumn spawning, rare but occurs in the lake trout, Salvelinus namaycush, where the 

eggs are laid in the autumn following gonad build-up in late summer;  and 
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(v) Early age spawning, at a few months of age.  This is restricted to rapidly growing tropical 

species.  Because of the winter, it cannot occur in northern systems. 

 

 In the yellow perch the ovaries and testes are minimal sized after spawning in May.  They 

remain small until late August (Fig. 3.9).  Testes size increase begins in September and is 

maximum in early November with the production of sperm.  It remains at this level through the 

winter and decreases precipitously with the onset of breeding – see Lake Mendota data of Turner 

(1919) and others.  In the females, active ovarian growth occurs in September – October.  Fat 

and yolk are deposited in the oocytes in November.  Growth continues until the massive early 

spring spawning in April.  This pattern is characteristic of the larger percids generally (Hokanson 

1977).  Spawning temperatures for perch in eastern Ontario are about 8-12°C and the eggs hatch 

in about 5-6 days (Joel Elliott, personal communication).  Larvae become prominent from May 

10-15 onwards (Chapter 5).   

 

 The gonad cycle in the northern pike (Fig. 3.3) parallels that in perch (Lawler 1965;  

Johnson 1966b;  and see next section).  Growth in both sexes begins in August and is completed 

in September in the males; the energy for this comes from liver stores.  In the females, by 

contrast, gonad growth occurs mainly during the winter.  Gonad production in females is 15 

times higher than in males.  Spawning occurs in March-May.  Feeding is greatly reduced, or 

stops, during spawning (Lawler 1965).  Both sexes lose considerable somatic energy between 

March and May:  this is due to spawning activity, not continued gonad growth.  This does not 

apply to pre-breeders all of whose energy goes into somatic growth.   

 

In the bluegill, bluntnose minnow, blackchin shiner, eastern banded killifish, the other 

"warm water" fishes, proliferation of ovarian tissue and maturing of eggs only begins in May 

(Fig. 3.9).  A succession of egg weight peaks alternating with troughs extends through the spring 

as successive batches of eggs mature and are released.  The distinctiveness of the releases, if 

body weights are being used as the measure, may partly be obscured by compensatory uptake of 

water following egg shedding (Clemens and Grant 1964; Brauhn and McCaren 1975).  With the 
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completion of spawning, the reproductive organs are small and insignificant, and remain so until 

the following spring. 

 

In the bluegill (and pumpkinseed) there are dimorphic reproductive strategies occur.  

These are represented by:  (i)  large Year V+ males that construct nests into which the females 

deposit eggs;  the males nest guard; and (ii)  opportunistic egg fertilizations by opportunistic 

"sneakers", and female mimics; Year II and III fish that unobtrusively move into the breeding 

colonies to fertilize the females as she sheds her eggs: they do no nest-guarding (Gross 1979, 

1991;  Gross and Charnov 1980). 

 

Ovaries of the multiple spawners pre-breeding show, at any time, several distinct size 

classes of eggs of different sizes – see histogram of a typical bluegill in May ahead of the first 

spawning (Fig. 3.10).  Comparable developmental egg size distribution patterns in the ovaries 

characterize all multiple spawners - see for example, the European bleak (Alburnus alburnus) 

(Baganal 1971; and Mackay and Mann 1969).  As the successive batches acquire yolk and pre-

spawning size (about 1.0 mm in the bluegill, and up to 1.6 mm in the killifish) they are shed.  

Spawnings occur at 6-10 day intervals in the bluegill.  At the end of the spawning only minute 

‘reserve’ eggs remain:  these represent the reserve eggs for subsequent years.  Multiple spawning 

evens out the energy demand on the female and means that larvae are produced over many weeks 

with less impact on food resources this has obvious survival advantages (Chapter 5). 

 

A study of spawning in the Opinicon (Ontario) bluegill by Claussen (1991) showed that, 

over a five-year period spawning initiated between May 27 and June 5 (mean date, June 1).  It 

was June 10 in the very cold winter of 1969.  The average temperature of first spawning, 

Claussen found ranged from 16.2 to 19.3°C.  In the two years in which ice-out occurred earliest 

and temperature units accumulated fastest (1986 and 1987) spawning was initiated the earliest.  

At summer temperatures of 21°C hatching time in centrarchids like the bluegill are 3-4 days, and 

two days at 22-23°C (Breder and Rosen 1966). 

 

The last spawning dates recorded were July 9 to 15 (mean date, July 12), a total variation 

of only seven days over four summers.  Length of spawning season from first to last spawning 
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ranged from 37 to 47 days (mean of 41.4 + 4.0 days), and male attendance at nests ranged from 

46-53 days 'mean 49.8 + 3.1 days) - Claussen (1991).  Year to year variation thus was only 

modest. 

 

The breeding colonies of bluegill reformed three and, in some years, up to five times 

during the summer at the same sites.  The reason for this difference was not studied but it was 

probably to less coordination of the inhabitants of the area due to fluctuating temperatures. 

 

Patterns of egg release in the small-bodied and multiple spawning cyprinodonts and 

cyprinids (Fig. 3.10) involve the repeated releasing small numbers of eggs (Nikolskii 1963; 

Bagenal 1971; Duckworth 1978; Keast and Eadie 1984) and sometimes daily (Koenig and 

Livingston 1976).  The bluntnose minnow spawns at intervals of 2-8 days (Westman 1938).  The 

ovulation season here is commonly protracted. Spawning season durations have been 

documented as 69, 56, and 67 days in the bluntnose minnow, blackchin shiner and banded 

killifish (Duckworth 1978).  Captive spotfin shiner (Cyprinella spilotera) has been recorded as 

spawning twelve times over a 56 day period (Gale and Gale 1977), and greenthroat darter 

(Etheostoma tepidum) at 4-5 day intervals (Hubbs and Strawn 1957).  In each species a 

maximum of a few hundred eggs are released at a time (Fig. 3.10).  The extended season 

compensates for only releasing few eggs at a time (Heins and Bresnick 1975).  In small species 

only a limited number of eggs can be nurtured at a time (Heins and Bresnick 1975). 

 

The contrasting patterns in terms of larval released represented by the yellow perch 

(massive and concentrated), the centrarchids (protracted season, multiple spawnings) and small-

bodied killifish (season very protracted, modest numbers of eggs shed at any time) mean: (i) very 

different impact patterns on the prey resource base; and (ii) some temporal limitations to 

interspecific competition between the larvae. 
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3.7.5 Annual growth as an ecological factor: patterns in northern fishes 

 

Length of the annual growing season, as measured by period of linear increase is 

commonly about 10-12 weeks in warmer-adapted North Temperate lakes (Fig. 3.11), but it varies 

with latitude and taxonomic lineage.  It is 16 weeks or more elsewhere (Beckman 1943; Sprugel 

1954;  Hansson 1985).  Body weight and length increase of lake fish in small Ontario lakes 

becomes obvious by early June, a couple of weeks after the beginning of active spring feeding.  

Sufficient energy has presumably by then been acquired to simultaneously restore body fat 

balance, spawn, and initiate growth.  Growth continues until late August but with noticeable 

slowing down over the last two weeks.  Compared to the three months growth period in the north 

largemouth bass have a growing season of 9 months in Louisiana, 5-6 months in Nebraska, and 

4-5 months in Wisconsin (Bennett 1937). 

 

Time of annulus formation marking the beginning of growth in Great Lakes centrarchids 

using these as an example is April in Michigan (Beckman 1943;  Gerking 1966), and Iowa 

(Sprugel 1954).  In eight Michigan lake populations of bluegill the start of growth varied from 

April 8 to 23 (Gerking).  It is June in eastern Ontario and growth ceases at the end of August.  

Gerking (1962) found that 90% of growth in bluegill had been achieved by between September 

10 and 27.  Over six years its eastern Ontario populations increase average length 58% for Year I 

fish (length, 38 to 60 mm), 19% (60-78 mm) in Year II, and 18% (79-95 mm) in Year III.  Two 

thirds of the growth is achieved in the first six weeks (Emborsky 1971).  

 

Inter-lake and inter-regional variations in the amount of annual growth in northern lakes 

has long been the subject of study - see perch studies in Beckman (1943), Hubbs and Cooper 

(1985), Gerking (1966).  European perch Perca fluviatilis in Baltic lakes by Hansson (1985), and 

various species in river systems (Cowx 1990).  The range of growth period variation found by 

Gerking for Michigan bluegill varied between extremes of 98 to 189 days.  Growth rate variation 

can sometimes occur even in species in different parts of a lake – see whitefish (Coregonus kiyi) 

data for Lake Michigan (Deason and Hill 1946).   
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Early investigators sought to explain the annual and winter lake growth differences in 

terms of monthly air temperatures, time of last major frost in spring, and comparable climatic 

variables. Stroud (1948) noted that annual growth in largemouth bass and black crappie started a 

month earlier in the “warm” year 1945 than in the previous ten years. Gerking (1966) has argued 

out that an over-emphasis on climate has obscured other reasons for variable growth.  He 

suggested that variations in food may be the critical variables.  Of course, many factors may 

influence amount of growth:  amount of food, sizes of prey available (Koebele 1985); population 

density, and social interactions (Jobling 1985) – see Chapter 7.  Density effects have been noted 

in bluegill and pumpkinseed sunfish (Osenberg et al 1988). These have not, however, been 

identified in salmonids (Carl 1983) and other taxa (Pagel et al 1991).  Growth in freshwater 

fishes relative to feeding will be discussed in detail in Chapter 7. 

 

3.8 The adaptive annual cycle in northern lake fishes 

 

The annual cycle of the North Temperate fish is based on the broad attributes of the 

environment shared by co-occurring organisms and special adaptations at the species level.  The 

latter is a basic component of the overall life history strategy: it is highly adaptive (Figs. 3.2, 3.3, 

3.4).  

 

Growth, its changing rate, and the multiple energy factors influencing it are superimposed 

on inherent and genetic components.  It represents a basic component of production in 

commercially important species. There is huge literature on this component. 

 

Since the interest in this book is emphasis on space use, food, and interspecific 

interactions, growth is of major interest in its producing body size relative to diet and species 

interactions.  Young individuals and stunted populations of species often have different trophic 

roles and prey use dynamics to large individuals.  Differences in these may be as great as that 

between small and large species.  Body size has a critical seasonal factor.  It is interlinked with 

patterns of source use and population sizes.   
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For Great Lakes fishes of southern origin, the winter is a time of dormancy, or near 

dormancy.  Early spring sees the beginning of active and aggressive feeding.  Tissue quality 

levels are restored rapidly during the May - early June period of abundant and high quality food.  

Body fat deposition as a pre-requisite of successful over-wintering is effectively completed by 

early July. 

 

Systems like Lake Opinicon are sufficiently rich to allow the simultaneous restoration of 

tissue energy content, fat deposition, production of gonad tissues and, subsequently somatic 

growth.  This latter extends for 8-10 weeks. 

 

3.9 Annual cycles in common lake fishes 

 

3.9.1 Bluegill 

Details of the cycle in the bluegill (Keast 1978b;  Booth and Keast 1986) in eastern 

Ontario (towards the species northern range limits) are:  (i)  six months of winter inactivity with 

no feeding and no growth, and with loss of body condition;  (ii)  movement to summer habitats 

(embayments and littoral zone in mid May at temperatures of 10-15°C);  (iii) beginning of 

intensive feeding (May);  replenishment of body tissue quality and body weight (late May and 

June);  (iv)  initiation of linear growth, starting in early June;  (v)  reproduction (late May or 

early June until early July, with multiple (usually 3-4) spawnings spread over about three weeks;  

(vi)  appearance of larvae over a 2-4 week period starting in June (Chapter 5);  (vii)  slowing 

down and cessation of linear growth (end of August);  (viii)  reduction in feeding with falling 

temperatures in September;  and (ix) withdrawal from inshore shallows in September-October 

(Fig. 3.2, Table 3.4). 

 

The clupeids have similar cycles to the bluegill. 

 

In smelt (Osmerus mordax) in Lake Michigan, to which the fish were introduced in 1917, 

Foltz and Norden (1977) found the calorific equivalent of the whole body to increase May-

October;  and decrease in October-February when there was little feeding.  The stored fat was 

then being used for maintenance and gonad development.  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 

The alewife (Alosa pseudharengus) in southeast Lake Michigan by contrast had its major 

feeding period in August-October, when most lipid accumulation and body growth also occurred 

(Flath and Diana 1985). In October the body energy levels averaged 2.30 K.Cal./g.  The levels 

fell during the winter to 1.03 K.Cal./g in April.  Somatic energy losses in winter were 27% for 

adult females and 23% for males with spawning related losses in May-June being 37% and 45%.  

Eighty per cent of gonad growth occurred between April and late May when feeding was 

minimal.  

 

3.9.2 Northern Pike and Yellow Perch 

 

The annual cycle of the northern pike has been documented (for the Lac St. Anne, 

Alberta, population) by Medford and MacKay (1978) and Diana and MacKay (1979) (Fig. 3.3, 

Table 3.4):  (i)  There is August-September growth, gonad growth through the winter and 

spawning in April early May.  (ii) The fish feed during the winter, although winter food uptake 

was only about 10% of that of June.  Likewise, in Lake Windemere pike feed most of the year 

(Frost 1954). Johnson (1966a, b), however, found no mid-winter growth in pike. (iii)  About 35% 

of annual growth occurs at temperatures of about 1.0°C.  (iv)  Food uptake and growth peak in 

the late June after which there is a decline from the 45 mg/g peak to 25 mg/g through August and 

September.  This could be physiology-limited and associated with higher water temperatures 

since the fish prey of pike is abundant in late summer.  (v)  Annuli, representing the end of the 

growth phase, are completed between May and June, termination of the preceding growth phase.  

(vi)  Linear growth occurs from May to September, the greatest length increase occurring in June 

and July.  (vii)  In Lac St. Anne in young-of-year there was a striking growth increase in the 

August-October period. 

 

Perch may have limited body growth in winter (Makarota 1973; Tanasichuk 1978).  

Spawning in April or early May and lasts 7-10 days (Forney 1971).  There is active feeding in 

June and July with energy content of somatic tissue increasing markedly through to September.  

This declined slowly until March with its withdrawal for ovarian development as noted earlier.  
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Ovarian growth began in October and reached a maximum in April just before the May 

spawning.  

 

In a stunted Laurentian lakes population of perch in Quebec Newsome and Leduc (1975) 

document effects of resource limitation on the annual cycle.  In the females the body fat content 

falls to a critical level of about 2% of the body weight four months before spawning whereas in 

the males it is only 5%.  They attribute the smaller populations of females as due to winter stress 

loss. 

 

3.9.3 Lake Trout 

 

The lake trout (Fig. 3.4, Table 3.4) is at the southern end of the range in the Great Lakes.  

There is:  (i)  limited feeding through the winter;  (ii)  beginning of accelerated feeding in April, 

with growth also beginning then;  (iii)  feeding and growth further increases, from June to 

August.  (Qadri (1968) gives late May as time of initiation of growth);  (iv)  the June-August 

period is spent in cold deep mid-lake waters to retain optimum temperature relationships;  (v)  

gonad maturation occurs during the summer in preparation for the autumn spawning;  (vi)  

feeding and growth slow again with inshore migration in September-October, with growth 

ceasing in early November (Rawson 1961;  Lawrie 1962);  (vii)  the fish concentrate on inshore 

rocky reefs in mid-September to spawn in the first week of October, doing so over a brief 7-10 

day period, at initial temperatures of 11°C that fall within the week to 9-10°C.  Qadri (1968) 

states that spawning begins at age 8; and  (viii)  feeding in winter, at a reduced rate, encompasses 

a diversity of fish prey;  ciscoes, whitefish, and sticklebacks, plus mysid and ponteporiid 

shrimps.   

 

Autumn spawning and the basic attributes of the lake trout annual cycle are shared by the 

lake whitefish and brook trout (Wydoski and Cooper 1966).  In the latter ovary start to increase 

in size in February.  Egg diameters were recorded as:  February (0.9 m), June (1.0), August (2.5) 

and October (4.0 mm).  Spawning extended from late September to November, the larger 

females spawning first. 
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The contrasting features of the annual cycle in the bluegill, northern pike, and lake trout 

are summarized in Table 3.4.   

 

3.9.4 The Annual Cycle: a Summary 

 

Northern freshwater fishes sharing highly seasonal environments and face limitations and 

opportunities.  The annual cycle is constricted around a common set of adaptive needs and 

features.  It is closely linked, in turn, to resource cycle patterns.  Species vary in occurrence with 

disposition of components.  The same applies to marine systems.  Thus, in the short-lived, small-

bodied sand goby Gobius minutus Healey (1972) as well discussed there is a post-larval:  July-

November period of somatic growth, November-February gonad development, February-June 

reproductive period, and June-October subsequent somatic growth.  In the longer-lived capelin 

(Mallotus villosus) body fat content is high in February-March, the gonads are resting with 

secondary sex characteristics suppressed, and feeding is low. Feeding resumes in April and it 

peaks in April-May.  Body fat content declines, as gonad development is accelerated.  During the 

June spawning the fish no longer feed, body fat content is low and the body weight length ratio is 

reduced (Winters 1972). 

 

One of the more interesting aspects of the contrasting annual cycles thus is the energy 

cycle.  In cold water species, both lacustrine and marine, winter fat can be used for maintenance, 

gonad production, or both.  In warmer-adapted fish species in the Great Lakes region populations 

near their northern range limits and, unable to feed effectively if temperatures are near zero.  

Nevertheless, by using stored fat to get through the winter they are able to occur farther north 

than would otherwise be the case. 

 

3.10 Synchronization of components of the annual cycle 

 

Endogeneous circannual cycles are universal in fish (Nikolskii 1963; Thorpe 1978; 

Baggerman 1980).  Endogenous rhythm and extrinsic factors combine to synchronize the major 

factors (particularly reproduction) in the annual cycle of fishes (Scott 1979; Lam 1983; Bye 

1984).  
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This has been shown for many species in the lake whitefish, Coregonus clupeaformis 

(Hogman 1968), and marine North Sea herring (Iles 1984), and others. Innate cycles have been 

shown experimentally to be very important.  In brown trout (Salmo trutta), growth surges in 

spring while the temperature remains cold and the rate falls in summer while it is still warm 

(Swift 1961).  Trout experimentally maintained at 12 hours light and 11.5°C showed cyclical 

patterns of growth irrespective of environmental factors (Brown 1957).  This also applies in coho 

salmon (Farbridge and Leatherland 1987). Growth occurs when day length and temperature are 

held constant in the green sunfish (Lepomis cyanellus) (Gross et al 1965).  Similar results were 

found in the pumpkinseed Lepomis gibbosus (Evans 1984). A degree of temperature 

independence in the annual cycle of standard metabolism.  Gonadal maturation occurs in the 

rainbow trout kept at a constant daylength and water temperature of 9°C (Whitehead et al 1978). 

 

The timing and control of reproduction is initiated by a combination of photoperiod and 

water temperatures (Henderson 1963;  Kaya and Hasler 1972;  de Vlaming 1975;  Burns 1976; 

Day and Taylor 1984).  This may apply also to tropical species (Sundararj and Vasal 1976). 

 

Central have been attempts to precisely identify “spawning temperatures” for important 

fish species (Kramer and Smith 1962;  Turner and MacCrimmon 1970;  Scott and Crossman 

1973;  Coutant 1975;  Picard et al 1993).  However, not absolute water temperatures but 

warming rates may be the critical factor initiating spawning (Gerking 1966;  Graham and Orth 

1986).   

 

Temperature accumulation, the seasonal summing of temperatures above a certain 

minimal level, expressed in the concept of 'degree days' has been demonstrated to be the major 

trigger for setting off seasonal processes in some biological systems (Bagenal 1978;  Beattie 

1985).  The initiation of spawning in smallmouth bass (Micropterus dolomieui) has been so 

explained by (Shuter et al 1980; Beattie 1985; Graham and Orth 1986; and Ridgeway and 

Friesen 1992).  The closeness of the correlation has, however, been challenged, for example, 

Wrenn (1984).  There is only limited comparative work at this level.   
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In a study of Ontario bluegill Claussen (1991) related temperature summation after ice-

out.  Air, not water, temperatures were, however, used.  Time of ice-out to initiation of first 

spawning averaged 51 days (range, 43-55), and average daily air temperature was 17.9°C (range, 

16.2-19.3°C).  The prespawning warmth in accumulated temperature units in the 6-year study 

period averaged 565.3 days (range, 493-641).  The variation, thus, was considerable.  Clausen 

concluded that accumulated temperature units, at least as far as air temperatures are concerned, 

could not be used to predict spawning dates in the bluegill. 

 

 For the largemouth bass, Ferguson (1996) endeavoured to develop an accurate predictor 

of spawning times that could be used to regulate the opening of the fishing season.  Temperature 

summations relative to spawning times were related in three contrasting Ontario waterways over 

a four-year period.  These were:  Lake Opinicon, a warm shallow lake;  Charleston, larger and 

cooler;  and the St. Lawrence River, a cold, fluent river system.  The number of degree days 

accumulated prior to spawning each year varied significantly.  Water temperatures on the first 

day of spawning over the four years were:  Opinicon, average 15°C (range, 13.1-16.4);  

Charleston, 15.2°C (14.0-17.0);  and St. Lawrence River, 11.0-12.0°C, except in 1994 when a 

heat wave elevated temperatures so rapidly that spawning was initiated at the high temperature of 

21.2°C.  At this time, spawning had already been completed at the other two lakes.  Date of mean 

spawning for the water bodies were found to be:  Opinicon, May 23 (range, May 17-26);  

Charleston Lake, May 30 (May 20 to June 7), and St. Lawrence River, June 15 (June 6 - July 1).  

Analysis of inter-annual variation showed that spawning dates, spawning temperatures, and 

degree-days accumulated, all failed as reliable predictors of bass spawning (Ferguson 1996). 

Furthermore, when she applied the Shuter et al (1980) model to her largemouth bass data the 

date of peak bass spawning was underestimated by as much as 23 days, and overestimated by as 

much as 5 days.  On the basis of these findings and the comparable ones of Wrenn (1984) it was 

concluded that models for predicting bass spawning tend to be population specific and hence 

cannot be generally applied to other populations. 

 

Other trends found by Ferguson agreed with those previously found in smallmouth bass.  

Like Shuter et al (1980), she found that when water warmed gradually from 10 to 15°C, 

indicated by a high number of degree days, there was little or no delay from this time until the 
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onset of spawning, but when water warmed quickly spawning was delayed.  Bass spawning was 

very synchronised when water warmed quickly but more prolonged when the water warmed 

slowly, as had been found for Lake Opeongo, Ontario, smallmouth bass by Ridgeway and 

Friesen (1992).    

 

The freshwater fish literature repeatedly records spawning temperatures for species.  

Some of these records have been repeatedly quoted in the literature.  On analysis it becomes 

apparent, however, that despite the demonstrated link between daylength and temperature 

various complexities enter the formulae.  Earlier water temperatures in the season are important, 

as is the immediate warming history.  There is evidence of an age factor in some species: older 

individuals may spawn some days earlier than younger ones (Duckworth 1978).  An genetic 

factor in this remains inadequately studied. 

 

The temperature regime in any year impacts on all organisms simultaneously, plants and 

invertebrate prey as well as fish. This is a critical importance to the ecosystem.   

 

3.11  The co-occurrence of multiple size cohorts in species:  a consequence of limited 

annual growth in the north 

 

 A short summer and limiting of the annual growth of fishes to a few months has major 

consequences for the structure of fish species and of communities.  A result is that species are 

represented by multiple age (size) cohorts.  The occurrence of different diet regimes is a result 

(Chapter 6).  The co-occurrence of multiple size cohorts has implications for the species and 

ecosystem (Chapter 6). 

 

 To illustrate the dominant factor of this body size differences in a range of common 

North Temperate fish species of differing body sizes and ecologies are plotted in Figs. 3.11, 3.12 

and 3.13 - and see Chapter 6.  These measurements were taken at the end of the growth period in 

October with ages limits determined by scale reading (Regier 1962; Carlander 1982; Casselman 

1990).  Included are long-lived species with multiple age cohorts and species that only live one 

or two years.  The silverside dies soon after spawning at the beginning of its second year (Hubbs 
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1921; Gerking 1959).  In early years age classes tend to be separated by a size gap but by Year 

III, the faster growing members of the younger age-classes have overtaken the slower growing 

members of the older and there is increasing overlap.  The histograms are based on 2 mm size 

intervals using measurements of 300-2000 individual fish.  The younger age classes in most 

species (not the largemouth bass) are under-represented in the histograms.  Larval habitats were 

under-sampled. 

 

The bluegill population structuring is characterized of common groups like the bluegill 

(Lepomis macrochirus) (Fig. 3.12).  Growth is initially fast and slows progressively with age, in 

later years bulk increasing more than length.  The bluegill grows to 35-44 mm in the first 

summer by May representing Year I fish. Year II fish have a length range of 58-72 mm; Year III, 

78-93; and Year IV fish from about 178-205 mm.  Animal growth in the cooler-adapted yellow 

perch is comparable (Appendix 3.6).  At the other extreme adult blackchin shiner, the smallest 

species in the lake, ranges mainly from only 35-60 mm in May, with the gap in the middle 

representing two successive age classes and all earlier and later spawned individuals from 

previous year. 

 

3.12 The northern freshwater Cold Temperate environment evolutionary and some 

ecosystem implications 

 

 This Chapter has summarized some interrelationships between North Temperate lake 

fishes and their highly seasonal environment.  Emphasis is on aspects of evolution, way of life 

and role in a comparative framework and, especially, how the environment provides 

opportunities and limits.  Body size relative to growth, and all that this means to ecological role, 

are one major component.  The severe winter means that fish are only optimally interacting with 

their environment with the resource base, and with each other, for two-thirds of the year.  During 

the summer period of optimal activity a tight sequential regime is maintained.  Feeding, growth, 

and reproduction are slotted to optimize on opportunities to achieve “fitness” to use the term of 

Weatherley (1958) and Brett and Groves (1979). 
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Yet, throughout the systems, with morphologies, ways of life, annual cycles, and 

adaptations established phylogenetically there remains a critical immediate adaptive 

potentialities available.  The whole system, and individual species have the capacity to readily 

relate to varying seasons, habitat, and prey resource. 

 

A critical component of North Temperate fishes, is a population structure of multiple age 

(size) cohorts (Chapter 6).  An example of body sizes and their distributions are the result of 

annual growth being limited to part of the year, has been documented for fifteen species in study 

lake Opinicon (Fig. 3.12, 3.13).  (Because Years 0-II fish live mostly in dense macrophyte beds 

populations of the smallest fish are under-represented in the diagram.  Delimitations of the age 

classes are, however, correct.  Ageing is by standard methods (Regier 1962; Carlander 1982; 

Cesselman 1990).  The kind of size structuring shown is representative of North Temperate small 

lake species. 

 

A feature is that since there is a good correspondence between body size and way of life 

(including diet) species represented by multiple size cohorts can occupy broader niches and 

sometimes feed in more than one stratum. 

 

At the beginning of this Chapter attempt was made to focus on some of the basic 

environmental and adaptations factors in the fishes way of life by listing some questions.  The 

North American freshwater fish fauna includes species with different temperature optimal 

functioning species, southern derived, northern (and further north, Arctic adapted ones).  

European fishes also include forms with differing temperature optima but the categories are 

much less prominent.  For the southern Ontario fish species studied an optimally active period 

may be 7-8 months.  Daylength and temperature regimes initiate and curtail activity (including 

feeding) in spring and autumn.  The pattern relates, of course, to the environment (plant 

development, prey invertebrates, other fish species).  Experimentally, gradients of increasing 

response to temperature have readily been defined. 

 

Since species vary in their temperature physiologies, so must feeding intensities.  Colder 

adapted species like the lake trout, brown trout, pike, and perch feed actively under the ice; but at 
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a rate is 10-20% less than in summer.  More warmer adapted fish species eat even less, and 

apparently not at all for long periods.  This great suppression in fish feeding matches with the 

invertebrate prey resource base that is mostly not breeding and growing only at very slow raves. 

 

Some “rules” or generalizations emerge, or potentially emerge, in occurrence of structure 

types, features and the responses in North Temperate fish systems, as elsewhere.  These closely 

relate to how whole systems function. 

 

This applies particularly to response to the different season and, especially winter.  The 

environment, vegetation, prey organisms and fish in their distribution, feeding, and over-

wintering ecology respond in characteristic and predictable ways.  The newer data is now 

providing a better understanding of the splendid repeated responses.  Even much more 

comprehensive data on these and alternative adaptations are obviously going to emerge.  

Conveyances are marked.  The study of convergence relative to common sets of opportunities 

and constraints in fishes are being discovered.  See, for example, the findings of Winemiller and 

Rose (1992) on life history responses for 216 North American Temperate fish in 57 families, 

using multivariate test.  Later-maturing fish species in freshwater systems had high fecundities, 

small eggs, and few bouts of reproduction during a relatively short season.  It was the reverse in 

small-bodied fishes.  A second strong gradient identified positive links between parental care, 

egg size and extended breeding seasons.  A phylogenetic component was important.  Usually, 

higher taxonomic groupings shared particular life history patterns. Features linked to high 

fecundity characteristics tended also to be associated with  extensive distributional ranges.  

Anadromy, in turn, related to age of maturation, adult growth rate, life span and egg size, 

Winemiller and Rose found.  The tradeoff between fecundity and juvenile survival and fecundity 

and development rate has been noted by Smith et al (1987) and others. 

 

A wide spectrum of repetitive morphological and other adaptations fashion and shape the 

role and life in North Temperate fishes.  These include activity regimes, interactions of the 

environment, and structuring (especially size) of the component species in the systems. 
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Table 3.1 Food uptake (g per g body weight, wet weight experimental fish in aquaria), and percentage increase in total body length at temperature of 5, 

10, 15, 20, 25 and 29-30°C, on constant daylength of 12 hours day and 12 hours night, means of ten fish species, fish fed at libidum for eight weeks, beginning 

late October.  Apparent length increase of under 3% are within the range of measuring error. 

 

 Central mud minnow  

adult 

Common  

shiner 

Creek 

chubb 

Eastern banded killifish 

adult 

Length ranges at 

beginning of 

experiment (g) 

 

60-100 

 

60-100 

 

100-130 

 

70-95 

Weight ranges at 

beginning of 

experiment (g) 

 

4.0-11.0 

 

5.5-8.5 

 

9.0-19.0 

 

2.4-7.0 

Temperature 

(°C) 

Food Length Food Length Food Length Food Length 

(g) % (g) % (g) % (g) % 

5 

10 

15 

20 

25 

30 

1.6 

2.7 

2.7 

4.1 

9.1 

9.4 

6.0 

6.0 

6.0 

8.0 

4.0 

(2.0) 

1.4 

3.3 

8.0 

6.5 

9.0 

19.0 

(2.0) 

(2.5) 

15.0 

10.0 

12.5 

15.0 

1.6 

2.2 

4.5 

7.0 

6.5 

7.6 

(1.0) 

(2.0) 

6.2 

19.0 

11.0 

3.5 

1.8 

3.1 

4.1 

10.1 

13.2 

21.5 

(2.0) 

(2.5) 

(2.5) 

11.0 

14.0 

17.2 
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Table 3.2 Fish feeding at low temperatures.  Percentages of individuals (adults) of six large-bodied fish species with food in the alimentary canal from (i) 

under the ice (February and March, Lake Opinicon); and (ii) as water temperatures progressively warmed through April (Little Cataraqui Creek, as moved into 

summer habitat) - see dates and mean daily water temperatures.  All fish were in the 140-260 mm total length range.  Sample sizes, 50 of each species for the 

February and March series, 25 of the others.  Opinicon series from 1980-83; Little Cataraqui series, 1966. 

  

 Opinicon Little Cataraqui Creek 

Date February 5-

10 

March  

5-10 

April 

12-14 

April 

16-17 

April 

19-20 

April 

22-23 

April 

25-26 

April 

29-30 

May 

3-5 

 

Temperatures °C mean 

daily 

 

1.0-3.5 

 

1.0-3.5 

 

6.0-6.5 

 

6.5-7.5 

 

8.5 

 

9.3-9.5 

 

10.0 

 

10.5 

 

11.5-12.0 

Species 

Ictalurus nebulosus 

Brown Bullhead 

 

14 

 

12 

 

100 

 

100 

 

100 

 

100 

 

100 

 

100 

 

100 

Ambloplites 

rupestris 

Rock Bass 

 

15 

 

10 

 

nil 

 

nil 

 

50 

 

100 

 

100 

 

100 

 

100 

Pomoxis 

nigromaculatus 

Black Crappie 

 

20 

 

24 

 

80 

 

87 

 

100 

 

100 

 

100 

 

100 

 

100 

Lepomis gibbosus 

Pumpkinseed 

 

10 

 

 

12 

 

nil 

 

20 

 

100 

 

100 

 

100 

 

100 

 

100 

L. macrochirus 

Bluegill 

 

8 

 

 

4 

 

5 

 

nil 

 

20 

 

65 

 

100 

 

100 

 

100 

Perca flavescens 

Yellow Perch 

 

37 

 

 

31 

 

nil 

 

10 

 

nil 

(spawning) 

 

nil 

(spawning) 

 

nil 

(spawning) 

 

30 

 

100 
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Table 3.3 Winter versus summer feeding, Fish Lake, Prince Edward County, Ontario.  Degrees of feeding (% individuals with food in alimentary canal, 

and weight of food (g) in alimentary canal per g of wet fish weight, six fish species and some age classes, mid-winter (January-February) and summer (June), 

based on eight and six collections, respectively, Fish lake, Prince Edward County, Ontario.  In summer fish probably filled their stomachs twice a day.  Total fish, 

1160 and 1500.  For scientific names see text. 

 

 Individuals with food in 

alimentary canal 

% 

Weight alimentary contents per g 

fish 

% 

 

January-

February 

June-July January-

February 

June-July Food in stomach weight increased to summer 

Species Total body 

length (mm) 

2.0-3.0°C 24.0-25.0°C 2.0-3.0°C 24.0-25.0°C one feeding 

period 

two feedings 

period 

Difference 

estimated 

Central 

mudminnow 

30-60 

60-80 

80-124 

16 

20 

10 

100 

95 

80 

0.011 

0.007 

0.005 

0.07 

0.05 

0.03 

6X 

7X 

6X 

X2 

X2 

X2 

12X 

14X 

12X 

Golden Shiner 

 

65-90 

120-150 

14 

15 

100 

100 

0.005 

0.002 

0.06 

0.05 

12X 

10X 

X2 

X2 

24X 

20X 

Brown 

bullhead 

40-55 

70-120 

125-150 

17 

18 

16 

100 

100 

100 

0.018 

0.006 

0.0024 

0.06 

0.035 

0.02 

15X 

6X 

8X 

X2 

X2 

X2 

30X 

12X 

16X 

Eastern banded 

killifish 

35-80 1 100 0.002 0.04 20X X2 40X 

Brook 

stickleback 

 

38-42 20 100 0.019 0.065 3.5X X2 7X 

Iowa darter 

 

 

45-60 18 100 0.017 0.07 4X X2 8X 
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Table 3.4 Annual cycle in three categories of fish, North Temperate zone.  Differences summarized. 

 

Activity Species 

Bluegill Northern Pike Lake Trout 

Seasonal inactive winter general winter  

some activity 

summer deep water 

winter some activity 

 

Feeding period May - September Year round (suspended 

during spawning; main 

May - October reduced 

Year round 

Mainly April - late 

September 

Fat cycle gained May - July (lost 

there after) 

August - September main 

gain 

some use for gonads 

gain summer 

some winter loss 

Linear growth Beginning June to late 

August 

May - September  

mainly June - July 

35% in winter 

April and summer 

Gonad development Mid-May to early July Late July - March (through 

winter) 

 

February - September 

Spawning Beginning June to mid-

July. 3-4 spaced 

spawnings 

Lake April Early October 

Larvae present Mid-June to late July Early May Vise in April. 
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Figure 3.1  Seasonal parameters in North Temperate Eastern Ontario: photoperiod, plant development (dry 

weight/m2); % bottom covered by vegetation; water temperatures, (mean) temperature summation during spring 

(accumulates above 10°C); seasonal changes in abundance of major prey invertebrates of fish. 
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Figure 3.2  Annual cycle of the Bluegill, major events.  That of the other "warm water" fishes (for example, eastern 

banded killifish) closely matches this. 
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Figure 3.3  Annual cycle of the Northern Pike, major events. 
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Figure 3.4  Annual cycle of the Lake Trout, major events. 
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Figure 3.5  Brown bullhead (Ameirus nebulosus), feeding and growth relative to water temperature, aquarium 

experiments, duration 8 weeks. 
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Figure 3.6  Bluegill (Lepomis macrochirus), feeding and growth relative to temperature, experimental data, duration 

of experiments 8 weeks.
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Figure 3.7  Fish with food in stomachs: (i) under the ice, Opinicon; and (ii) in early spring feeding as water 

temperatures warmed immediately following ice melt, Little Cataraqui Creek, Ontario. 
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Figure 3.8  Tissue energy cycle, replacement of condition factor, % body fat, total body energy in k cals, and length 

increase.  Year II bluegill, Lake Opinicon, eastern Ontario population (Booth and Keast 1986). 
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Figure 3.9  Seasonal gonadal activity as measured by gonosomatic index (ratio of ovarian weight to body weight): 

bluegill, bluntnose minnow, blackchin shiner, eastern banded killifish, and yellow perch.  The perch has a single 

massive spawning at the beginning of the season, the bluegill has 3-4 spaced spawnings, whereas the smaller fish 

shed batches of eggs at short intervals during a protracted period. 
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Figure 3.10  Diameters of eggs in the ovary immediately prior to first seasonal spawning: bluegill, bluntnose 

minnow, eastern banded killifish.  In the periodic spawning fish species like the bluegill clearly demarked batches of 

eggs mature successionally.
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Figure 3.11  Annual growth of three age cohorts of the bluegill.  Period of length increase is about 10 weeks in the 

eastern Ontario population shown here. 

 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

Figure 3.12  Structure of the populations of bluegill, pumpkinseed, rock bass, black crappie, and yellow perch in 

terms of age (size) cohorts, based on body lengths, at end of summer (September). 
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Figure 3.13 Structure of largemouth bass, brown bullhead, eastern banded killifish, bluntnose minnow, blackchin 

shiner, brook silverside, log perch, mudminnow, and golden shiner (September).  In successive years the faster 

growing members of younger age cohorts overtake the slower growing members of the previous ones. 
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Appendix 3.1  Spring time temperatures summations, Lake Opinicon.  Dates when specific levels equaled or 

exceeded, accumulations above 5 and 10°C, selected years.   

Degrees Accumulated 

I Year  I 50          100             200   300          400          500           800                 1200                               

Above 5.0°C 
 

1969 May 14 May22 Mav31 June 8 June 14 June 20 July 7 July 25 

1970 May 5 Mav 12 May24 June 2 June 8 June 14 July 3 Julv 25 

1977 May 10 May 17 May27 June 4 June 10 June 16 July 5 Julv 28 

1980 May6 May 13 Mav25 June 3 June 12 June 22 July 11 July 23 

1988 April 25 May7 May 17 May26 June 3 June 11 June 29 July 20 

1989 May3 May 12 May 21 May 28 June 4 June 11 June 28 July 8 

Above 

10.0°C 
 

1969 Mav 30 June 4 June 15 June 23 July 2 July 9 July 27 August 24 

1970 May23 May 31 June 10 June 18 June 27 July 6 July 29 August 22 

1977 May23 May 31 June 10 June 19 June 27 July 7 July 30 August 27 

1980 Mav24 May 31 June 15 June 28 July 8 July 17 August 7 September 7 

1988 Mav 18 May26 June 6 June 16 June 24 July 4 July 24 August 19 

1989 May20 May25 June 5 June 15 June 24 July 1 July 21 August 17 
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Appendix 3.2  Feeding of fishes in Jones Creek, Ontario at water temperatures of 2-3°C (February), 8°C (April), and 15°C (May). Table shows% of 

individuals with food in total alimentary canal, average weight of stomach contents per g of fish and this latter expressed as a percentage. Data is 

an elaboration of that in Keast (1967).  Sample sizes as shown. 

 

 Temp 2-3°C, Feb. 18-24 
No. of fish 87 

Temp 8°C, Apr. 27-30 
No. of fish 544 

Temp 15°C, May 15-17 
No. of fish 461 

Alimentary canal contents Alimentary canal contents Alimentary canal contents 

Species Total 

Body 

length 

(mm) 

% 

with food 

weight 

av per 

g fish 

% 

weight 

% 

with food 

weight 

av per 

g fish 

% 

weight 

% 

with food 

weight 

av per 

g fish 

% 

weight 

Imbra limi 45-70 62 .007 .7 75 .03 3.0 100 0.16 1.6 

Chrosomus eos 45-60 22 .003 .3 58 2.0 2.0 100 .08 8.0 

Notemigonus 

crysoleucas 

80-100 33 .005 .5 100 .008 .8 100 .07 7.0 

Notropis 
comutus 

60-80 
81-120 

 not 
present 

 80 
100 

.009 

.009 

.9 

.9 

100 

100 

.028 

.01 

2.8 

1.0 

Pimephales 

promelas 

50-70  not 

present 

 100 .018 1.8 100 .054 5.4 

Semotilus 
atromaculatus 

50-70 
125-180 

 not 

present 
 20 

40 

.011 

.005 

1.1 

.5 

100 

100 

.04 

.03 

4.0 

3.0 

Catostomus 

commerconii 

40-60 
120-220 

20 .004 .4 60 

80 

.009 

.009 

.9 

.9 

100 

100 

.032 

.018 

3.2 

1.8 

Eucalia 
inconstans 

35-50 23 .010 1.0 20 .032 3.2 100 .016 1.6 
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Appendix 3.3  Food uptake of Jones Creek fishes during the spring warm-up, showing marked increase from that at water temperatures of 7-8°C, and 14.5-

15.5°C.  % of individuals with food in alimentary canal, and average weight of alimentary canal contents (g) per g of fish, Jones Creek, near Mallorytown, 

Ontario. Final column shows relative degree of difference in the latter. For scientific names see text. 

 

 

 
Species 

Total 

Body 

length 
(mm) 

Individuals with food in 

alimentary canal % 

Average weight of alimentary 

contents ( g) per g of fish 

Increased food in 

alimentary canal 

April 25-30 
7.0-8.0°C 

May 14-18 
14.5-15.5°C 

April 25-30 
7.0-8.0°C 

May 14-18 
14.5-15.5°C 

April/May 

Mudminnow 45-70 75 100 .03 0.16 less 

Grass pickerel 115-250 100 nil .007 nil less 

Finescale dace 45-60 58 100 .02 .09 4.5 

Golden shiner 80-100 100 100 .008 .07 9.0 

Common shiner 60-80 
81-120 

80 
100 

100 
100 

.009 

.009 
.028 
.01 

3.0 

same 

Fathead minnow 45-58 
65-71 

100 
100 

100 
100 

.029 

.009 

.09 

0.27 

3.0 

3.0 

Creek chub 50-70 

71-125 
125-180 

20 

50 
40 

80 

34 

nil 

.011 

.008 

.005 

.04 

.03 

nil 

4.0 

4.0 

less 

White sucker 40-60 

65-90 

91-110 
120-220 

60 

50 

80 
80 

100 

100 

100 

100 

.009 

.009 

.011 

.009 

.032 

.025 

.022 

.018 

3.5 

2.5 

2.0 

2.0 

Brook stickleback 35-50 90 100 .032 .012 less 
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Appendix 3.4  Diet diversities (numbers of prey organisms contribution of levels of 3% of stomach contents) Jones Creek from winter through to late summer.  

Data for last four columns extracted from Keast (1966), based on a  4-year food study between 1962 and 1965). The number of fish in each sample is 

shown in parentheses. Notemigonus cryso/eucus and the larger N. cornutus vacated the sampling area before October. 

 

Species 

Total 

length 

(mm) 

February 

18-24 

2-30C  

April 

27-30 

8 o C 

May 

12-15 

15 ° C 

May 

21-26 

16-19 ° C 

June 

18-26 

20-25 ° C 

August 

18-26 

20-25°C 

September 

11-16 

16-18°C 

October 

18-26 

8-10°C 

Umbra limi 45-70 6 7 9 12 11 12 11 8 

Chrosomus eos 45-60 3 4 5 5 3 3 3 2 

Notemigounus 

crysoleucus 

80-100 3 4 3 6 7 5 4 Absent 

Notropis 
cornutus 

60-80 
81-120 

not 
obtained 

3 

4 
6 
7 

6 
7 

7 

4 
7 
4 

4 
2 

5 
Absent 

Pimephales 

promelas 

50-70 not 

obtained 

4 2 2 3 2 2 2 

Semotilus 
atromaculatus 

50-70 
125-180 

not 
obtained 

6 
5 

9 
4 

9 
4 

8 
2 

13 
4 

5 
5 

8 
4 

Catostomus 

commersonii 

40-60 
120-220 

not 

obtained 

9 
5 

9 
8 

9 
8 

7 
7 

4 
3 

5 
9 

6 
9 

Eucalia 
inconstans 

35-50 5 5 7 7 6 6 6 7 
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Appendix 3.5  Loss of body tissue quality over winter, comparisons between late October (time of cessation of 

feeding before freeze-up) and post-thaw at the beginning of April; condition factor, % body fat, total body energy in 

k cals, and length measurements for 8 common eastern Ontario fish species (sample sizes, 20). 
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Appendix 3.6  Summary growth in typical year, 5 age cohorts of the yellow perch, Lake Opinicon, Ontario. 
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Chapter 4 

DIETS AND FOOD RESOURCE DIVISION  

IN LAKE FISH ASSOCIATIONS 

Keywords:  Niche, Prey, Invertebrates, Food Web, Foraging 

 

4.1 Introduction 

 

This Chapter introduces the third major component of the Eltonian species "niche" 

feeding and diets.  The first of a series on feeding, it documents a "case study" developed to 

explore and test the basics of diets and resource division in fish communities relative to the 

resource base, fish and predator size, and seasonal factors - see fish species in Lake Opinicon in 

Fig. 4.1, 4.2.   The findings are tested by parallel works on other Ontario lakes (Keast 1965, 

1966, 1977a, b, 1978 et al). 

 

At the end of the Chapter, feeding and diet data are considered relative to contemporary 

issues and resource use theory.  Needing introduction here are subjects such as the position of 

species in ecosystem and community frameworks, the niche concept, interspecific competition, 

and optimal feeding concepts.  Some theoretical components considered are whether individual 

fish species select specific prey or take whatever is the most available - see Neill (1938), the 

"availability factor" of Allen (1940), the "forage ratio" concept and rationalizations of Ivlev 

(1961).  Also of broader interest are "alternative" feeding strategies concepts (Rachlin et al 1998; 

Corte 1998), and whether heavy fish predation impacts the invertebrate resource (Brooks and 

Dodson 1965) enough to modify structure of the invertebrate community.  Is optimal foraging a 

dominant factor in fish feeding?  Is interspecific competition a function in determining fish diets?  

 

The Chapter sets the stage for subsequent ones dealing with: the diets of larvae and 

juveniles (Chapter 5); ontogenetic diet shifts (Chapter 6); feeding guilds in fishes, planktivory 

and piscivory (Chapter 6); species compositions and resource division patterns in contrasting 

lake types (Chapter 7); diets of stream fishes (Chapter 8); and body and mouth morphology in 

fishes relative to way of life and feeding (Chapter 9). 
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4.2 The study of fish diets in historic context, findings on resource use 

 

The study of fish diets has had a long history going back to Forbes (1878), Pearce (1916),  

Forbes and Richardson (1920), Turner and Kraatz (1920), and Boesel (1938).  These workers, 

skilled in insect and zooplankton identification, determined the basic diets of many common fish 

species.  Their work was descriptive but they discovered some general features of fish feeding. 

Pearce (1916) and Forbes and Richardson (1920) demonstrated that co-occurring fish species 

have different diets whilst drawing their food from a common resource pool.  Hartley (1948), 

Langlois (1954), and Larkin (1956) found much sharing of prey types between species. (The 

term "feeding guild" has since been advanced for these - Chapter 6.)  An initial classification of 

fish was into (i) predators; (ii) bottom feeders; (iii) zooplanktivores;  (iv)  littoral zone 

zoobenthos and zooplankton feeders;  and (v)  insect-eaters (Forbes 1914; Pearce 1916).  Hartley 

(1948), in turn, grouped the fishes of the River Cam, England, into specialist predators 

(represented by the pike), insect and plant material feeders (3 species), predators of zooplankton, 

insects (4), and diet generalists (2).  Within the group, the species differed in diets mainly in 

terms of the varying proportions of a common food range eaten.  The 19 species of minnows in 

the Des Moines River, Iowa, studied by Starrett (1950), were made up of 4 almost exclusively 

bottom ooze feeders, 2 species largely dependent on the larvae of Diptera and other insects, 

whilst 3 species ate some fish.  Both diet "generalists" and "specialists" occurred.  Langlois 

(1954) found that of 55 fish species inhabiting Lake Erie, 37 shared insect larvae as food, and 34, 

Entomostraca.  These fish could be separated into 5 dietary groups:  (i)  phytoplankton and 

detritus eaters;  (ii)  zooplanktivores;  (iii)  insect and scrub eaters;  (iv)  crayfish predators;  and, 

(v)  piscivores.  These multiple species studies must, of course, be appreciated jointly with some 

excellent studies on the diets of individual species.  Included here are those of Winifred Frost on 

pike and other species, and Noel Hynes on sticklebacks. 

 

The earlier fish diet studies were limited by being based on random, not systematically 

made, collections.  Sample sizes were not standardized.  Seasonal shifts in diet were largely 

ignored.  Beyond the general acknowledgement that smaller-bodied members of species take 

smaller prey items than the larger ones, age class dietary differences were not explored.  The 

deficiencies limited understanding of underlying processes. 
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By the late 1940s, workers were becoming interested in inter-specific interactions and 

competition - see Hartley (1948), Nilsson (1958, 1960, 1963, 1967, 1972, 1978), and Svardson 

(1961, 1970, 1976, 1979).  Later pre-eminent work relating to evolutionary aspects include 

Persson (1983a, b, 1986, 1987a, b, c), Persson and Greenberg (1990a, b), and Persson and 

Hansson (1999).  Habitat use relative to fluctuating prey abundance has also received attention 

(Ehlinger 1990; Naesje et al 1991). 

 

4.3 Stomach content analysis as a means of determining fish diets 

 

Fish diets have always been determined by stomach content analysis.  The method 

has been praised as having a high level of precision.  Since fish are so abundant it is easy 

to use the technique and sample size targets can readily be met.  The method is only 

marginally available to workers on terrestrial birds and mammals, where low abundance 

levels and conservation issues largely prohibit its use.  Since the validity of many of the 

findings is dependent on the accuracy of the stomach content analysis, methods are 

briefly summarized here.  Full details are provided in the Appendix. 

 

Investigators have progressively improved on the stomach content analysis 

method.  These include Hynes (1950), Ivlev (1961), Frost (1977), Windell and Bowen 

(1978), Berg (1979), Hyslop (1980), Macdonald and Green (1983), Cortés (1997). 

 

A few workers have expressed reservations about over-reliance on the stomach 

content analysis method, for example, Persson (1979) and Hyslip (1980).  Criticisms 

relate to problems of quantification and "repeatability" of results, and shortcomings 

associated with use of partly digested materials.  It has been suggested that the digestion 

rates of large and small prey may be different, and that various items may move through 

the alimentary canal at different rates (Kionka and Windell, 1972).  By sampling within 

or at the end of previously determined feeding times this problem may be avoided 

(Appendix).  Stomach and intestinal contents must never be grouped in an analysis 

(Sutela and Housko 2000). 
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4.4 Study rationalizations and method 

 

The diets of fishes can be considered at various levels.  Most rewarding relative to time 

outlay are: (i) weights (wet) of each diet category - this can be regarded as expressing energetic 

benefit; and (ii) numbers of each organism - this can be equated with number of prey attacks or 

feeding movements made in capturing prey.  A third commonly used method is to document the 

numbers of individual fish in which each prey type occurs.  Frost (1954), and others, have used 

this approach.  It could be regarded as reflecting ease of capturing different prey types, prey 

abundance, or index of preference.  I do not incorporate such data here. 

 

A brief description of our methods is provided here.  Throughout our studies, strictly 

standarized methods were used - see the Appendix for more detail. 

 

Sampling of the fish was carried out between the 14th and 29th of each month over 

2-week periods on ten different occasions.  It was carried out in the morning and later 

afternoon (and at night for nocturnal feeders) near the end of the previously determined 

feeding period (Keast and Welch 1968).  One of the objectives was to even out short term 

variations.  60-100 individual samples of each species and size class were taken each 

month.  Zoobenthos and zooplankton were sampled at the same time.  The contents of 

each stomach were determined individually.  Results were averaged to produce an overall 

summary of diets for the month. 

 

Determinations were regularly to the Order and Family level, to species in the 

case of Cladocera, Copepoda, Amphipoda, Isopoda, and mollusks.  Each class or 

organism was counted and measured.  Body weights were inserted on the basis of 

previous determinations for the different groups, sizes, and body shapes.  

 

Fish population determinations were made using the seine net enclosure method, 

using 50 m long, 2 m high, 5 mm mesh nets mounted on poles at the enders, with floating 

and lead lines to keep the net at the substrate and with an expanded mid-net bag to 
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contain the fishes.  Nettings were over previously marked areas, pulling being over 

distances of 200 m.  For details see Pierce et al (1990), Lyons (1986), and Bayley and 

Hernedeen (2000) see Appendix and see Keast (1965, 1970). 

  

Feeding times of the various species were determined by quantifying weights of 

stomach contents at two hourly intervals through the 24 hour period (Keast and Welch 

1968; and see Appendix), matched by observations in aquaria, and by Scuba studies in 

the habitat. 

 

4.5 The "community" and "species association" issues in lake fishes:  terminology and 

functional significances 

 

 Fish and other organisms are not scattered randomly but are aggregated.  The term 

"community" has been used for these aggregations (for example, by Strong et al 1979).  The term 

(as in a human population) infers interaction between species.  Other workers have preferred to 

use the word "association" as a more neutral term (Lowe-McConnell 1987; Matthews 1998).   

 

Moyle and Vondracek (1985) have rationalized that deterministic "communities" of fish 

should have:  (i)  limited structural similarity amongst the species;  (ii)  segregation of the 

species on the basis of habitat, microhabitat, and diet;  (iii)  persistence in this through 

generations;  (iv)  ability of the grouping to return to original structure following perturbation.  

They applied these criteria to a California stream assemblage studied by them over five years.  

The assembly composition remained the same throughout the period. They concluded that the 

systems appeared to have the characteristics of a structured community.  Strong et al (1984)  say  

“Ecological communities are groups of species living closely enough together for the potential of 

interactions”.  

 

In the definition of Matthews (1998) the alternative term "assemblage" is characterized 

by features including the following - “the individual fish that occur together in one locality at a 

given time or over a brief period of ecological time, having reasonable probability of 

encountering each other within the course of feeding, resting movements and so forth in a given 
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day”.  He lists an "assemblage" as being represented by:  number of species, number of families, 

species richness within families, numbers of prey species versus piscivorous species; 

proportional composition of the assemblage by trophic groups or by functional groups;  

distribution of abundance of species at a locality;  body-size patterns for the whole assemblage;  

and distribution of “trophic potential” (mouth size) for the whole assemblage. The association is, 

thus, not seen as purely random.  Minimally, of course, species combinations of fish in habitats 

represent responses to common needs (Moyle and Vondracek 1985; Strong et al 1979; Matthews 

1996).  

 

The definitions of "community" and "association" as advanced by different authors 

overlap.  Accordingly I here use the terms interchangeably, and without inferring anything about 

organization.   

 

4.6 Diets and resource division in a North Temperate lake fish community 

 

4.6.1 A case study, analysis of diets of the fishes in the littoral zone of a northern lake 

summer fish community 

 

 The initial littoral zone study site, Birch Bay, in the southeastern corner of Lake 

Opinicon, was selected for long-term survey because it is one of the richer areas for fish species 

and their age-classes (Fig. 1.2).  With an area of 800 x 500 (400,000 m2), and depth of up to 2.8 

m, it has a substratum of highly speciose macrophyte beds and lightly weeded sandy sections.  It 

is fringed by 500 m long sections of relatively unproductive rocky shoreline on either side.  Ten 

fish species belonging to six families made up the assemblage in the bay (Fig. 4.1). Some are 

represented by more than one size class, giving a wide size spread (Fig. 4.2).  By July, there was 

supplementation by young-of-year fish (Chapter 5).  The smaller banded killifish, blackchin 

shiner and bluntnose minnow were confined to the bay through the summer.  Larger-bodied 

bluegill, pumpkinseed, and yellow perch (less dependent on shallows) were free to drift in and 

out of it.  
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The fish association assembles annually in mid-May, as water temperatures reach about 

15°C (Fig. 4.3).  It retains a high biomass and species diversity until early September when water 

temperatures start to drop quickly.  Representatives of only a few species, mostly larger-bodied 

individuals, remain and continue to feed in the bay until mid-October, when temperatures fall to 

about 10°C.  This winter withdrawal is standard in such small lake fish faunas in north eastern 

North America. 

 

Total numbers and biomasses of fishes in the Birch Bay study site averaged (per 1000 

m2) as follows: May,701.8 and 13,304 g;  June, 457 and 10,338 g;  July, 657 and 10,830 g;  

August, 489 and 5,986 g;  September, 540 and 9,959 g (Fig. 4.3; Keast 1965, 1970).   

 

The individual species differed in biomass and numbers., During the June period of high 

biomass, bluegill made up 79% of the biomass and 82% of the numbers;  pumpkinseed 13 and 

11; rock bass, 1.5 and 3.0; black crappie, 1.6 and 2.0; and killifish, 1.8 and 18.0.  The other five 

species accounted for only 1.0% or less of the biomass.  Figures for the other summer months 

were proportionately comparable. 

 

 Through differing abundances, the species varied greatly in their impact on the resource 

system.  There was a clear cut year to year predictability of species representation in the 

dominant and uncommon species, and in seasonal occurrence patterns. 

 

4.6.2 The prey resource base of fish in Birch Bay 

 

 The zoobenthic and zooplanktonic prey resource base of northern lakes consists of a 

characteristic and repetitive array of organisms.  Major elements of importance to fish are 

chironomid larvae, Trichoptera larvae, Zygoptera, Anisoptera and Ephemeroptera nymphs, 

amphipods, Gastropoda, Cladocera, and Copepoda.  Most of these organisms occur in the 

benthos and on the vegetation.  Cladocera and copepods are water-column dwellers.  The 

dominant cladocerans of Opinicon and equivalent lakes are Bosmina longirostris and Chydorus 

sphaericus.  Some eight of the total Opinicon species, including Daphnia dubia, a dominant in 

some systems, are highly seasonal in Opinicon.  They only intermittently enter fish diets.  
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Ostracods and beetle larvae are rare components.  All invertebrates have annually repetitive 

annual cycles and times of peak abundance alternating with rarity. 

 

 Fish relate in their feeding to abundances (Fig. 4.4, 4.5) and body sizes (Fig. 4.6) of the 

different invertebrates.  The major population features that are repeated at the same time each 

year are as follows: 

 

Chironomid larvae.  With some 35 species (Don Oliver, personal communication) in Opinicon, 

these maintain a steady population through the summer (Fig. 4.4).  There are minor numerical 

and biomass peaks in late May ahead of emergence and at the end of summer, the latter after the 

addition of new recruits.  Included in the fauna are univoltine, bivoltine, and multivoltine 

species.  Larger-bodied species are more abundant in May and October-November.  

 

Trichoptera larvae.  In Opinicon there is a minor numerical peak in late April - early May, and 

a major one from late August onwards.  Biomasses peak in late May when a diverse range of 

body sizes are available, including very large ones.  This pattern recurs in August-November.  In 

late June and July only small bodied (individual length mainly 2-6 mm, with a few up to 14 mm), 

are available. 

 

Zygoptera and Anisoptera nymphs.  In the Zygoptera there is a numerical and biomass peak in 

June, with inshore movement prior to emergence.  A huge numerical increase (of hatchlings) 

occurs in late August - September, and a slower biomass increase occurs from September 

onwards as the larvae grow (Fig. 4.6).  The pattern is duplicated in the Anisoptera, with a modest 

numerical and biomass increase in May-June ahead of emergence, a July period of very low 

numbers, and a massive increase in numbers made up of small-bodied individuals, and an 

increase in biomass in August-September when the population is reinforced by the progeny of 

the annual hatch. 

 

 In both taxonomic groups, the full range of body sizes are available in May-June (length 

6-22 mm).  Following the massive spring emergences, sizes fall to the 10-16 mm range.  In 

August-September, body sizes of zyoptera range from only 2-8 mm and in October-November, 
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with some growth, 4-12 mm (Figs. 4.4, 4.5, 4.6).  In the Anisoptera, April - May lengths are 8-30 

mm (with the largest individuals being prominent).  By June, the largest ones have emerged, and 

most nymphs are in the 12-25 mm category.  In July most are 8-20 mm.  August-September is 

characterized by a surplus of hatchlings, length 2-18 mm, with 6-10 mm individuals the 

commonest body size.  By October-November, the smallest nymphs have grown to 7 mm and 

there is a complete size range up to 30 mm. The largest single size class is 12 mm. 

 

Ephemeroptera nymphs.  There is a biomass peak in May-June and a biomass and numerical 

one made up of young-of-year individuals from August onwards. 

 

Amphipoda.  Hyalella azteca may have three summer generations (Cooper 1965).  The main 

features in Opinicon are a modest numerical and biomass peak in late May, another modest peak 

in July, and a massive numerical and biomass peak from August onwards following a massive 

late-summer reproduction (Fig. 4.4).  Typical body lengths caught by a 2mm net are of 2-4 mm 

(individuals of less than 2 mm are not used by the fish).  Large individuals (4-5 mm) occur in 

May (at the end of the over-wintering growth period) and at the end of the season (Fig. 4.4). 

 

Isopoda. There is an April biomass and May numerical peak, and a considerable biomass 

buildup in early autumn.  Measurements show, again, many sizes available in April-May (but not 

very small ones).  The bulk of the population is then in the 6-10 mm length range, with a few 

reaching 14 mm. In June, they vary from 1 to6 mm in length; in July, 2-4 mm; August-

September 3-5 mm; and October-November, following growth, 3-9 mm.  Isopods were little used 

by fish in Opinicon, except by pumpkinseed in May and June, and to a lesser extent in 

September (see next section). 

 

Gastropoda.  Gastropods were heavily cropped by pumpkinseed and, marginally when small, by 

other species.  Eight species in three genera occur (Turnbull 1975).  Mollusks only up to 5.0 mm 

in length were taken by fish and, hence larger individuals are not incorporated in Figure 4.4.  

Abundances vary only slightly during the course of the May-November season, with minor 

numerical peaks in May, July, and later summer (Fig. 4.4).   
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 This abundance, body size, and growth data is spelled out in detail to establish that the 

available prey source base varies markedly through the season in availabilities, abundance of 

different prey types, and in body sizes available.  Data on feeding of all fish diets in Opinicon, 

and elsewhere shows such features to be general.  The data explains much of fish feeding 

throughout this book. 

 

4.7 Diets of the fish species: taxonomic categories of prey 

 

 The monthly diets for the fishes of the Birch Bay study community expressed as percent 

by weight of the taxonomic categories of prey (Figs. 4.7, 4.8, 4.9) are shown as "pie" diagrams.  

The size of the slices represent the percentage of each prey type.  Only prey that exceed 2% in 

stomach content weight are shown.  In the interests of providing a more comprehensive picture, 

diet data is also given for three fish species occurring in adjacent littoral zone habitats that rarely 

enter Birch Bay (mudminnow occurring in cattail areas; log perch in gravel beds; and golden 

shiner living just offshore).  Numbers of individual organisms in the stomachs are graphed (Fig. 

4.10) relative to availability of prey (Figs. 4.4, 4.5, 4.6), and relative to sizes of prey eaten for a 

selection of species (Figs. 4.11, 4.12). 

   

 Diets of the species will now be summarized in some detail to illustrate structuring.  Diet 

overlaps between selected species are shown on a month to month basis. 

 

Bluegill (Lepomis macrochirus, Centrarchidae) 

 

Chironomid larvae were singly the most important prey item.  They made up 25-53% of 

stomach content weights in the Years I-II (60-85 mm) fish, and 17-43% in Years IV-VI (125-150 

mm) fish (Fig. 4.8).  This resource was continuously available and abundant in the bay (Fig. 4.4).  

Cladocerans, mostly Bosmina longirostris, plus some Chydorus sphaericus made up 13-33% of 

the diet of the smaller age-group, but were of little importance to the larger fish.  A wide range of 

other prey types formed supplementary dietary components at different times.  Prominent were 

Trichoptera larvae in May-July and adult formicids (picked up at the surface) in July-September 

in the larger fish. 
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Dietary shifts relate to invertebrate abundances in the environment.  The high 

consumption of chironomid larvae by the smaller fish in May- June corresponded to a numerical 

peak of pre-emergent individuals  (Figs. 4.5, 4.6).  However, a September peak drew no such 

response, the fish then taking amphipods (Hyallela azteca) and Cladocera (Bosmina) that were 

also becoming very abundant.  Increased consumption of Trichoptera larvae by the larger fish in 

May-June corresponded to the biomass peak at that time.  Odonate and ephemeropteran nymphs 

made up sizeable segments of the stomach contents of the larger fish in late summer, when 

newly-hatched 2-3 mm long individuals predominated.   

 

The diet was characterized by large numbers of small-sized prey as befits the bluegills 

relatively small mouth (Chapter 9).  In the Year III fish, numbers of prey reached 160 per 

stomach in May and June, and 280 in September (Fig. 4.10).  

 

Basic features of bluegill feeding were:  (i) regular and preferential utilization of a few 

“core” prey types (chironomids, Cladocera, Trichoptera larvae);  (ii) opportunism in switching to 

other prey types (of suitable size) when they became abundant seasonally;  (iii)  a minor 

"resource preference" effect;  and (iv) different age groups ate the same prey types but 

proportions taken varied.  Numbers of prey types representing more than 2% of stomach content 

weight ranged from 7-11 in the different months (mean, 8.6) for the smaller fish, and 8-10 (9.2), 

for the larger ones (Keast 1965).   

 

The bluegill was a generalist feeder in terms of taxonomic categories of prey.  (Since it 

takes only small-bodied prey it could be classified as a specialist in this dimension.) 

 

Pumpkinseed (Lepomis gibbosus, Centrarchidae) 

 

Only individuals of a size range of 105-122 mm and representing Years IV-V occurred in 

the bay.  Smaller individuals, whose diets were similar to those of bluegill of equivalent age 

(Keast 1978b) kept to heavily silted, weeded inlets elsewhere in the lake.  Mollusks less than 5 

mm in diameter accounted for 22-38% of weight of stomach contents summer long (Fig. 4.5).  
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Chironomid larvae formed a smaller but consistent portion of the diet (13-32%).  Isopods 

(Asellus) were important in two months, making up 41% of diet in May, and 23% in September 

when these peaked in biomass and larger-bodied individuals were prominent (Figs. 4.5, 4.6).   

 

Numbers of individual prey items averaged 80, 37, 40, 30, and 25, per stomach in 

successive months.  Seven to 11 (mean, 9.0) different prey items occurred at proportions of 

greater than 2% total content weight, characterizing the pumpkinseed as a generalist feeder.  The 

diet differed from that of the bluegill in core items (mollusks, isopods).  Pumpkinseed were 

numerically second in importance to the bluegill in the bay.  They had a comparable resource 

utilization strategy, using a few major prey types and many lesser ones. 

 

Rock bass (Ambloplites rupestris, Centrarchidae) 

 

The diets of the two age groups of this large-mouthed species contrasted strikingly (Fig. 

4.8, and see Chapter 6).  That of the Year I fish was highly variable, dominated by chironomid 

larvae (35-52% of stomach content weight); Cladocera, mostly Bosmina and Chydorus, (19 and 

39% in August and September, but not in May-June when these prey types were also abundant);  

Epheroptera and odonata (May-June), amphipods (Gammarus fasciatus and Hyallela azteca), 

and isopods (Asellus) in September.  The diet of the Years II-III, by contrast, was odonate 

nymphs (39-73% of stomach content weight, except in August when only small newly hatched 

individuals were available); Ephemeroptera nymphs (June and August), hatchling fish (30% in 

July) and, in August, Trichoptera larvae (33%).  The prominence of odonate nymphs in the 

stomachs, even when this organism was uncommon, demarked the larger age class as specialists 

on this resource.  Trichoptera larvae were extensively eaten during the August-September 

numerical peak. 

 

In contrast to the disproportionately small prey (relative to mouth width) eaten by the 

bluegill and pumpkinseed, the rock bass selected prey close to the maximum that its gape would 

allow.  Ontogenetic diet shifts in Opinicon rock bass are striking (Chapter 6). 
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The smaller, and larger, rock bass ate 5-8 (mean, 6.9), and 6-7 (mean, 6.6) prey types that 

represented more than 2% of stomach contents.  Individual fish contained up to 10 individual 

prey types per stomach, larger ones only 2-4.  The rock bass is a diet specialist. 

 

Black crappie (Pomoxis nigromaculatus, Centrarchidae) 

 

This species is a nocturnal, open water dweller (Chapter 2).  Some individuals entered the 

Birch Bay littoral zone at night to feed.  These often contained chaoborid larvae, which occur 

only in water deeper than 4.0 m, demonstrating previous offshore feeding.  

 

Major items in the stomachs were chaoborid larvae, chironomid larvae, hatchling fishes 

(in July, when available), and Cladocera, the latter cropped mainly during the late numerical 

summer peak (Keast 1966).  The rarity of Cladocera in the May diets, despite their abundance, 

suggested that this small prey ranked secondarily to the larger chaoborid larvae when the latter 

was abundant.  Crappie alternatively took large numbers of the small-bodied prey (including 

Bosmina at a rate of up to 600 per stomach in August when abundant (Chapter 5) or fewer larger-

bodied ones (40 and 55 per stomach in June and July).  Larger bodied prey included small fish, 

chaoborids, and flying insects from the surface.  Numbers of prey items (in excess of 2% 

stomach content weight) ranged from 6-7 (average 6.8), with a few types predominating.   

 

Large-mouth bass (Micropterus salmoides, Centrarchidae) 

 

This species was represented only by Year 0 and I fish (Fig. 4.9).  Year 0 individuals ate 

smaller- and larger-bodied insects in June and July, when newly hatched ephemeropteran 

nymphs were one of the major foods.  They, however, reverted to Cladocera in August and 

September when individual stomachs contained an average of 60.  Faster growing and larger 

Year 0 young then continued to take larger prey (ephemeropterans, odonate, crayfish, large 

amphipods) and finally fish.  Fish prey accounted for 25-30% of stomach content weight (Keast 

and Eadie 1985).  Year I fish were almost exclusively piscivorous.  
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Smaller Year 0 fish averaged 5-9 prey types (mean 6.2);  larger Year 0, 4-8 (6.5), and 

Year I, 4-5.  Adult bass are specialist piscivores (Chapter 6). 

 

Yellow perch (Perca flavescens, Percidae) 

 

The diet of the 60-110 mm (year I-II fish), the only age classes present, was dominated 

by odonate nymphs (24-47% of stomach contents weight in May-July, but only 6 and 10% in 

August and September); Ephemeroptera nymphs (July and September when availability was 

highest and smaller-bodied individuals predominated); and young-of-year fish (6-25% of weight) 

(Keast 1977a).  Lesser items included crayfish, chironomid larvae, and in August, ostracods.   

 

The stomachs averaged 6-8 (mean 7.0) prey types.   

 

Eastern banded killifish (Fundulus diaphanus, Fundulidae) 

 

The smaller chironomid larvae and Cladocera dominated the diet of this small-bodied, 

40-70 mm long versatile and opportunistic feeder.  Major prey items were chironomids, 

Cladocera, Ostracoda,  some small mollusks, and Turbellaria.  Response to peaks of availability 

was indicated by copepods being eaten in May, Cladocera in August, and amphipods during the 

September peak.  Six to nine (mean 7) different taxonomic groups of prey were consumed.  

Numbers of individual prey items averaged 170 per stomach in June, and 60 in July. 

 

Bluntnose minnow (Pimephales notatus, Cyprinidae) 

 

Only a few food types were eaten.  Organic detritus from the substrate, Cladocera 

(Bosmina and Chydorus of 0.2-0.3 m- see Chapter 5), and small chironomid larvae made up the 

diet of this small “tube mouthed” species (Fig. 4.7; Chapter 9).  Number of individual prey items 

was 20-70 per stomach.  Number of prey types was 3-6 (mean 4.2), marking this species as a diet 

specialist.   

 

Blackchin shiner (Notropis heterodon, Cyprinidae) 
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Cladocera (Bosmina and Chydorus) and, seasonally, small adult flying Diptera taken 

from the surface formed the main foods of this (45-70 mm long) specialist feeder.  Some 

filamentous algae were eaten in late summer.  Numbers of prey items per stomach was 18-70, 

and range of prey types 2-4 (mean 3.0).   

 

Brook silverside (Labidesthes sicculus, Atherinidae) 

 

This small-bodied nocturnal feeder was present in the bay in May and, again, August-

September.  It entered the shallows at night.  The dominance of chaoborid larvae in the stomachs 

indicated previous feeding in deeper water.  Cladocera and small-bodied adult Diptera were 

major supplementary items of diet.  Numbers of prey items in the stomachs ranged widely from 

only 3 per stomach in May to 65 in September.  Two to three prey types (mean 2.7) constituted 

the diet.  

 

4.8 Diets in terms of prey size 

 

 In their diets fish relate strongly to prey size (Figs. 4.11, 4.12, and Northcote 1954; Keast 

1965; O’Brien et al 1976; Ross 1986).  There is also a link between body size and size of prey 

consumed during growth (Ross 1986;  Nakashima and Leggett 1978; Baker and Ross 1981; 

Chapter 6).  Sizes of prey eaten can be considered independently of taxonomic category. 

 

 The different taxonomic categories of prey have characteristic body size ranges.  Most 

chironomids measure 3-7 mm, ignoring the tiny species and newly hatched individuals, which 

are not eaten by fish.  Hyalella azteca eaten range from 2-4 mm and Gammarus fasciatus from 3-

6 mm.  Ephemeropteran and odonate nymphs start off small (3-4 mm), and some species may 

take many a summer and winter to reach 25-45 mm.  For the first weeks following hatch, they 

are small enough to be eaten by bluegill (Fig. 4.5).  The rock bass, however, eats the larger ones: 

Ephemeropteran and odonate nymphs are lost from the habitat with emergence in May-June.  

Seasonal differences in body size also characterize other invertebrates. The amphipod Hyalella 

azteca;  chironomid, and Trichoptera larvae, and the common zooplankters Bosmina longirostris 
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and Chydorus sphaericus are larger in May, following the long period of predator-free, if slow, 

growth through the winter, than in midsummer.  Only in September and October do larger-

bodied individuals occur again.  

 

 Taking the invertebrate fauna as a whole, at the end of April the bulk of prey organisms 

eaten by the Birch Bay fish were in the 2.0-6.9 mm length category, but with many up to 12.0 

mm.  By late May and June, following emergence, most are of 1.0-2.9 mm.  At the end of July 

and August the bulk are from 2.0-4.9 and there are very few bigger ones.  In October, with 

growth, a diversified range of forms (1.0-7.9 mm) including large ones, are again available.  Fish 

predators of small prey are abundantly “serviced” all summer.  Those needing larger prey (rock 

bass) are forced to eat "sub-size" prey in mid-summer, switch taxonomic categories, or subsist on 

rare large individuals.  

 

 Lengths of prey eaten from month to month for major members of the Birch Bay 

community, with those of young-of-year centrarchids added for comparison were: 

Bluegill:   Year II – 0.5-9.0 mm;  Year IV-V, same range, but the bulk of items were in the 5.0-

9.0 mm length category.  In Year 0 (young-of-year) fish, the range was 0.1-4.0 mm (Chapter 5). 

Pumpkinseed:   Year II – 0.5-9.0 mm;  Years IV-V – 1.0-9.0 mm, with a few to 19.0 mm. 

Rock bass:   Year II – 5.0-19.0 mm, mainly 5.0-9.0;  Year IV – 9.0-59.0 mm, but mostly in the 

range 19.0-39.0 mm;  Year 0 – 0.5-9.0 mm. 

Yellow perch:    Year II – 0.5-9.0 mm;  Years IV-V – 9.0-59.0 mm;  Year 0 – 0.1-4.0 mm. 

Banded killifish:   0.4-1.5 mm, but with larger individuals occasionally taking prey of up to 19.0 

mm. 

Bluntnose minnow:   0.1-3.0 mm, with larger individuals taking some prey of up to 6.0 mm. 

Blackchin shiner:   0.2-0.6 mm, with some up to 6.0 mm. 

Brook silverside:   0.2-1.5 mm (Cladocera), with a few items up to 10.0 mm (chaoborid larvae).   

 

 Amongst the centrarchids, the bluegill took the smallest prey (all size cohorts), the 

morphologically similar pumpkinseed averaged slightly larger ones, and the rock bass and 

largemouth bass ate large prey.  The yellow perch cropped prey of intermediate size.  The small 

‘minnows’ fed at the bottom end of the size spectrum, but with the killifish taking larger, and 
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more diversified, prey than the two cyprinids.  Prey size was here limited by gape width.  

Bluegill took disproportionately small prey, even relative to small minnows (Chapter 6), most of 

it having a body width less than ¼ the gape width (Keast 1977a; Chapter 6).  In the 

pumpkinseed, about half the prey has a width equal to half the gape width (Keast 1978b).  In the 

rock bass, by contrast, half the prey eaten had a body width exceeding half the gape width of the 

fish and some was even larger, meaning that the fish would have to compress the prey in 

swallowing. 

 

 The diets of the Birch Bay species and age classes of fishes separated out both on 

taxonomy and size categories of prey.  Piscivores, planktivores and the molluskivore Lepomis 

gibbosus are diet specialists.  Most other species consumed a range of prey in varying 

proportions. 

 

4.9. Numbers of prey organisms consumed in the various species 

 

Numbers of organisms in the stomachs averaged on a monthly basis May to September 

(Fig. 4.10) show the following:  (i) the fish species fall into small organism feeders that take 

large numbers of prey items (bluegill, killifish) and those that subsist on relatively few large ones 

(rock bass, largemouth bass);  (ii) in the more opportunistic feeders, numbers of prey items eaten 

may vary markedly between months.  In the Year III pumpkinseed May numbers eaten were 

twice that of the other months.  Isopods then temporarily dominated the diet. 

 

 Black crappie, primarily a Chaoborus larva and Cladocera feeder, subsisted on few 

organisms in June and July.  In June, terrestrial insects, ephemeropterans and odonates 

dominated the diet and in July, juvenile fish and terrestrial insects dominated.  The exceptionally 

high prey numbers in August and September is explained by Cladocera then dominating the diet.  

In the bluntnose minnow, low prey numbers in June reflect the high proportion of chironomid 

larvae eaten, these having a greater bulk than the characteristic cladoceran prey.  In the blackchin 

shiner, which ate fewer items in May, chironomids were then a major prey item: this is the only 

month in which this applied.  Use of chironomids in May might reflect the need for maximum 

animal protein intake at the beginning of the season or greater availability of this prey.  The 
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anomalous considerable increase in numbers of prey in the largemouth bass in September (a 

species that strongly selects for prey of the "maximum" size) is due to the slower growing 

members of Year 0, which have not kept pace with growth in their major larval fish prey.   

Accordingly then, they revert to use of the less energetically advantageous Cladocera (Keast and 

Eadie 1985, and Chapter 6).  In the yellow perch, low prey numbers in July reflect the 

dominance of crayfish in the diet, along with some small fish, ephemeropterans and odonates. 

 

 In the banded killifish the lower numbers of prey eaten in July is, however, less readily 

explained.  If numbers of prey in the stomachs represent individual prey attacks, energy used in 

search effort and prey capture varies seasonally in these fish.  This is compensated for, however, 

by prey abundance. 

 

4.10. Seasonal shifts in diet: seasonality and body size in the prey resource base 

 

 Dietary switches by species in response to sudden increases in abundance of food 

organisms is (on the basis of the above findings) a basic feature of the diet of many fish species.  

The overall amount of individual prey types eaten varies with abundance (Keast 1965). 

 

 The examination of fish in Birch Bay provide many examples of this These include the 

increased consumption of chironomids by the smaller bluegills coincident with the early spring 

numerical peaks; increased feeding on Ephemeroptera nymphs by yellow perch in July; and use 

of copepods by killifish in May.  In other cases there appears to be no such response, for 

example, the failure of bluegill to increase their feeding on chironomids during the August 

abundance peak.  However, bluegill did increase their consumption of Hyalella azteca which 

were also peaking then.  This anomaly could be explained by dietary preference and invites 

experimental testing. 

 

 The response of bluegill and other species to the availability of small-bodied newly 

hatched odonate and Ephemeroptera nymphs in later summer (but the rejection of these foods 

when only larger individuals were available) is noteworthy.  At the same time, rock bass, a major 
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predator of (larger) odonate nymphs, neglected them at this time, presumably because of their 

small size. 

 

4.11 Prey invertebrate populations, predatory impact of different fish species 

 

 The bulk of the zoobenthic food of fishes is concentrated in the littoral zone (Chapter 2).  

As shown, the different invertebrate types vary considerably in their importance as fish food.  In 

Birch Bay, chironomids made up significant proportions of the diet of eight species in one month 

or another.  Cladocera ranked as the second most important food, with ten species cropping them 

heavily and regularly.  Odonate nymphs featured prominently in perch, rock bass, and 

largemouth bass diets  while they were small in late summer.  Odonate nymphs were important 

for some months in the diets of 5 species, amphipods in 3 species, isopods in one (pumpkinseed), 

and mollusks in one (pumpkinseed).  Four species picked up adult flying insects that had fallen 

into the water.  Chaoborus larvae were important to three species, and detritus to one.  Larval 

and early juvenile fishes were eaten by five species.  Consistency of availability is obviously a 

factor in this.    

 

 The invertebrates varied greatly in abundance (Fig. 4.4), with chironomids averaging 

100-200 per m2 of substratum; Hyalella 200-600; Trichoptera larvae 5-40; Zygoptera nymphs 2-

20; Anisoptera nymphs 0 to 5; Ephemeroptera nymphs 4-80, and mollusks 6-40.  The different 

invertebrates differed also in size.  It would appear that energy content would also vary, although 

perhaps not greatly (Cummins and Wuychek 1971). 

 

 A critical factor in the impact of predatory fish on the invertebrate resource base is the 

fish population size.  In early discussions of the competition exclusion theory as a food niche 

fashioning device, authors (for example, Hartley 1948 and Starrett 1950) assumed that the 

species ranked equally in their pressure on the resource base and on each other.  When numbers 

and biomasses of each species and age class of species are factored into the consideration, it can 

been seen that this clearly cannot be the case.  For example, in the Birch Bay community 

discussed above, biomass of bluegill for June was 70% of the total, that of the small-bodied and 

itinerant brook silverside only 0.05%. 
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 Using the absolute numbers of individuals of these species and relating these to numbers 

of prey of each category in the average stomach (and, of course, allowing that the stomach can 

be filled twice in a day) highlights the impact of the different fish species on the invertebrate 

resource.  To bring this out some arbitrary calculations are made.  On this basis Year III bluegill 

(the heaviest predator) withdrew chironomids for the months May to September of 9,400, 

10,200, 3,700, 2,600, and 8,200, based on numbers of fish netted per 1000 m2 of lake area.  For 

some of the other chironomid larva consumers, numbers eaten ranged seasonally from 176 to 

4000 in the killifish; 17-41 in the yellow perch; and 0-207 in the blunt-nosed minnow.  For 

Cladocera, numbers in the Year III bluegill stomachs ranged from 1700 to 23000; killifish 1170-

6000; black crappie 137-5000; bluntnose minnow 0- 3600; and blackchin shiner, 0-969. 

 

 For Ephemeroptera nymphs average numbers for Year III bluegill ranged from 20-130; 

killifish 0- 41;  Years II-III rock bass 5-47; and yellow perch 0- 26. 

 

 For amphipods the figures for Year III bluegill are 26- 3096; killifish 16-706; yellow 

perch 1-26. 

 

 These figures are introduced in a relative sense to bring out two points:  (1) within 

species variability in consumption of a resource (impact on a resource) is huge; (2) the species in 

a system differ vastly in their impact on each resource type.  Impact on the resource system at 

any time, and seasonally, is so great that interspecific competition could not possibly be a factor 

in the determination of dietetic specializations in modern communities. 

 

4.12 Diet overlaps within fish associations, a quantification? 

 

 Considered in the light of the classical competition theory of "one species, one niche" 

(Elton 1958), diet overlaps are of considerable interest.  How much overlap can occur for the 

species remain ecologically separate?  In the late 1950s and early 1960s, workers sought to 

define a maximum (for example,"permissible") degree of diet overlap that would still allow co-

occurrences (for example,Cody 1974).  The rationalization was the ecological equivalent of the 
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“minimum degree of morphological separation” advanced by Hutchinson (1959) and explored by 

Ricklefs and Travis (1980).  Various indices to measure niche breadth and niche overlap were 

developed. 

 

 The most widely used formulae for quantifying diet overlaps are those of Levins (1968) 

and Schoener (1974), which have a scale of from 0 (no overlap) to 1.0 (total overlap).  Figures 

are developed for pairs of species, or age classes.  They may be expressed as averages of the two.  

It is preferable, however, to express them as reciprocals since degrees of dietary overlap differ 

within the pair: the overlap of a generalist, taking many items, with a specialist utilizing only a 

few, will be greater than the reverse. 

 

Mean monthly diet overlap figures between the members of the Birch Bay community 

(based on broad prey categories) (Keast 1978a) in the study years ranged as follows:  bluegill/ 

pumpkinseed, 0.29-0.67; banded killifish/pumpkinseed, 0.15 and 0.16, and black crappie/ 

pumpkinseed 0.05 and 0.04.  For the planktivorous golden shiner and blackchin shiner, and 

alewife/blackchin, taking the same zooplankter species but occupying different habitats, they 

were a high 0.73 and 0.87, and 0.65 and 0.80.  The average for all the pairs of species in Birch 

Bay was 0.30, which can be regarded as “moderate” overlap. 

 

 Overlap values fluctuated from month to month.  The Year III members of three 

centrarchids species and the yellow perch, three of them generalists and the specialist rock bass, 

were plotted as reciprocals (Fig. 4.13).  Diet overlap of the bluegill on the congeneric 

pumpkinseed fluctuated monthly between 0.6 and 0.2, and the reverse between 0.7 and 0.2.  For 

bluegill on rock bass it averaged between 0.35 and 0;  for bluegill/yellow perch, 0.75 down to 0.  

The rock bass relative to the other centrarchids showed virtually no diet overlap (less than 0.1, 

except in October).  Values ranged from 0.6 down to 0.2 between the rock bass and same-aged 

yellow perch.  

 

 The diet overlap levels for members of the Birch Bay community ranged from 0 to 0.87. 

Some of the highest values were between ecologically equivalent species occupying different 

habitats, as might be expected. 
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The levels of diet overlap quoted here have also been found for other animal groups 

(Cody 1974) and other fish systems. For six co-occurring fish species in the Juniata River, 

Pennsylvania, Johnson and Dropkin (1995) recorded overlaps as low as 0.13 (specialist detritus-

feeding bluntnose minnow compared to other species) and up to 0.76 (smallmouth bass and 

redbreasted sunfish).  For nine sympatric darter species in French Creek, Pennsylvania, Gray et 

al (1997) found overlap values of 0.58-0.97 for juveniles.  Almost all overlap values between 

females of species and their male counterparts were less than 0.6.  Between Percina evides and 

Etheostoma, diet overlap was a low 0.06.  For other Ontario systems, Brown (1977) derived 

figures of from 0.1-0.7 for centrarchids and percids, and Complak (1982) calculated overlaps of 

0.3-0.6 for two small Ontario lakes and an estuary.  For juvenile fishes in weedbeds in Opinicon, 

the writer (Keast 1985c) derived values of 0-0.53, most being in the 0.1-0.2 range.  

 

 In most cases of seasonally high overlap values in Birch Bay (and the other Ontario 

systems studied), these occurred when sought after prey types became abundant.  They were not 

an expression of species being forced to share a shrinking resource as found by Zaret and Rand 

(1971) for fishes in Panama streams. 

 

 How ecologically meaningful are diet overlap figures?  They are limited by both 

technical and interpretative problems.  Overlap indices concepts can only be visualized when 

resource categories are discrete, resources are equally available throughout the area, and the 

probability of use of one category is independent of the probability of use of another.  (These 

features also characterize competitive concepts.)  In nature, resources are commonly patchily 

distributed and pairs of resources (for example, food and habitat) are frequently linked.  Diet 

overlap values may thus be influenced by the distribution and abundance of resources (Schoener 

1969, 1971; Colwell and Futuyma 1971; Smith and Tyler 1973; May 1974), and by the shape of 

the resource utilization function (Roughgarden 1974, 1979).  Problems also arise in 

interpretations of what value of overlap should be regarded as “high” (at what point is one 

species significantly competing with the other?).  Zaret and Rand (1971) considered values 

greater than 0.6 to be biologically significant.  The writer uses an arbitrary figure of 0.30-0.35.  
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 To complicate things further, a "high" overlap value could, mean either that the two 

species were being simultaneously attracted to a “superabundant” resource, or being "forced"  to 

share a shrinking scarce one.  These problems have been assessed in a range of studies on 

Ontario lake fish communitiesfor example, - see Brown (1977), Keast (1977a, b, 1978a, b, 

1985b), Complak (1982), and Deacon (1984). 

 

An alternative method of envisioning the dietary relationships of the species in this Birch 

Bay assemblage is to arrange them in a hierarchy of similarity using cluster analysis (Pielou 

1984; Jackson and Harvey 1989).  The resultant diagrams provide a highly visual summary of 

dietary relationships.  When this is done for May, July, and September for the Birch Bay species 

assemblage (Fig. 4.14) there were characteristic clusterings of species into "feeding guilds" 

(Chapter 6).  Basic separations characterized the piscivorous largemouth bass and generalist 

yellow perch from the planktivores (bluntnose minnow, golden shiner, black crappie, and brook 

silverside), and these from the remainder with intermediate and variable diets.  Dietary 

relationships vary between seasons. 

 

Age class diets of one species often ranked closer in the hierarchy to those of age 

equivalents in other species, rather than with other age classes of the same species.   In May the 

diet of the yellow perch in Birch Bay, represented by only one age class, was most similar to that 

of the largemouth bass (40% of items shared by weight);  but in July relative to Years II and III 

rock bass, it was 50%.  In September, the largemouth bass stood apart from all others.  In May, 

large and small bluegill, and small-bodied killifish shared somewhat similar diets (with about a 

65% overlap).  In July, however, the diet of the largest bluegills was closest to that of the 

pumpkinseed and black crappie; in September to the pumpkinseed and killifish.  In May, the 

crappie clustered with the small-bodied planktivorous silverside;  in July with the large bluegill 

and pumpkinseed; and in September with the Year 0 largemouth.  The pumpkinseed diet was 

distinct from that of the bluegill early in the season, but similar to it in July and September.  

Even amongst the small planktivores (bluntnose minnow and blackchin shiner) diet similarity 

levels varied seasonally.  The May and July differences were due to contrasting cropping of the 

cladocerans, Bosmina longirostris and Chydorus sphaericus.  
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How much does the calculation of diet overlaps and presentation of cluster diagrams help 

us understand the trophic ecology of species in fish systems?  The deficiencies in methods limit 

interpretations.  It is apparent that "relationships" between the feeding habits of different species 

and size classes freely vary and fluctuate. 

 

4.13 Species trophic separation on the basis of feeding times 

 

 Studies on diel cycles of stomach fullness in Birch Bay, Lake Opinicon, using series of 

fish collected at 2-3-hourly intervals throughout the 24-hour period (Keast and Welch 1968), 

showed bluegill, pumpkinseed, yellow perch, and eastern banded killifish to be diurnal feeders 

with fullness peaks in the morning and afternoon.  The rock bass had its major stomach fullness 

peak in the early part of the night, and the black crappie and brown bullhead at night (Keast 

1968).   

 

 Separation into diurnal and nocturnal feeders also occurred in the mid-lake fish 

community (Keast and Fox 1992).  Nocturnal feeding is largely related to the well documented 

nocturnal migration of Chaoborus and cladocerans up towards the surface (Zaret and Suffern 

1976).   

 

 That co-occurring fish species commonly separate into diurnal and nocturnal feeders is 

now well known (Spoor and Schloemer 1936; Spencer 1939; Darnell and Meirotto 1962).  The 

yellow perch (Perca flavescens) is a day feeder throughout its range with clear cut migrations 

occurring (Nakashima and Leggett 1978; Persson 1983a, b; Boisclair and Leggett 1985). 

 

 On the basis of 37 published studies on ecological separation patterns within fish 

communities, Ross (1986) found temporal feeding separation to be the most important separation 

factor in 11% of cases.  It usually broke along family or ordinal lines.  A few fish species 

(alewife, golden shiner) show some night-day adjustment depending on circumstances.  The 

Arctic char (Salvelinus alpinus) and rainbow trout (Oncorhynchus mykiss) feed both by day and 

night (Alanärä and Brännäs 1997). 
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  Separation of species into nocturnal and diurnal feeders enables better exploitation of 

prey.  As a secondary effect, it also potentially reduces interspecific competition within fish 

communities. 

 

4.14 Diets and resource division patterns in the associations, a summary 

 

The survey establishes the major features of feeding and diets for the Birch Bay fish 

association: 

 

1. Each species has its own diet involving a complex grouping of different prey types. 

 

2.  This involves "core", or "preferred" items that are eaten irrespective of abundance.  These 

are supplemented by other prey types.  That fish species use a variety of food types has long 

been known (Pearce 1916; Starrett 1950). 

 

3. In most species there is a marked opportunistic element to the feeding, as indicated by 

increased harvesting at times of abundance.  Since invertebrates have stereotyped seasonal life 

cycles, the same fish diet switches are likely to occur annually at the same time.  See data in 

Keast (1977a) on the yellow perch.  All long term studies of fish feeding have found month to 

month diet shifts (Larkin et al 1957; Stroud 1948). 

 

4. Fish draw their diets from a common source.  In Opinicon, up to 10 species used 

chironomids, and 8 Cladocera.  Presumably (but obviously not necessarily always) it is the 

dominant prey species within the prey group that all the species use - see data on Cladocera and 

fish feeding in Chapter 6, and examples from the feeding of African Rift fishes reviewed in 

Chapter 11.  The dominant Cladocera Bosmina longirostris was used by most fish in Opinicon 

that consumed Cladocera, in other lake systems, it may be the dominant Daphnia spp. 

 

5. Degree of diet overlap between pairs of species varies with the season, according to the 

resources being used.  Fluctuations occur between age classes within species and between 

equivalent age classes in different species. 
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6. Fish species can be grouped into "generalist" and "specialist" feeders on the basis of 

whether the diet is made up of many, or only a few, items.  The division is arbitrary.  Most 

species are positioned between these extremes.  A species might be a generalist on the basis of 

taxonomic categories of prey, or a specialist on the basis of sizes of prey. 

 

7. Ontogenetic diet shifts are general (Chapter 6) but are commonly limited to differing 

proportions of the same range of prey types (as between the younger, and older, age classes of 

bluegills in Opinicon).  They may be great (as in the Opinicon rock bass).  (The subject is 

explored in detail in Chapter 6, and see Ricker 1969; Leonard and Leonard 1949; Northcote et al 

1954; and others. 

 

8. Just as fish species differ in habitat and diet preference, so do age classes within species.  

In Birch Bay, some species were represented by only one or two age classes.  This theoretically 

must reduce intraspecific food competition. 

 

9. Represented in Birch Bay are planktivores, insectivores, molluskivores, piscivores, as in 

other systems. 

  

4.15 The limnetic zone mid-lake community in Lake Opinicon 

 

 This habitat is characterized by open water column, absence of vegetation, and a bottom 

of suspended sediments with some areas of rock (Chapter 2).  The major prey resource is 

Chaoborus larvae and zooplankton which become highly accessible during nocturnal vertical 

migration.   

 

The community consisted of the larger-bodied individuals of five species (bluegill, black 

crappie, alewife, golden shiner, yellow perch, Keast and Fox 1992).  The fish were obtained by 

tiers of gill-nets set in different depth zones and at different distances from the shore, and cleared 

every four hours.  The members showed positional change between day and night, and relative to 

the shore, as well as seasonally (Chapter 2). The members of the fish community were mid-water 
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feeders with, in the yellow perch, cropping of prey in the areas of firm bottom and along the 

littoral zone edge.  The bluegill and perch were diurnal.  The other three were nocturnal feeders.   

 

The large-bodied water-column dwelling bluegill population fed importantly on the 

dominant planktivore Bosmina longirostris, which usually exceeded 30% of the diet by weight 

(Keast and Fox 1992; Fig. 4.15).  Nine accessory prey types, mostly insect larvae, were eaten in 

small amounts.  The diet generalist tendencies of the species were, hence, maintained.  The black 

crappie utilized Chaoborus larvae, emerging chironomid pupae of the bottom ooze dwelling 

Chironomous plumosus, Cladocera from the water-column, plus Ephemeroptera nymphs taken 

near the littoral zone edge (Fig. 4.16).  Alewife ate cyclopoids, Chaoborus larvae and pupae, 

Chydorus sphaericus, and chironomid pupae.  Golden shiner took Bosmina longirostris (which 

exceeded 50% of the prey weight in the stomachs), chironomid pupae, and adult Diptera picked 

up from the surface.  Golden Shiner diet was the most specialized of all the fish.  Yellow perch 

ate odonate nymphs, decapods, and small fish.  Spring and summer diets of the species were 

similar, differing mainly in proportions of different items eaten. 

 

Diet overlaps were lower than in the adjacent littoral community.  The overlap of bluegill 

to other species ranged from 0.12-0.46;  perch to others 0.01-0.22;  black crappie to others 0.21-

0.30;  alewife to others 0.02-0.38, and golden shiner to others 0.02-0.34 (Keast and Fox 1992). 

 

This limnetic fish association thus reflected the same features of the Birch Bay littoral 

association.  There was a close link between diets and feeding times and the features of the prey 

resource base.  Small-bodied ontogenetic forms did not occur.  There was not the range of 

adaptive types present in the limnetic association that occurred in the bay. 

 

4.16 Contrasting littoral zone substrate type associations 

 

Do diets vary between adjacent habitats?  Harker (1976) studied the diets of the five most 

widely ranging species in the littoral zone using individuals netted in areas of:  (i) exposed sandy 

shoal;  (ii) sandflats in a sheltered bay;  (iii) a "mixed bottom" area of sand, silt, sunken debris 

and light weed; and  (iv) a heavily weeded section of fine silt.  The habitats had the same basic 
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taxonomic types of invertebrates but abundances and percent representations were different - see 

Year III bluegill and pumpkinseed diets for May and July (Figs. 4.17, 4.18). 

 

The same prey types as in Birch Bay were used by the two species but proportions 

differed.  Food types were eaten relative to abundances in the zoobenthos.  

 

4.17 Diets of three habitat specialists 

 

 Three habitat specialists occurred adjacent to Birch Bay.  These were: (i) the log perch 

(Percina caprodes) inhabiting areas of rubble and gravel;  (ii) the mudminnow (Umbra limi) 

confined to cat-tail fringe; and (iii) golden shiner that marginally enters the littoral zone from 

offshore.  The log perch took chironomids, amphipods, isopods, and small odonate nymphs (Fig. 

4.9).  The mudminnow ate Ephemeroptera and Odonate nymphs, Coleoptera, mollusks and 

annelids.  The golden shiner took Bosmina longirostris, filamentous algae, adult Diptera from the 

surface, and chironomids, a diet rather more diversified than that of its mid-lake members. 

 

 The diets were made up of the same prey species as the Birch Bay fish, but again in 

different combinations.  The log perch diet had some resemblances to that of the pumpkinseed, 

but without the mollusks.  The mudminnow diet had some resemblance to that of the yellow 

perch. 

 

4.18 Resource division in other Ontario lake communities. 

 

 Comparable diet studies to those of Birch Bay have now been carried out on some twenty 

Ontario fish assemblages - see Harker (1976), Brown (1977), Bankey (1979), Payson (1982), 

Complak (1982), Deacon (1984), Keast and Fox (1990). Their general conclusions agreed with 

those of the Birch Bay survey  in the main features.  The diets of the species:  (i) differed;  (ii) 

each had a couple of core diet items; (iii) there was opportunism in response to the fluctuating 

prey resource base; and (iv) diet switches were usually identifiably related to changes in 

abundance.  There were clear-cut monthly shifts in diet.  Overlaps between species, usually 0.4-

0.6, were equally high to these in the Birch Bay fishes.  The communities were comparably 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

structured with piscivores, insectivores, and algivores.  Chironomid larvae and Cladocera were 

the most important prey items throughout.  Diet generalists and specialists and nocturnal and 

diurnal feeders occurred. 

 

 Detailed studies on the 12-species Jones Creek assemblage (Keast 1966, 1996 and 

reviewed in Chapter 8) confirm these basic features for a resource rich creek system.  Structuring 

of the community was on the basis of 2 species of piscivores, 7 generalist insect eaters, 2 

herbivore and algal feeders, and 2 detritus feeders.  Planktivory was rare, as is characteristic in 

streams, and herbivores more obvious in ponded sections with much vegetation.  Chironomid 

larvae and Cladocera were again harvested by many species.  The diet specialists were either 

planktivores or piscivores.  Diet overlaps between species were 0.4-0.6.   

 

4.19 Theoretical considerations about fish feeding  

 

4.19.1 Ivlev’s prey electivity concepts.   

 

In a work assessing foraging theory, Ivlev (1961) raised the question of whether fish take 

what is most available or consciously elect to take specific prey types?  Equations were 

developed to test this.  Manly (1974), Ready et al (1985), Strauss (1978), Pearre (1986), and 

Rachlin et al (1989). Lechowicz (1982) explored the several indices for all combinations of "r" 

(measure of utilization of food types) and "p" (abundance or variability in the environment).  

Assessed were such factors as the symmetry of the electivity value as feeding deviated from 

random, the possible range of index values, linearity of changes over the full range of "r" and 

"p", and statistical testability.  Lechowicz (1982) found that all equations gave comparable 

results.  The "E" index of Vanderploeg and Scavia (1979a and b) however, was superior in terms 

of amenability to complementary statistical analysis.  Manly et al (1993) provide an updated 

assessment of the electivity concept and statistical tests that have been applied to it. 

 

 How relevant are prey electivity equations and models in understanding the choice of fish 

diets or, better, still making predictions about these?  Unfortunately, the equations come with 

limiting assumptions which have often not been realized (Manley et al 1993).  They are:  (i)  the 
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various components of the prey resource base must be equally available or accessible;  (ii) the 

proportions of prey types in the environment must remain constant through the period of the 

survey:  the predator must not change this by his activity;  and (iii) the potential prey types must 

be correctly identified, or counted.  There is also the interpretative problem of discriminating 

between “selection” of a resource, the process whereby an animal chooses it, and “preference”, 

its likely choice if offered on an equal basis to others. 

 

 Relative to the field studies that form the basis of this book, the third criterion can readily 

be met, but the first cannot.  No two prey types are ever equally abundant and hence equally 

accessible in a numerical context.  They vary widely in mobility; distance at which they can be 

detected which, in turn, varies with light conditions; "catchability"; body size; and visual acuity 

of the predator (Hairston et al 1982).  

 

Short of using an extremely short time scale, which would largely obviate the advantages 

of using the formula, the second condition also cannot be met.  Availabilities vary with time of 

day.  Chaoborus larvae, some zooplankters, and most emerging chironomid pupae, for example, 

are optimally available only at night.  Likelihood of harvesting these will depend on the 

characteristic feeding times of the fish.  Temperature may also influence invertebrate 

abundances.  In Marion Lake, British Columbia, Ware (1974) found that the proportion of the 

amphipod population at the mud-water interface was 30% at higher temperatures, but only 2% at 

lower temperatures.  The requirement that a predator not influence the abundance of prey during 

the survey period cannot be assumed under natural conditions.  A concentrated emergence of 

winged ants may be widely dispersed by winds and currents in a few minutes.  

 

"Accessibilities" of specific prey types are not the same to all species.  Brown bullheads 

may obtain chironomids by “mouthing” the sediments, log perch by rolling over stones, and the 

bluegill by plucking from the vegetation.  Species differ in speed of feeding:  a stalker like the 

mudminnow may take seconds to capture a prey item, a pursuit predator (golden shiner) does it 

rapidly (personal observation).   
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How faithfully do abundances and proportions of the different prey types in the 

environment, as determined by mechanical means, mirror that obtained by the “sampling 

method” fish use?  The distinction has been realized by Rachlin et al (1987).  They argue that 

only the fish can quantitatively monitor the resource base.  By admitting this, however, we 

introduce a circularity:  using the fish both as a basis of "obtainability" and of harvest preference. 

 

It has been argued here that most fish, whilst exercising some preference in prey items, 

respond strongly to prey abundance in their feeding.  This rationalization makes sense and can be 

presumed to be general.  The formulae, then, cannot give a simple positive/negative result but 

express a gradation between the two. 

 

4.20 Indices of relative importance 

 

In later years the concept of "indices of relative importance" has been advanced by some 

authors as a means of expressing hierarchies and basic features of fish diets.  Such calculations 

can involve % weights of the different prey organisms, % numbers of different prey types (as 

used in this book) and % of individuals in an association taking the different resource types.   

 

 Compound indices involving all three have been recommended (for example,for example, 

Corté 1998; Frost and Brown 1967, Hansson 1998). 

 

 Calculations of Macdonald and Green (1983) showed the use of such indices, including 

compound indices, are redundant and convey no additional information to that available from the 

basic data.  They have been condemned as meaningless by Hansson (1998).  On this basis I do 

not calculate them here. 

 

4.21 Classification of feeding strategies: diet “specialist” and “generalist” and other 

concepts 

 

 The terms "ecological generalist" and "specialist" are well established in the literature.  

Gerking (1994) had defined “generalists” as species that utilize “a broad spectrum of foods in 
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terms of prey species or microhabitats in which the prey live”.  He sees the term “specialist” as 

implying a diet restricted to a relative small number of prey types.  Specialists should be more 

clearly delineated when the food base is abundant, generalists when it is scarce, he argues.  A 

third category, “opportunist”, is allowed.  This is defined as a species that discards a common 

food source whenever a more profitable one comes along.  The terms, he notes, are relative and 

not absolute. 

 

 Schoener (1969) suggested that a generalist feeding strategy should be favoured:  (a) 

when food density is low and there is a premium on being able to take a range of prey;  (b) when 

the predator has a relatively long period to gain energy, as for example, in sub-Arctic lakes 

where there are few competitors;  (c) if a short time only is available for feeding and;  (d) when 

prey density fluctuates widely.  Larkin (1956) earlier suggested that fish in general should refrain 

from overspecialization in diet (and habitat), that is tend not to become specialists but retain the 

adaptability necessary to cope with the ever changing conditions in aquatic systems.   

 

A problem with the diet “generalist”, “specialist”, and “opportunist” categorizations is 

their extreme arbitrariness.  The need to get a more precise “handle” on resource use spectra that 

form a continuum led to the introduction of diet diversity concepts and diet breadth calculations.  

These measure the spread of the utilization curve.  They incorporate both the range of resources 

used by a species and the degree of evenness of representation.   

 

The widely adopted Levins (1968) diversity equation  produces values for diets along a 

scale from 1.0 to 5.0 (diet breadth).  In Opinicon, the lower end of the scale characterizes the diet 

specialists that take relatively few taxonomic types of prey, for example, the small cyprinids 

(Keast 1978a).  Contrasting with them is the "generalist" bluegill where the "mean annual" diet 

breadth figures range from 2.8 in the smaller-sized age-classes, to 4.0 for the larger fish.  In 

different habitats the mean annual figures range, for Year I from 2.5-3.0; and Year IV plus from 

2.8-3.5 (Harker 1976).   
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For prey size, diet breadths are 1.3- 1.8 for Years 0 and I bluegill;  1.0-3.3 for Years IV-

V, and 4.0-6.0 for years VI plus (Keast 1977a).  Month to month diet breadth fluctuations for 

Year I fish range from 1.1-2.4;  Year II from 0.9-4.5;  and Year VI plus from 1.6-5.2.   

 

The range of figures for rock bass was comparable.  Here the greatest diet diversity, both 

in taxonomic categories and prey size, were in the mid-size Years III-V fish (Keast 1977a).  

Major monthly swings in the value again occurred.   

 

For pumpkinseeds, an equally generalist feeder to bluegill, monthly variation on 

taxonomic categories ranges from 3.3-5.0 in year I, to 1.8-3.3 in Year II, and 2.8-3.8 in Year VI 

plus fish (Keast 1977b). 

 

Diet breadth calculations on the basis of prey size may differ totally and comparatively, 

from those using taxonomic categories.  For example, the bluegill for example, could be 

classified as a generalist using one attribute, and as a specialist using the other. 

 

Diet breadth figures, in the absence of an absolute measure of significance, are of limited 

ecological meaning.  Their merit is in providing inter-species comparisons.  The sometimes wide 

month to month variations are, however, notable.  The changing diet breadth figures in the rock 

bass highlight its ontogenic switch from a diet of many small items to a few large ones (Chapter 

6). 

 

In an endeavour to provide a more meaningful classification of prey use “strategies”, 

Rachlin et al (1989) developed a resource use equation based not on the niche breadth measure 

of (Levins 1968) alone, but in combination with a proportional similarity measure of Feinsinger 

(1981).  A 4-way categorization of fish feeding strategies emerged.  If both niche breadth and 

proportional similarity in feeding are high, the fish is a "classic generalist".  If both are low, it is 

a "classic specialist".  In cases of non-concordance where the value of niche breadth is high but 

proportional feeding is low, the species is a "selectionist".  In the reverse case, it is an 

"opportunist" (Rachlin et al 1989).  Under this categorization, the smaller bluegill fall into the 

"generalist", or "opportunist" category, except in May when they would rank as "specialists".  
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Giving ecological meaning to it is another matter.  The concept simply reflects the nature of the 

prey resources being used by the particular species.   

 

These "ecological classifications" highlight how species may group available variables 

and illustrate the occurrence of alternative "feeding strategies".  Beyond these illustrations, their 

ecological meaning is very dubious. 

 

4.22 Prey "preference" in the feeding of individual fish:  reality or artifact? 

 

 The term “preference” frequently crops up in discussions of feeding in fish.  It is 

commonly used as a non-committal term to refer to a prey use event not readily otherwise 

explainable.  Even Ivlev (1961) occasionally used the term.  Is there such a thing as preference, 

or is it just an artifact? 

 

 Experimenters with aquaria fish note the existence sometimes of a “hierarchy of 

preference” when the fish are provided with series of alternative foods (Murdoch 1969; Ringler 

1983).  This has persuaded some workers that within a population, individuals may “prefer” 

different food types and crop prey accordingly.  The experimental work, however, has usually 

involved “abnormal” foods like adult Drosophila, tubicid worms, and coloured rice grains.  The 

objective of the experimenter appears to be to demonstrate the existence of capacity to exercise 

diet preference. 

 

 Several authors (Dill 1987;  Ringler 1983;  Ehlinger 1990) accept that fish could exercise 

individual preference.  Demonstrations of it in the field, are rare.  When Bryan and Larkin (1972) 

pumped the stomachs of individually tagged wild cutthroat (Onchorhynchus clarki) at intervals 

over a period of a year, some individuals consistently selected the same range (or subset) of prey 

types.  Ringler (1985) has described individual differences in prey switching in the brown trout.   

 

 Whether or not individuals within species exhibit diet preferences, or do so occasionally, 

is a moot point.  Members of species netted by us responded to prey availability.  It would be 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

counter-productive for a fish to pursue a "preferred" food item when a seasonally dominant one 

is readily available. 

 

 In a discussion of natural systems, Wootton (1990) notes the difficulty of separating 

"preference" with a genetic basis from a learned event.  Theoretically, if members of a species 

showed individual diet preferences, it could enable more species to co-occur.  Whether or not the 

occurrence of innate preference is a first step in the development of morphs in different habitats 

(Ehrlinger 1990; Robinson and Wilson 1994; Skulason and Smith 1995 - see Chapter 9) is a 

moot point. 

 

4.23 A comment on "omnivory" 

 

 The considerable data sets on species diets in the lake systems explored in this Chapter 

infer an overwhelming priority to having a distinctive individual diet.  "Omnivory" where fish 

randomly from different levels is absent. 

 

 Recently in the literature, several authors (but not fish people) have advanced omnivory 

as being a highly advantageous feeding strategy.  See discussions of broader subjects in Diehl 

(2003), Eubamls et al (2003), Rosenheim and Corbett (2003), and Singer and Bernays (2003).  

(The term "omnivory" has, of course been differently used.  Some see it as feeding at more than 

only trophic level (Menge and Sutherland 1987) but, Singer and Bernays (2003) use it to cover 

also ontogenetic age changes in diet.) 

 

 Authors have noted that omnivory may be widespread in terrestrial arthropods, occurring 

across a diversity of taxa (Coll and Guershon 2002).  Included are mites, scorpions, mantids, 

heteropterans, beetles, caddisflies, neuropterans, and wasps (Fagan 1997).  Pimm and Lawton 

(1977) earlier suggested that, however, omnivores will be rare in the real world. 

 

 Noting that omnivory may also be disadvantageous (confusing food chains, increasing 

interspecific competition), Hailey et al (1998) have endeavored to explain it as a feeding 

strategy.  It has been suggested: (1) That there is an optimal diet but mixing is necessary to 
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supplement this when it is not available.  (2) No single food is nutritionally superior so that the 

organism impartially takes a range of foods.  (3) Mixing reduces the threat of toxins.  (4) 

Relative quality of food changes with time: mixing allows diet switching.  (5) Food mixing 

might minimize exposure to environmental risks. 

 

 For fish, no arguments can be advanced as to why "omnivory" should be a superior 

feeding strategy.  There are indeed fish species that crop both zooplankton and insects (for 

example, herbivorous and insectivorous cyprinids).  These minor cases do not indicate a value 

for omnivory. 

 

4.24 Optimal foraging theory and the resource base in lakes 

 

 Optimal foraging theory argues that animals will respond to their environment in 

predictable ways based on reward (Chapter 2).  In terms of diets, then, the largest prey item 

should be selected because it contains most energy.  Indeed, experimental bluegills in tanks 

presented with a range of prey sizes in equal abundance did select the largest items (Werner and 

Hall 1989). 

 

Optimal foraging theory relative to fish has been considered mainly in terms of space use 

and habitat (Chapter 2) – see Werner and Hall (1979, 1988), Mittelbach (1981), and Mittelbach 

and Osenberg (1994).  Under manipulative and experimental conditions, the rationalizations of 

the theory find good support.  Indeed, Mittelbach et al (1992) have suggested that“Foraging 

theory provides a potentially powerful tool for understanding the interaction between a predator 

population and its prey assemblage”.  Is this really so, or is the concept, when related the 

resource use in the wild, purely a reflection of an idealized manipulative situation?   

 

 Natural systems are different from experimental ones and it is a moot point how much 

relevance the optimistic rationalization of Mittelbach and Osenberg has for the field situation.  If 

all individual fish seek the largest and most energy-rewarding prey, all species would end up 

eating the same thing.  Allowance must be made for two basic factors.  The prey resource base is 

not a continuum but is made up of two or three size clusters (Mittelbach 1981; Hanson et al 
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1989; Sprules et al 1991; Rasmussen 1993).  Fish species, in evolving their diet niches, must 

relate to this fact.  Large prey types are relatively rare (Hanson and Wahl 1981; Confer et al 

1990).  A close connection between predator size and prey size is one of the features of fish 

feeding. 

 

 Species evolution selection cannot proceed only with an emphasis on selecting the largest 

prey organisms.  Species must specialize on a defined prey size category.  Since it is often the 

case that the smallest prey are superabundant and the larger forms rare, seeking only larger prey 

could be energetically disadvantageous.  The emphasis for individuals within species to seek 

larger prey can only take place within the "allocated" prey size range being utilized by the 

species.  The option for choosing ever larger prey is limited.  The conclusions of Mittelbach and 

Osenberg (1994) can have only limited relevance in the field. 

 

4.25 Food webs and the trophic resource base 

 

 Food webs and trophic cascade concepts (Chapter 1) are a contrasting approach to the 

resource use issues explored in this book.  The central emphasis of these is on energy flow.  

Documentation of precise diets is of less emphasis in energy flow ecology, and more emphasis is 

placed on tightness of interspecies connections.  Further development of the trophic web 

approach is warranted.   

 

4.26 The ecological niche concept in fishes, the concept and the reality 

 

 The concept of "species niche" has had a long history in ecological thinking.  Early 

workers were very appreciative of the fact that each animal species had exclusive ecological 

attributes distinct from that of other species.  Grinnell (1917, 1928), with factors determining the 

distributions and abundance of species uppermost in mind, saw the niche as the range of features 

that ensured survival and species perpetuation.  Elton (1927, 1958), by contrast, saw it as a 

species functional role in the community; "the niche of an animal can be defined to a large extent 

by its size and food habits".  Species could co-exist because they differed from each other in 

these dimensions.  See Vandemeer (1972) for a review of some of their earlier thinking. 
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 A more sophistocated definition of the niche was subsequently advanced by Hutchinson 

(1959).  He saw the natural environment made up of multiple dimensions, each representing a 

resource of importance, and relative to which each species exhibited frequency distributions of 

resource utilization.  The niche was then the n-dimensional hyper-volume occupied by the 

species within this space.  Within this space were two potential dimensions: the "fundamental" 

niche that the species could potentially utilize in the absence of competitors, and the "realized" 

niche, that occupied in the presence of competitors.  This Hutchinsonian concept of the niche has 

been very widely quoted.  Levins (1966) and MacArthur and Levins (1967) subsequently 

introduced the concept of dimensionality of the niche. 

 

 To fully resolve all the dimensions of the Hutchinsonian niche for a range of species in a 

community, incorporating its physiology and other factors, would be a formidable task.  The 

Eltonian concept of niches is, hence, in general use (Chapters 6 and 7).  Most of the subsequent 

rich and diversified literature on ecological roles, with interspecific competition regarded as the 

all-important shaper of ecologies is based on this concept of the Eltonian niche (Cody 1974; 

Rickleffs 1975; Colwell and Fuentes 1975; Diamond 1978; Giller 1984). 

 

 The ecological niche concept for fish differs from that of terrestrial vertebrates in two 

major ways.  Fish may change their ecological niche in the course of ontogeny, and a high 

degree of dietary plasticity may occur (Chapters 6 and 7). 

 

 In later years, a few workers have played down the "niche" concept as a fallacy with little 

value.  I disagree with this.  A term that generally defines a species role is necessary.  The 

"niche" is a very useful concept if used as a "handle" to express species ecology.  It can also be 

thought of as a "species character" (Chapter 2).  A species identity involves a unique 

combination of anatomical, physiological, and ecological attributes, developed to various and 

different degrees in response to factors such as habitat, food, use of time, and needs in 

reproduction. 
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 The niche concept is tightly associated with other concepts like "species richness" in 

systems.  How many species (how many "niche components"), can a system support?  Relative 

to this, the older concept of "species packing" can be noted.  It was believed that since nature 

"abhors a vacuum", all ecological opportunities would be filled.  The concept of carrying 

capacity is based on species numbers and  "niches". 

 

4.27 Are species diets determined by interspecific competition? 

 

 Interpretation of major findings about feeding and resource division invites an 

exploration of the role of interspecific competition in "setting" these.  Is competition a major 

factor? 

 

 The question of the significance of interspecific competition is central to large areas of 

this book.  Because a full understanding of all the ramifications of competition issues cannot be 

accomplished here, two major components of the subject are considered.   The history of the 

subject, and the subject of ecological overlaps are discussed in Appendices at the end of the 

book.  The history subject is pivotal.  "Ecological overlap", or how different co-occurring fish 

species must be, has already been considered for the Opinicon example.    Background 

consideration of competition can be limited to definition. 

 

 

Interspecific competition has been defined around a common theme: for example,“the 

demand (typically at the same time) of more than one organism for the same resources of the 

environment in excess of immediate supply” (Larkin 1956), or “when the presence of more than 

one species causes the average total biomass (standing crop) of one of them to be less than it 

would be if that species were existing alone – species which are directly parasitic or predatory on 

one another being excepted” (Maitland 1965). 

 

 Competition has been divided into “exploitative” and “interference” competition.  The 

former occurs between two species when one reduces the available food supply to a level that 

makes the habitat unprofitable for the other species (Werner and Hall 1977).  Interference 
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competition often stems from aggressive behavior (Hindar et al 1986).  Much of the support for 

intersecies competition is inferential, for example, (Crowder et al 1988).  “Tests” have been 

advanced that have “supported” it (Cody 1974;  Pianka 1974).  Others have come out against it 

(Wiens and Rotenberry 1980, 1981).  Features that have been advanced as supporting it include:  

(i)  nonrandom resource partitioning;  (ii)  niche shifts, niche complementarity, and niche 

compression;  (iii)  the niche overlap hypothesis (and inference that there are limitations to the 

degree of overlap that can occur);  (iv)  constancy of minimal body size ratios;  (v)  resource 

limitations;  and (vi)  depression of the growth or condition by one species or another.  Eadie 

(1982) reworked some of the tests and assumptions in a series of northern Ontario fish 

communities and found the results inconclusive. 

 

 There are various demonstrations of species, under some circumstances, "interfering" 

ecologically with each other.  Included are "whole lake" manipulations which lead to diet 

changes.  A study by Persson and Hansson (1999) involved (i) the roach (Rutilus rutilus), a 

generalist animal and plant feeder; the bream (Abramis brama), a benthivore; and perch (Perca 

fluviatilis, a carnivore that switches its diet ontogenetically from planktivore to benthivore.  

When the roach and bream biomass was reduced to 33% and 10% of the former levels, most size 

classes of roach increased their use of benthic organisms.  Bream, in turn, shifted their diet to 

zoobenthos at an earlier ontogenetic stage.   

 

 Werner and hall (1977) provide various examples of one fish species excluding another 

from a preferred habitat, with secondary diet effects. 

 

 What do resource division studies reveal about competition as a determiner of niche?  

The answer pivots on (i) whether or not food supplies are limiting; (ii) whether the fish are able 

to avoid competition by moving from the immediate area; and (iii) if they can readily change 

their diet when competitors decimate a resource. 

 

 Diet overlaps between species, in the absence of hard data on the degree at which they 

become ecologically significant, do not prove or disprove competition.  There is no evidence in 

my study of lakes that resource shortages ever force species on to a few shrinking prey types, as 
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found to be the case in Panama streams (Zaret and Rand 1971).  By contrast, a "superabundant" 

resource attracts species to it (for example,Gascon and Leggett (1977)). 

 

 Partly invalidating arguments for competition as a molding device are (i) the differing 

abundances and impacts of fish species;  (ii) difference in body size and morphology which 

channel the species to different resources; (iii) morphological specializations;  (iv) use of 

differing foraging methods;  (v) since they are  poikilotherms, fish are capable of going without 

food for periods;  and (vi) a considerable ability to switch diets. 

 

 Basic tenets of classical interspecific competition theory that can only apply when (i) 

resources are demonstrably limiting;  and (ii) the system is "closed", that is the species cannot 

avoid competition by moving elsewhere. These criteria are not met in most fish communities, 

including those studied by me. 

 

 The term "competition" is today commonly used very loosely, and without definition, as 

a catch-all when no explanation for an event is readily available, for example in discussions of (i) 

how species interrelate through food webs (Lundvall et al 1999; Bodini 2000; Stein et al 2002); 

(ii) complex predator-prey interactions (Olson et al 1995);  (iii) cases of age classes of species 

apparently excluding each other (Landry et al 1999); (iv) one species interfering with the growth 

rate of others (Rand and Stewart 1998); (v) interspecies aggressiveness; (vi) the changing of 

community compositions by piscivores (White and Harvey 2001; Reinhardt 1999); and (vii) and 

changes to the basic structure of communities (Sherwood et al (2002). 

 

 Features of feeding and the resource base that could be said to allow for interspecific 

competition as a molding force are: (i) each species has an individual diet: prey utilization is not 

random; (ii) precise annual replications of the prey invertebrates  means that the food supply is 

predictable. 

 

 Evidence that competition could not be a diet organizer includes: (i) food type 

availabilities vary from month to month; (ii) the diets of most species are rather generalized and 

feeding has an opportunistic component; (iii) diet overlaps between pairs of species may be 
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asymmetrical; (iv) the diets of species change ontogenetically; (v) there is a great disparity in the 

abundances of the co-occurring species, and abundance of prey types vary markedly; (vi) there is 

no evidence that food is limiting; and (vii) the fish are not necessarily confined. 

 

 For competition to be an evolutionary factor, it must be constant and remain in place for a 

long time.  The evidence indicates that the necessary stability is lacking.  Interspecific 

competition cannot be the basic selective force controlling the diets of the fishes discussed here, 

relative to a predictable supply. 

 

4.28 The basis of species diet separations 

 

 If the main driver of the organization of freshwater fish feeding assemblages is not 

interspecific competition, what then initiates and maintains diet separations?  Several hypotheses 

have been advanced.  These include:   

 

1. Species combinations in a system are purely a matter of chance: they are also limited by 

what potential colonizing stocks are available.  On this line of reasoning, assemblages could 

theoretically have only a few species, or many dozens. 

 

2. Individual species bring into the system their ecological attributes and specializations 

acquired earlier in their evolution.  They are, then, not in competition with each other in the 

modern sense. 

 

3. Assemblages are dictated by the capacity of each species to occur given the number and 

nature of other species.  A species can be slotted ecologically into the existing system if there is 

an unoccupied "niche" in its area of morphological or other expertise.  This is the Diamond 

(1975) concept of "assembly rules", as suggested by him for island birds.  Species assemblages 

that occur are the permissible ones that the system can support; other assemblages cannot be 

supported either because the area does not satisfy their needs, or because the resources are 

already being exploited to capacity.  "Needs", of course, mean availability of spawning sites, 
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appropriate annual temperature regimes, and other factors unrelated to the presence/absence of 

other fish species. 

 

 The three hypotheses are not, of course, completely separate. 

 

 As will be shown in Chapter 7, the ecological roles of many widespread species differ 

between "kinds" of small lakes and waterways even in the same geographic area.  Size of water 

body influences numbers of species occurring.  Resources may be differently divided, for 

example, in the absence of the chironomid larva eating bluegill, other species utilize 

chironomids.  This speaks for a considerable level of opportunism in food niche. 

 

 The facts listed here and in other Chapters indicate a multiple factor control of diets (and 

also species richness).  One can confidently conclude that: (i) interspecific competition is not the 

all-important organising factor;  (ii)  What occurs in a particular system reflects availability of 

needs of the different species; if a system can supply these the fish species will occur (assuming, 

of course that it has had the opportunity to colonise);  (iii) The species "bring with them" their 

ecologies (including dietary specializations).  Morphology provides a level of specialisation and 

favors becoming an expert in a particular ecological role (Chapter 9).  (iv) Such pre-adaptations 

include a capacity to respond to seasonal fluctuations in the different prey. 

 

 Only these possibilities can explain such factors as the mixture of diet specialists and diet 

generalists and the additional "categorizations" suggested by Raglan et al.  The resource base 

permits the development and use of these alternative feeding "strategies".  The strategies are less 

an innate feature of the species than of cropping patterns determined by the resource base.  Only 

this kind of possibility can readily explain why both diet specialists and generalists co-occur in a 

system and/or why a species may be a generalist in one dimension and specialist in another. For 

example, bluegill relative alternatively to taxonomic and size categories of prey. 

 

 Another point emerges strongly.  The fish species co-occurrence patterns are not recent 

(or post-glacial).  The fish lineages and, presumably their ecological roles, go way back into the 

Tertiary.  On this line of rationalization, the co-occurrence patterns were sorted out long ago.  
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When a lake or stream with certain attributes develops (for example, post glacially) it will attract 

the same combinations of species. 

 

4.29 Diets and resource division in lake fish communities, a synthesis 

 

 This Chapter explored the feeding and diet of a "prototype" resource use system.  Some 

very detailed data and clarifications have been introduced.  .It also permits an exploration of 

subjects like selective verses general feeding, nature of ecological roles, diet separations and 

overlaps, the relevance of optimal foraging theory when applied to fish feeding, and interspecific 

competition. 

 

 The major features of most fish feeding that have emerged  include the following:   

 

1. Each species has an identifiable diet that differs from that of other species, but 

differences are not clear cut.  Characteristics are: (i) a couple of "core" items that are prominent 

and occur irrespective of availability; (ii) a range of lesser foods in proportions that are highly 

variable; and (iii) minor items.  There is a marked opportunism to the feeding of most species. 

 

2. Where a species is represented by more than one age class, these show dietary 

differences, usually in different proportions of a common range of prey types.  In some cases 

contrasting diet types occur.   

 

3. In most cases, a diet shift was clearly related to a highly visible shift in the abundance of 

a resource, usually a numerical increase in the ecosystem.  Sometimes the link was very obvious.  

A body size factor was sometimes involved.  The odonate nymph feeder rock bass (which has a 

large mouth), did not respond to huge populations of tiny newly hatched odonate nymphs.  The 

small-mouthed bluegill, however, did.  Selective preference may have been involved in a few 

cases of prey shift but arguments are made against it.  

 

4. There may be a considerable degree of diet overlap within a community.  Between any 

pair of species these values change markedly during the course of the feeding season.  Most 
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cases of increased overlap are due to several species simultaneously moving on to a 

superabundant resource.  Overlap vales were once thought of as a good indicator of the amount 

of overlap that could be allowed by the system.  This rationalization is not supported.   

 

5. Fish can indeed be thought of as generalist and specialist feeders, meaning that the 

former take a wider variety of prey organisms.  The distinction is of limited relevance, however 

(Chapter 6).  A species could be a diet generalist in terms of taxonomic categories of prey but a 

specialist on prey size.   

 

7. The characteristic basic trophic divisions to which earlier workers referred (molluskivore, 

planktivore, etc) are viable.  They represent logical ways for the fish to divide resources. 

 

8. An exploration of feeding in different habitats showed some differences including in 

proportions of different prey types being used. 

 

9. There is some channelling of feeding to different resources on the basis of (day versus 

night) feeding times and differing activity times of specific prey types. 

 

10. Optimal feeding strategy rules have limited relevance in natural communities when 

optimal sizes are not available.  There is also the problem of at what density it is energetically 

advantageous to abandon an abundant small-bodied prey in favour of a rare larger item. 

 

11. Various factors combine to show that the diets of species in the community could not 

have been molded by interspecific competition.  The abundance of the different fish species vary 

and they therefore vary in their relative impact on each other. 

 

12. There was no obvious indication that fish predation changed the structure of invertebrate 

communities studied, as found by Brooks and Dodson (1965).  Shifts in abundance related best 

to the natural annual cycles of the prey types.  The phases of these occur at the same time from 

year to year, which has been going on too long for fish predation to be the major curbing factor. 
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13. Interspecific competition is not the major determinant of diets.  The important factor is 

individual species needs.  As will be argued later, morphological structural features that increase 

efficiency in obtaining particular food types can sometimes be closely related to this.  Many 

factors combine to reduce any interspecific competition impact: plasticity in diet, opportunism, 

ability to change feeding area, fluctuation of food supplies, different feeding habits, and 

ontogenetic factors.  Many workers, especially those that study invertebrates, have found 

interspecific competition totally lacking from their study communities (Connell 1975; Simberloff 

1981; Lawton 1984; Wise 1984; Strong et al 1984).  Hence the potential organizing role of 

interspecific competition has been overplayed.  (Diamond (1978, 1979), Schoener (1982), Giller 

(1984), and Tilman (1987) have assembled counter-arguments favouring competition as a 

structuring force.) 

 

 The issue is, however, complex, and inferential data on between-species "interference" is 

considerable.  There are excellent examples of dietary shifts in the presence of “competitors in 

the work of  Nilsson (1963, 1967) and Svardson (1976) on Scandinavian fishes, and the 

Diamond (1973) data on New Guinea birds. 
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Figure 4.1  The fishes of Lake Opinicon: basic morphological types and adult body sizes.  Cyprinidae - blackchin 

shiner (Notropis heterodon), golden shiner (notemigonus crysoleucus), bluntnose minnow (pimephales notatus) 

mainly planktivores;  Percidae - yellow perch (perca flavescens), log perch (Percina caprodes); Ictaluridae - brown 

bullhead (Ictalurus nebulosus); Fundulidae, Cyprinodontiformes - eastern banded killifish (Fundulus diaphanus) 

Atherinidae - northern brook silverside (Labidesthes sicculus); Centrarchidae - bluegill (Lepomis macrochirus); 

pumpkinseed (L. gibbosus); rock bass (Ambloplites rupestris); black crappie (Pomoxis nigromaculatus); largemouth 

bass, a piscivore (Micropterus salmoides); Clupeidae - alewife (Alosa pseudharengus); Umbridae - mud minnow 

(Umbra limi); and northern pike (Esox lucius), piscivore.  
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Figure 4.2  The fish species and their representative in terms of age (size) classes, at the end of summer, Birch Bay.
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Figure 4.3  Patterns of summer assembly, the littoral zone summer assemblage of Lake Opinicon.
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Figure 4.4  Numbers and biomasses (wet weight) major food invertebrates, means and standard deviations, May-

November, Birch Bay, Opinicon.
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Figure 4.5  Seasonal shifts in body length total prey invertebrates, Birch Bay.  Only mollusks < 5 mm are included. 
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Figure 4.6  Occurrence of five major invertebrate types according to body length, Birch Bay. 
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Figure 4.7  Diets on a month to month basis, May-September, Birch Bay, Lake Opinicon.  Percentage 

representation (wet weight biomass) of major prey organisms: yellow perch, eastern banded killifish, bluntnose 

minnow, black-chin shiner, and brook silverside. 
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Figure 4.8  Diets of Birch Bay fishes: bluegill, pumpkinseed, rock bass, black crappie. 
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Figure 4.9  Diets of Years 0 (smaller and larger individuals) and Age 1, largemouth bass, Birch Bay, plus those of 

golden shiner, log perch, and mudminnow. 

 
 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

Figure 4.10  Numbers of each category of prey organism (per ten individual fish species, Birch Bay, Opinicon, 

averages and standard deviations for periods. 
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Figure 4.11  Prey size selection (percentages) by four size categories of rock bass, bluegill, pumpkinseed, and 

yellow perch, data from all months combined, Birch Bay expressed as length/width groupings. 
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Figure 4.12  Expressed as % of data from all (length/weight groupings) months combined, brook silverside, banded 

killifish, blackchin shiner, bluntnose minnow. 
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Figure 4.13  Diet overlap values, Year III fish, bluegill, pumpkinseed, rock bass, and yellow perch on each other, on 

a month to month basis, Birch Bay. 
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Figure 4.14  Cluster diagram of trophic relations based on degrees of similarity and difference in diet items eaten, 

major fish species, May (spring), July (summer), September (autumn) compared. 
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Figure 4.15  Mid-lake fish assemblage, diets, data from all seasons grouped, Opinicon. 
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Figure 4.16  Bluegill diets Years II-II bluegill four contrasting sites and substrate types, Lake Opinicon littoral zone. 
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Figure 4.17  Pumpkinseed diets, Year II-III pumpkinseed, four contrasting substrate areas, Opinicon littoral zone. 
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Chapter 5 

LARVAE AND EARLY JUVENILE FISHES: REPRODUCTIVE 

ECOLOGY, ADAPTATIONS, DIET, GROWTH, 

ENERGETICS, LIFE HISTORY STRATEGIES 

Keywords:  Spawning, Zooplankton, Plasticity, Prey, Separation 

 

5.1 Introduction 

 

 Larvae are in many ways a contrasting life form to adult fishes.  They are minute. This 

limits them to the smallest prey.  Their distributions and space needs are distinct.  Occurring in 

vast numbers, their impact on the ecosystem is potentially, if only temporally, striking. Larval 

occurrences are highly seasonal.  As interesting as the sudden appearance of high larval 

populations, is the rapidity with which numbers fall.  It has been suggested that larvae may suffer 

mortalities of up to 95% in the first weeks of life (Raat 1988; Forney 1971; Sanderson et al 

1999).  Mortality thus quickly cuts back their impact.  It has been argued that year class strength, 

an all important parameter in commercial fishes, is directly linked to larval survival (Toetz 1966; 

Ware et al 1980; Rice et al 1987) an aspect of great importance to commercial fishes (Rice et al 

1987; Houde 1994).  This gives the study of their feeding and growth importance beyond the 

simple understanding of how larval systems function. 

 

 This chapter considers the biology of larvae and early juvenile fishes in various 

dimensions.  The morphology of larval and juvenile fishes is explored and related to way of life, 

functional efficiency, and feeding.  An acknowledgement is then made of the "problems" facing 

larvae (predation, survival) as biologists see them.  A series of questions are posed with special 

interest to space use and diets. Dietary switches in the first days of life and thereafter are 

explored.  Of importance are survival features, those that serve to accelerate growth, and features 

that minimize intra- and inter-specific competition and overcrowding.  A range of broader 

features of larval life are then explored, including the transition from larval feeding to 

juvenile/adult type.  Growth patterns in the first summer of life are documented for a range of 

species, members of contrasting lineages, and ways of life.  Week to week patterns of growth are 

linked to diet shifts, total growth, and the autumn cessation of growth.  Of interest here are the 
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differences between slow- and fast-growing members of species and how ability to use 

progressively larger prey items confers energetic and growth advantages.  

 

 The focus here is largely limited to a comparative treatment of diets, dietary changes with 

growth, resource division, and factors permitting the coexistence of larvae and early juveniles of 

many species.  These issues will be set within the wider framework of life history strategies, and 

the ecosystem and its responses.  These components will be introduced around the larval system 

of a small lake, as in the previous Chapter.  

 

 Important questions receiving limited attention by investigators up to this time include: 

(i) What are the initial diets of larvae; are they repetitive; do they vary between species?  (ii) 

How rapid are ontogenetic dietary changes, what are these and what controls them?  (iii) How 

closely does larval feeding relate to the prey resource base?;  (iv)  Do early and late-hatched 

larvae in the season have the same diets?  (v) What is the significance of different spawning 

times and sequencing to species and the ecosystem? 

 

 Early juvenile fishes, with their more developed body form, invite considerations such as:  

(i)  How do diets and space use differ?  (ii) Are ontogenetic diet shifts in the first days and weeks 

of life a major ecological factor?  (iii)  How do diets, and diet shifts, relate to growth? (iv)  At 

what stage does the shift to later juvenile and adult diets manifest itself?  (v) Do space use and 

dietary factors operate to reduce intra- and inter-specific competition? 

 

 A final section looks at larval and early juvenile fish systems in a wider framework.  It 

includes a review of growth, fitness, and life history strategies. 

 

5.2 Larvae and early juvenile fishes: what, morphologically and ecologically, are 

larvae? 

 

 A larva is defined (Balon 1975a,b) as the morphological stage that commences with the 

transfer from yolk sac dependence to exogenous nutrition. It lasts until the formation, or 

ossification, of the axial skeleton, and until the embryonic median fin fold is differentiated or is 
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no longer apparent.  Initially, thus, morphology limits larvae to being drifters rather than active 

swimmers: they indulge only occasionally in short energy-demanding bursts to catch food, or 

escape predators (Hunter 1972; Laurence 1974).  Their dispersal capacity remains limited.   

 

 The juvenile stage in the life of fishes introduces basic changes to way of life and 

feeding.  It begins when the fins are fully differentiated and most of the temporary organs are 

replaced by definitive ones.  Since, however, body features develop at different rates there is 

some disagreement as to which stage of maturation a growing fish should be defined as a 

juvenile (Ováč and Copp 1999; Balon 1999).  In Lake Opinicon fish, the status of "juvenile" is 

often achieved at about 10-12 mm. 

 

 Of special importance in the larva-juvenile transition is the switch in swimming abilities 

(Webb 1975; Webb and Weihs 1986), and ability to catch free-moving prey (Zaret 1980; Blaxter 

1986).  The transition involves extensive changes from an unfishlike appearance into an adult 

body form.  Functional locomotor morphology (Webb and Weins 1986) includes a “fast start” 

ability and absolute swimming speed increase.  There is improvement in the behavioral features 

involved in prey capture (Webb and Corolla 1981).  Sustained swimming is positively related to 

increasing body length (Miller et al 1988).  Swimming and pursuit speeds increase.  Improved 

fin support permits a wider foraging range (Zaret 1980). 

 

 Increased mouth size and improved jaw apparatus in early juvenile fishes permits the 

capture and handling of prey of steadily increasing size and diversity (Vinyard 1980; Keast 1980, 

1985d).  Increased body and mouth size determine the age at which specific prey types can be 

taken (Zaret and Kerfoot 1975; Wanzenböck and Schiemer 1989; Scharf et al 1999).  Foraging 

ability in young fish is "anchored" in rapid growth (Houde 1987; Persson 1990).  Efficiency in 

all aspects improves quickly (Houde and Schekter 1980; Wazenböck and Schiemer 1989).  There 

are implications in increased size beyond prey capture.  Size has an influence on metabolism, 

including being a predictor of digestion rates.  Size explains nearly 60% of the variation in 

metabolism in very young fish, or 80% if linked to temperature.  Increase in digestion rates with 

size in 11 species are documented by Mackenzie et al (1990). 
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 Sensory capacities increase markedly in the transition from larval to juvenile life (Blaxter 

1986).  At hatching, the eyes of many teleosts are nonpigmented and not fully functional.  The 

development of improved sensitivity to light (Blaxter 1968) and visual acuity of the eye 

(Rahmann et al 1979; Johns 1981; Fernald 1984) permits the taking of prey of varying degrees of 

detectability (Zaret and Kerfoot 1975; Breck and Gitter 1983; Wanzenbrock and Schiemer 

1989).  Part of this improvement is an increase in reactive distance (Blaxter and Staines 1971).  

 

 The sum of the changes from larva to early juvenile is to produce quite a different 

functional unit. 

 

 Adulthood in fishes is characteristically defined as commencing with the first maturing of 

the gametes and the initiation of the spawning run (Balon). Reproductive maturity commences in 

year 1 or 2 in small cyprinids, atherines, cyprinodonts, and some tropical species.  In larger-

bodied centrarchids and others, most of which only become sexually mature at years IV-V, a 

population includes cohorts of older juveniles of increasing size.  The status of adulthood is a 

reproductive, not a trophic, characteristic.  "Adult-type" diets are commonly achieved earlier in 

the first year or two. 

 

5.3 Population controls in larvae and early juvenile fishes 

 

 Most writers on larval fishes begin their account by an extensive listing of the "hazards" 

to which larvae are susceptible in the attempt explain their heavy mortality.  Involved are both 

environmental and biological factors. Winds may precipitously change temperatures (Altoe and 

Newsome 1992).  Drops in water levels during or shortly after spawning (Kuznetsov 1980) and 

high siltation (Hassler 1970) are  potential problems, as is differential current action (May 1974; 

Frank and Leggett 1982). Spates may wash sunfish and cyprinid larvae out of nursery pools 

(Harvey 1987).  Young salmonids are vulnerable to being washed downstream (Ottaway and 

Clarke 1981).  Some of these causes of mortality are exceptional, or rarely apply, in more 

"benevolent" lake systems. 
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 Amongst the biological factors implicated in larvae mortality are food shortages, possibly 

elicited by over-crowding, and interspecific and intra-specific competition.  The latter has been 

documented for food deprived fish in aquaria (Houde 1974, 1977, 1987; McGurk 1984; Pepin 

1991; Letcher et al 1996; Johnston and Mathias 1996). Hart and Gwerner (1989) found that a 

prey density level supporting 10% survival was 100 plankters ml-1 in the pumpkinseed.  

Significant growth occurred only at densities higher than 250 ml-1.  Young pike perch that first 

feed at 6.5 mm total length need prey densities greater than 585 prey ml-1. At 7 mm, a density of 

55 prey ml-1 suffices (Ljunggren 2001).  The authors were unable to find an upper threshold prey 

density where increases in prey available resulted in no increase in survival.  Instead, fish 

seemed able to maintain survival over a wide range of prey densities.  These figures are broadly 

comparable with those found for species of tropical marine fish where critical food 

concentrations were calculated as follows:  bay anchovy (Anchoa mitchilli) 170 plankters ml-1; 

lined sole (Achirus lineatus) 130; sea bream (Archosargus rhomboidales) 30 (Houde 1978), and 

for herring (Clupea harengus) larvae 170 ml-1 (Werner and Blaxter 1981).   

 

 Food shortages may also have a subtle debilitating effect, with ultimately deleterious 

results.  Routine swimming speeds become shorter, reactive distances are reduced, and response 

to simulated predator attacks is slower (for example, see striped bass (Morone saxatilis) data in 

Chick and Avyle (2000)).   

 

 The time of shift from endogenous to exogenous feeding has been regarded as a 

particularly critical period in survival since it involves a switch to active hunting (Braum 1966; 

Ljunggren 2002). Persson and Greenberg (1990) note that this applies more to piscivores that 

must obtain prey of increasing size, than to planktivores. 

 

 Overcrowding has been implicated in natural systems in starvation and the stunting of 

growth (May 1971; Lawrence 1974; Houde 1975; Werner and Blaxter 1980).  The importance of 

the latter merits additional study. 

 

 Intraspecific competition for resources has been invoked as a factor in varying age class 

strength (Sanderson et al 1999).  This also needs proper exploring. Competition can only, of 
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course, occur when the system is confined and resources are limiting.  Reducing the likelihood of 

this is that flushes of larvae are short-lived.  

 

 Predation is the major biotic factor in larval mortality (Crowder 1980).  A wide spectrum 

of predators attack larvae, particularly in their earliest stages.  Much of the predation on them by 

both invertebrates and larger fish is size specific: the larger they are, the fewer predators 

assailing them (Elliott and Leggett 1997; Chick and Avyle 1999).  Amongst the invertebrate 

predators are cyclopoid copepods (Davis 1959; Hartig et al 1982; Hartig and Jude 1988) and 

various insects.  In Lake Opinicon, Hydra, established on the fronds of Myriophyllum and other 

aquatic plants where larval bluegill occur, is in some years an important predator (Elliott and 

Leggett 1997).   Predation by fish includes intraspecific cannibalism (Franklin and Smith 1963; 

Fago 1977; Bry et al 1992, 1995). In an experimental study with bluegills and with white crappie 

as predators, Kim and DeVries (2001) found that predation was "neutral" for larvae of less than 8 

mm, positive for 8-12 mm larvae, and negative for those larger than 12 mm.  There was a slight 

trend towards predation on small larvae.  The species, however, was not a size-selective predator.   

 

 The energetics of survival through the first winter necessitates maximum growth during 

the first summer (Forney 1966; Chevalier 1973; Newsome and Leduc 1975; Post and 

Prankevicius 1987). 

 

 The legendary early drop in larval numbers can have many causes.  Only a few, however, 

will apply in any one system. There is minimal quantitative data on dispersion.  The absence of 

wider quantified data on food (i.e. starvation) as a factor in larval fish mortality is frustrating. 

 

5.4 Larval and early juvenile systems in a small lake 

 

 In North Temperate systems larvae appear in May and June (Fig. 5.3), at a time of 

warming temperatures and increasing abundance of zooplankters, the main food. Co-occurring 

species commonly spawn at different times, leading to some successional separation (Fig. 5.4).  

Spawning strategies and times of the different species vary. There are single spawners that 

release high numbers of eggs over a brief period of time, as in the early spawning yellow perch, 
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multiple spawners that release several batches of eggs at 6-8 day intervals (for example, bluegill 

and pumpkinseed), and protracted spawners where small batches of eggs are released over a long 

period (Chapter 3).  Smaller-bodied species that because of small size can only release limited 

batches of eggs at a time come into the last category.  The larval period is limited to a few days 

with transition to the juvenile stage occurring rapidly.  The growth period in first summer fish is 

10 to 14 weeks (see later).  The larvae of the different species exhibit a range of life history 

strategies as alternative means of achieving common goals of limiting mortality, obtaining 

optimal feeding, and optimizing growth. 

 

5.5 The Opinicon larval - early juvenile survey 

 

 To achieve some specifics on components of a larval system, a series of 2-year surveys 

was initiated (Amundrud 1970; Amundrud et al 1974; Keast 1980, 1985a).  This Opinicon set is 

reviewed to illustrate the major points.  (For methodology see original papers and the Appendix.)  

In Opinicon, as in other northern lakes, larval are mostly released in the littoral zone which, with 

its good oxygenation and high productivity, forms the initial larval habitat.  Early juveniles 

subsequently mostly use the newly proliferated macrophyte beds.  A two-phase system results.  

A change of habitat between larval and juvenile stages is characteristic of many species of 

freshwater fish (Wang and Eckmann 1994). 

 

5.6 The inshore open water larval association 

 

5.6.1. Seasonality and time of occurrence of the larvae 

 

 The first larvae, those of the northern pike, appeared over a 5-7 day period in late April in 

weeded backwaters areas (Fig. 5.3).   

 

 The main shoreline larval community initiated at the beginning of May with a massive 

hatch of 5-6 mm long yellow perch (Keast 1980).  The date of this varied only slightly from year 

to year.  It was a few days later than normal in the cooler year 1976 (see temperature summation 
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graph in Chapter 3).  Densities quickly reached 700 individuals per m3 in the water column (Fig. 

5.4).  A precipitous numerical drop followed after a few days.  

 

 Larvae of the log perch (Percina caprodes) were the third species to appear.  This 

occurrence appeared 4-7 days after the first yellow perch. The newly hatched larvae measured 4-

5 mm in total length.  The yellow perch had then grown to 6-8 mm.  The size differences were 

important to diets (see later).  The size disparity between the two species was subsequently 

maintained with growth.  On May 20 the yellow perch were 8-12 mm in length.  The log perch, 

that had now spawned for the second time averaged 4-5 and 8-9 mm, respectively. 

 

 By the first week of June black crappie larvae (length, 5-6 mm) were dominant.  Three 

hatches 7-10 days apart produced distinct size clusters (Keast 1980).  Only a few yellow perch, 

now 13-18 mm in length, remained inshore.  Total numbers of larvae and early juveniles 

averaged 320 per 100 m3.   

 

 The inshore association achieved its greatest diversity on June 12-17 with the addition of 

rock bass, largemouth bass, abundant pumpkinseed, and a few alewife larvae.  Total numbers of 

larvae remained at 250-300 per 100 m3 after June 17, by which time sunfishes, especially larval 

bluegill, were dominant.  In mid July (Fig. 5.4) these reached about 1400 per 100 m3. 

 

 The temporal features of the larval association (Chapter 3) were: (i)  successional 

appearance of the larvae of the different species; (ii)  occurrence of both single and multiple 

spawning species: the former (yellow perch) produced massive amounts of young over a short 

period, the multiple spawners produced three or four batches over several weeks; (iii)  rapid 

growth; (iv) a series of semi-distinct size clusters; and (v) a dropoff in numbers of larvae within a 

few days due to dispersion, predation, or both. 

 

 In the yellow perch larval body sizes were:  early May 4.5-6.0 mm; mid-May (a week 

later) 7-9 mm; third week of May 8-11 mm; and early June 13-18 mm.  These growth rates for 

perch match those recorded by J.L. Forney (quoted by Mills et al 1987) for Oneida Lake where 

length increased from 8-14 mm in ten days.   
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 In mid-June the various fish species in the assemblage were represented as follows: perch 

13-18 mm; log perch 7-11 mm; black crappie 5-8 mm, and pumpkinseed 4-6 mm.   

 

 In mid July, when only a few species remained in the association, pumpkinseed and 

bluegill were represented by distinct size batches: 4.5-5.5 mm (representing the final spawning), 

7-8 mm (age 7-10 days), and 9-10 mm (age 2-3 weeks).  The oldest individuals were 12-14 mm 

in length. 

 

 As will be discussed, since there was a close link between prey and predator size, the 

differences between species and age sizes were important. 

 

5.6.2 The diets of the larvae 

 Occurrence of larvae was related to abundance cycles of the copepod and cladoceran prey 

(Figs. 5.5, 5.6).  The dominant cladoceran in Opinicon is the small-bodied (0.2-0.4 mm) Bosmina 

longirostris in contrast with the large bodied Daphnia spp, the major food of very young fish in 

Oneida Lake, New York, and many other lakes (see later).  The diets of the members of the 

assemblage (Fig. 5.7, Table 5.1 - quantified in Keast 1980) are summarized in the following 

sections (prey sizes are measured without caudal ramus, percentage of stomach contents are 

presented by weight).  

 

Yellow Perch  

May 8 (fish length 5-7 mm) - cyclopoid nauplii 0.1-0.2 mm 65%; and copepodites 0.2-0.3 mm 

25%;   

May 21-23 (fish length 8-12 mm) copepodites 0.2-0.3 mm 80%;   

June 15-17 (fish length 18-23 mm) copepodites 0.3-0.7 mm, and Ceriodaphnia lacustris 0.3-0.4 

mm, which now had a high standing crop (Fig. 5.6). 

 

Log Perch  

May 21-23 (fish length 5-7 mm) – cyclopoid nauplii 0.1-0.2 mm; cyclopoid copepodites 0.1-0.3 

mm;  (fish length 8-10 mm) – copepodites; and 0.1-0.2 mm Bosmina longirostris; 
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June 15-17 (fish lengths 5-7 and 8-10 mm) – diets the same but with the larger bodied group 

taking a high proportion of 0.3-0.4 mm Ceriodaphnia. 

 

Black Crappie  

June 15-17 – the diets of the three size categories present (4-5, 5-7, and 12-14 mm) mirrored  

those of the log perch at these sizes.   

 

Pumpkinseed and Bluegill  

July 17-19 (Table 5.2) – the main items in the stomachs of 4-5 mm pumpkinseed were cyclopoid 

copepodites of 0.1-0.2 mm.  Fish of 6-7 mm ate copepodites of 0.1-0.3 mm, and Diaphanosoma 

leuchtenbergianum of 0.3-0.4 mm.  Fish of 8-10 mm contained predominantly the latter; fish of 

15-20 mm ate Diaphanosoma of 0.3-0.4 mm plus Sida crystalline of 0.1-0.4 mm.  Bluegill of 11-

13 mm contained mainly Bosmina (0.1-0.3 mm) and Sida.   

There was thus a clearcut tendency for: (i) rapid dietary changes in the first weeks of life 

in all species; and (ii) the larvae of different species, at equivalent sizes to have much the same 

diets.  Examples were the diets of 5-7 mm yellow perch on May 8-9, 5-7 mm black crappie on 

May 21-23, and 5-7 mm log perch on June 15-17.  The same applied to 4-5 mm black crappie on 

May 21-23 and 4-5 mm pumpkinseed on June 15-17.  The diets of newly hatched larvae of all 

species were initially dominated by small cyclopoid copepodites and nauplii of 0.1-0.2 mm (the 

smallest crustacean prey available).  In contrast to some other systems, rotifers were not a major 

prey of the Opinicon larvae. 

 

 Larvae of the largemouth bass and rock bass only appeared in the site relatively late 

(May-June).  Largemouth bass  harvested bigger and a greater diversity of prey from the start 

(Figs. 5.8, 5.9, 5.10).  Note the consumption of 0.3-0.7 mm copepods by 7-9 mm rock bass, and 

the broad diet of 8-10 mm largemouth bass in mid-June.  These thus "anticipated" the diets of 

older members of the other species. 

 

Numbers of prey items per stomach were few in the smaller larvae, as would be expected 

(Table 5.1).  Yellow and log perch of 8-12 mm, compared to 6-7 mm fish, contained 2-7 times as 

many individual organisms, as did 6-7 mm compared to 4-5 mm crappie. In bluegill there was 
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marked difference in prey numbers only between the smallest and largest individuals. Perch at 

18-23 mm contained a few large prey items. 

 

 Diet diversity increased with growth (Keast 1980) - see the greater range of prey types 

eaten by larger compared to smaller log perch and black crappie on June 15-17, and by larger 

and smaller pumpkinseed on July 17-19 relative to earlier diets.  The diets of the older fish 

included larger cladocerans (Diaphanosoma leuchtenbergianum, Polyphemus pediculus, 

Ceriodaphnia quadrangula, C. lacustris, C. reticulata, and Sida crystallina), ostracods, 

chironomids, and Hydracarina.  These commonly appeared in the diets at ages of 3-4 weeks.  

The trend to greater diet diversity with age was, however, minimal or absent, in the specialized 

planktivores.  For larval and juvenile fishes to differ in diets is characteristic (Keast and Eadie 

1985; Maceina and Isely 1986; Goodgame and Miranda 1993).  

 

The dietary sets are documented in detail here to emphasize that:  (i) diets are similar at 

same ages (body sizes), meaning all are forced to use this limited taxonomic spectrum; (ii) at any 

time there was a link between fish size and prey size; (iii) diet overlaps between the larvae of the 

different species of fish were initially high, but decreased with age (Table 5.3).  High overlaps 

characterized the log perch, black crappie, pumpkinseed, and bluegill when of similar size.  By 

contrast, overlaps were commonly low between smaller and larger individuals of the various 

species. 

 

 Interspecific overlap were greatest in the early stages and fell subsequently, a factor 

amply supported by the literature (Blaxter 1965; Nagabhushanam 1965; Pearcy and Ambler 

1974; Itzhowitz 1977; Laroche 1982). Dietary partitioning can, however, occur early in larval 

fishes (Last 1978a, b; Laroche 1982; Govoni et al 1983; Kane 1984).  First feeding American 

shad and blueback herring have lower food overlap than later larval stages (Crecco and Blake 

1983). 

5.6.3. Interaction between larval fish and their prey organisms 

  

 The hatching of larval fish in Opinicon coincided with the massive early spring numerical 

buildup of the zooplankton (Fig. 5.5, 5.6, Chapter 1).  Seasonal changes in the standing crops of 
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nauplii and copepodite cyclopoids in the water column and fish stomachs showed good 

correspondence.  Following the early June numerical crash, relative numbers of prey in the water 

column and stomachs leveled off at about one-fifth of the late May peak.  Production and 

predation were now in balance.  They remained at this level throughout the summer.  In August, 

zooplankton numbers in the environment increased again, possibly linked to reduced larval fish 

predation.  Bosmina and cyclopoid populations (Fig. 5.6) in Opinicon showed a high peak in 

May – early June.  Ceriodaphnia lacustris and Diaphanosoma had later peaks in June, with the 

larval fish relying on Bosmina longirostris, Sida crystallina and Diaphanosoma 

leuchtenbergianum. 

 

 There is disagreement in the literature as to whether or not larval predation significantly 

depresses numbers of their prey organisms or as to whether numbers ultimately fall as the result 

of an independent natural cycle (Maly 1976; Mehner and Thiel 1999).  An impact of predation 

has been found by Mills and Forney (1981, 1983), and Crowder et al (1987).  A connection 

through the trophic cascade to a zooplankton-mediated impact on the algal biomass and 

underlying nutrients has been argued by Mills et al (1987).  

 

5.7 The early juvenile macrophyte bed community of mid summer 

 

5.7.1 Community structure 

  

 Annual maturation of the littoral zone macrophyte beds in northern lakes in June and July 

(Chapter 3) creates a vast new habitat for invertebrates and fish (Keast 1985a).  There was then 

an almost complete movement of young fish into the beds.  The new habitat becomes available at 

the time needed for rapidly growing young fish.  The macrophyte beds also provide structured 

diversity in plant species richness, height, and growth form.  Co-occurring in Opinicon in the 

beds were 6-7 Potamogeton spp., Valisneria americana, Ceratophyllum demersum, and many 

others.  In places there were compact curtains of fine-stemmed and grasslike Potamogeton 

pusillus and P. pectinatus. Myiophyllum spicatum has been a widespread feature since its 

colonization of the lake in 1978. 
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 The fish associations of the macrophyte beds in June and July were composed of early 

juveniles of 9-12 species with lengths of 13-40 mm, plus some late produced larvae (9-12mm) of 

the weedbed spawning blackchin shiner and eastern banded killifish (Fig. 5.3; Keast 1985a).  

The beds were also the habitat of the adults of many fish species (Chapter 4).  The numbers of 

species comprising the juvenile association built up progressively.  In early July, it consisted of 

six species; in mid-July, nine.  Density peaked at this time in the study years at about 260 

individuals 100 m-2 (Fig. 5.4).  Year 0 representatives of eight fish species persisted until mid-

August.  By the end of the month the number of species had dropped to four.   

 

 Species abundances varied considerably.  Intraspecies size diversity was also marked.  In 

July, largemouth bass ranged from 25-40 mm; killifish 13-35 mm; golden shiner 15-25; brown 

bullhead 15-35 mm; the lepomids (initially mostly pumpkinseeds) 13-22 mm.  Growth of all 

species was rapid during the macrophyte dwelling phase, indicating considerable prey resource 

richness.  By mid to late August, the young of most species reached  45-50 mm, representing 

total growth for their first summer. 

 

5.7.2 The diets of the juvenile fishes 

 

 The diets of the species present were evaluated for three date ranges (July 1-5, July 14-

20, August 14-20; Figs 5.7, 5.8; Keast 1985a). In mid-July, the dietary items of the different 

species compared as follows:  

 

Rock Bass (length, 24-29 mm) – hatchling Ephemeroptera nymphs, chironomid larvae, Sida 

crystallina. 

Largemouth bass (26-35 mm) – fish larvae, Ephemeroptera nymphs. 

Eastern banded killifish (17-34 mm) – Sida crystallina, Pleuroxus sp. 

Bluntnose minnow (17-27 mm) – cyclopoids, Chydorus sphaericus, Bosmina longirostris. 

Golden shiner (22-37 mm) – Bosmina longirostris, cyclopoids. 

Brown bullhead (30-39 mm) – Sida crystallina, chironomid larvae. 

Pumpkinseed (17-22 mm) Chydorus sphaericus, Bosmina longirostris, Acroperus harpae. 

Brook silverside (23-32 mm) – cyclopoids (over 70% wet weight), chironomid larvae (1-3 mm). 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

Blackchin shiner (15-22 mm) – Bosmina longirostris (over 70%), cyclopoids. 

 

Similar diets were comparable for the three study dates (Fig. 5.7) indicated that stability 

in ontogenetic strata and diet sequencing had been achieved.  The rock bass diet was dominated 

by larger items like chironomid larvae, hatchling Ephemeroptera nymphs, and isopods. 

Largemouth bass ate larval and small fish.  In the killifish and bullhead that are generalist feeders 

as adults, the median prey size of fish of 13-19 mm was 2.0 mm; in those of 40 mm, median prey 

size was 4.0 mm.  In the bluegill and pumpkinseed fish of 13-19 mm, median prey was 1.0 mm 

chironomids. At 20-29 mm, the same species ate 3.0 mm chironomids.  There was no difference 

in size of prey selected between 20-29 mm and 30-39 mm brown bullheads.  Growth within 

species (Fig. 5.9) and increases in mouth width channelled the larger and small individuals to 

different-sized prey.  In late July, the mouth widths of killifish of 25 and 45 mm averaged 1.1 

and 1.8 mm; and in 22 and 39 mm bluegill 1.1 and 1.4 mm.  

 

The diets of the early juvenile fishes now showed features both of older fish and of the 

larvae: 

(i)  The future specialized planktivores almost entirely consumed zooplankton: there was 

limited diet separation.  The diet of the future detritivorous bluntnose minnow was dominated in 

June by cyclopoids, in August by Chydorus and Bosmina.  The blackchin shiner consumed 

Bosmina.  Golden shiner, ate Bosmina, Chydorus, and some cyclopoids. The silverside ate 

cyclopoids.  

 

(ii)  With the exception of the cyclopoids, and smaller Chydorus and Bosmina consumed by 

the specialized planktivores, the prey types eaten were larger than those consumed by members 

of the previous larval association (Sida crystallina of 0.5-0.8 mm; and 0.8-1.2 mm Tropocyclops 

prasinus and Mesocyclops edax).  Prey items included types (Sida, Chydorus, diversity of insect 

larvae) that were weedbed inhabitants and unavailable, or rare, in the previous open water larval 

habitat.  The young fish were able to lock into a new resource base by switching to the 

macrophyte beds.   
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(iii)  The rock bass and largemouth bass especially consumed a wider range of prey types.  In 

largemouth bass, 4-6items figured in the diets at levels exceeding 5% of stomach content weight.  

Specialized planktivores (golden shiner, brook silverside and blackchin shiner) utilized only 2-3 

different prey types.   

 

(iv)  In several cases, the juveniles focused on items that were peaking numerically. For 

example, 24-29 and 26-35 mm rock bass and largemouth bass in mid-July consumed hatchling 

Ephemeroptera nymphs.  Golden and blackchin shiners in August utilized Bosmina longirostris.  

This response explained some of the distinctive diets of individual months (see Chapter 4).  "Diet 

specialists" (bluntnose minnow, brook silverside) harvested favored resources irrespective of 

abundance.   

 

(v) Ontological shifts in diets partly related to increasing mouth width with growth (Chapter 

9).  At lengths of 9-12 mm, the mouth width of six of the eight species was 0.2-0.4 mm, but it 

was only 0.2 mm in the bluntnose minnow.  Characteristically, mouth width increased 4-5 times 

by the end of summer (Keast 1985a).  Rock bass and largemouth bass hatch with large mouths. 

With allometric growth, the disparity between these and other species rapidly increased. 

 

The relationship between fish mouth size and prey size utilized was tested using 

chironomid larvae (Fig. 5.10), a resource harvested by many species.  The dominant size factor 

was once more demonstrated.  In the largemouth bass and rock bass the increase in prey size 

eaten with growth was marked: chironomids of 3.0 mm were taken by 20-29 mm largemouth; at 

40 mm, most were in the 3.0-5.0 mm size category.   

 

5.7.3 Dietary relationships of species: cluster diagrams 

 

 Dietary relationships of: (i) the larvae in the onshore open water community; and (ii) 

early juvenile weedbed communities, can be compared in cluster diagrams (Chapter 4, Fig. 5.11).  

In the larval community by mid-June the largemouth bass (length, 8-10 mm) already stood apart 

from the other species.  The yellow perch (now 18-23 mm in length), alewife (9-12 mm), and 

rock bass (that has a large mouth) next separated out.  A close clustering of diets of the log perch 
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(5-6 mm), black crappie (4-5 mm) and pumpkinseed (5-6 mm) was also noted.  The hierarchy of 

relationship in June was primarily based on body size, not taxonomic identity. 

 

In the juvenile macrophyte assemblage in early July, the largemouth bass again stood 

apart.  Species relationships in the hierarchy were now different. The brown bullhead and 

killifish (which had not occurred in the open water community) grouped apart from the others, 

with rock bass still taking some zooplankton, along with the planktivorous bluntnose minnow 

and golden shiner.  By (mid-July) the rock bass clustered, however, with the killifish and brown 

bullhead as a generalized predator of small invertebrates.  The future specialized planktivores 

(brook silverside, blackchin shiner, golden shiner, and bluntnose minnow) clustered distinctly 

from the others.  The pumpkinseed, still partly planktivorous, occupied an intermediate position. 

 

5.8 Contrasting strategies in spawning patterns in lake fishes  

 

5.8.1 Single and multiple spawning  

 

Fish systems commonly have both single and multiple spawners and differing life history 

strategies.  In three co-occurring cyprinids of oligotropic sub-Alpine lakes studied by 

Rheinberger et al (1987), the roach (Rutilus rutilus) was an early single spawner and its eggs 

hatched around May 2-3.  The rudd (Scardinius erythrophthalmus) had four cohorts that hatched 

between June 19 and August 1.  The chub (Leuciscus cephalus) had three size cohorts, and 

hatching occurred between July 3 and 25.  The roach, hatching at low temperatures, had the 

slowest weight increase rate, 10% of body weight per day, compared to 20% in the later-

spawning species that had the advantage of warmer temperatures. 

 

5.8.2 Successional spawning 

 

For cohabiting fish species to spawn at different times (in the north within the span of the 

spring and summer) and for this to take the form of a sequencing, is common Duckworth (1978).  

Characteristically, pike and yellow perch spawn early and the centrarchids later (Faber 1967; 
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Gregory and Powles 1985; Post et al 1995).  Spawning times have a phylogenetic dimension.  

They also reflect optimal functional temperatures and there is also a trophic component. 

 

Specialist piscivores, largemouth bass, northern pike, and walleye (those that become 

piscivorous by the end of the first summer) are amongst the earlier spawners.  Their growing 

juveniles can crop the young of late-hatching prey species, and continue to do so as both grow.  

This applies to the predation of northern pike on Eurasian perch (Perca fluviatilis) in Lake 

Windemere (Frost 1954); walleye (Stizostedron vitreum) on yellow perch in New York lakes 

(Forney 1976; Smith 1977), and largemouth bass on bluegill in Ontario and elsewhere (Keast 

1985b).  This is an example of the co-evolution of predator and prey. 

   

Spawning sequencing commonly extends through fauna in fishes.  This has been 

documented for the large number of species of Drake’s Creek, central Kentucky (Floyd et al 

1984), and the 25 inhabitants of the Kanawha River, West Virginia (Rider and Margraf 1997).   

 

In Drakes Creek the total spawning season extended from late March to late July.  Cottid 

larvae appeared in April, those of percids in mid April to mid May; and cyprinid, centrarchid, 

and ictalurid larvae in late June.  Within the cyprinids, the creek chub (Semotilus atromaculatus) 

produced larvae in late April-early May, the common shiner (Notropis cornutus) in mid-May, 

and bluntnose minnow (Pimephales notatus) in June. 

 

In the Kanawha River the total spawning season was from late April to late June.  Darters 

(Etheostominae) spawned in early April at an average water temperature of 8.5°C, the 

piscivorous sauger Stizostedion canadense in late April (at about 11.0°C), catastomids in mid-

May (temperature, 16-18°C), whilst other taxa spawned in late May and early June at average 

temperatures of 19-22°C. 

 

Spreading the impact of predation on prey reproductive sequencing is potentially quite 

important.  The sequential spawning regimes of northern fishes contrast to those in many tropical 

systems.  Here there may be simultaneous multi-species spawning in response to seasonally high 

water levels.  In the Amazon, Lowe-McConnell (1991) records that some species may spawn 
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year-round.  In Lake Victoria, some species are dry-, others wet season spawners (Witte 1981).  

Even here, however, spawning times may be staggered in related groups or species that share 

similar resources – see data on cichlids in Lake Malawi in McKaye (1977), and characins in 

Panama steams (Kramer 1978).  This also applies to coral reef systems (Munro et al 1973; Smith 

and Tyler 1972). 

 

5.8.3 Diets and diet differentiation in young fishes, literature review 

 

First diets of larval and early juvenile northern lake and stream fishes are drawn from a 

common, and limited, prey set.  They are usually dominated by small-bodied cyclopoids and 

their nauplii (Siefert 1972; Mills et al 1985; Post and McQueen 1988; Schael et al 1991), and 

small cladocerans, including Bosmina longirostris.  In some systems rotifers are important.  In 

the dace (Leuciscus leuciscus) rotifers and diatoms precede copepods and Cladocera in the diet. 

Siefert (1972) found that cyclopoids and their nauplii dominated the initial diets of five species 

in a eutrophic lake, but in an adjacent one, oligotrophic rotifers (Polyarthra) were the major 

prey.  In the former, Bosmina longirostris supplemented the diets at a length of 11 mm; in the 

latter lake, cyclopoids became the dominant item at this size.  The white sucker (Catostomus 

commersonii) initially utilized rotifers, copepod nauplii, and adult Cyclops bicuspidotus, but at 

14 mm length, Cladocera increased in abundance in the stomachs.  Newly hatched bluegill larvae 

ate Polyarthra and copepod nauplii. At 7 mm, other rotifers and cyclopoid copepods entered the 

bluegill diet; and from 8 mm onwards, Cladocera were dominant.  In the emerald shiner 

(Notropis atherinoides), the rotifer Trichocera initially dominated the diet, and continued to be 

eaten subsequently, but at 10 mm, copepod nauplii were dominant,  at 13 mm, algae and calanoid 

copepods dominated.  In the introduced rainbow trout (Salmo gairdneri), cyclopoid copepods 

and their nauplii were dominant up to a length of 21 mm when calanoids became the major item.   

 

In Aston Lake, Ohio, Kissick (1981) found that log perch (Percina caprodes) of 7.4 mm 

fed almost entirely on Cladocera and cyclopod copopodites: nauplii were not used.  There was an 

early switch to Cladocera and a decreased preference for copepods even though the latter 

remained 5-10 times more abundant.  
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Larval alewives in Lake Michigan (Norden 1967, 1968; Hewett and Stewart 1989) 

consumed the same prey as the larvae of the various species of Opinicon fish(copepods and their 

nauplii), but Bosmina longirostris increased in importance towards the end of the larval period.  

When larval alewife were transforming to a more adult feeding morphology, larger zooplankters 

are harvested (Norden 1968). 

 

In Lake Constance, Switzerland, Hartman (1983) found that larval cyprinids (length of 10 

mm) took mostly Chydorus, Daphnia, Alona and Bosmina.  The same still applied at 30 mm and 

40 mm fish, but Daphnia were now the dominant prey item. In Scottish lochs Perca fluviatillis 

larvae fed initially mainly on copopodites of copepods in one, rotifers in a second, and small 

Cladocera in a third.  In all there was an increase in the size of the food items with growth 

(Treasurer 1992). 

  

When a broader series of lakes are compared there are differences in the diets but 

dominant prey categories are the same.  Diet differentiation occurs early see also Noble (1975), 

Guma’a (1978a, b), Teska and Behmer (1981), and Mathias and Li (1982). 

 

5.8.4 Prey size and mouth size 

  

Fish larvae are gape-limited predators and various authors have documented the effect of 

gape size on prey selection. The connection between prey size and mouth size has repeatedly 

been demonstrated for larval and early juvenile yellow perch (Wong and Ward 1972; Siefert 

1972; Hansen and Wahl 1981; Mills et al 1984; Arts and Evans 1987; Michaletz et al 1987; Mills 

et al 1989a). 

 

 A correlation between mouth size and prey size is not, however, absolute.  In three Ohio 

reservoirs, De Vries et al (1998) found a correlation in the white crappie (Pomoxis annularis) but 

not in the smaller-gaped gizzard shad.  Young black crappie also continued to take "subsize" 

prey even though larger prey was available.   Schael et al (1991) found that yellow perch (8-23 

mm), black crappie (8-21 mm), and freshwater drum (Aplodinotus grunniens) (4-16 mm) all 

mainly ate copepods, but they selected progressively larger prey as they grew.  For a given body 
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length, the drum selected larger prey than the other two species.  The black crappie took the 

smallest. Gape sizes of the perch and crappie were the same.  All three species fed on smaller 

zooplankton than the average sizes available in the lake, even though their gape widths were 

wide enough to allow them to take average sized plankton.  Differences were partly explained by 

differences in gape- to body-length relationships. Gape size predicted 67% of the variability in 

mean prey size ingested by the perch, but only 15% for the drum, and 8% for the crappie.  There 

was some differential selection on basis of taxonomic type. 

 

 In general, young planktivorous fish show a high degree of selectivity based on 

zooplankton body size (Feller and Kaczynski 1975; O'Brien et al 1976; Furnass 1979; Mathias 

and Li 1982; Mills et al 1989a, b). However, contrary to the predictions of optimal foraging 

theory, they do not necessarily consume the largest size they can swallow (Wankowski 1979, 

Mathias and Li 1982, Arts and Evans 1987, and Miller et al 1988)). Small to medium-sized prey 

that could easily be captured are commonly selected (Hansen and Wahl 1981). Yellow perch 

studied by Mills et al (1984) shifted from eating Diaptomus minutus to Daphnia pulex at a length 

of 30-35 mm, corresponding to a demonstrated ability to achieve nearly 100% capture success 

with the latter.  It was postulated that the largest prey was not selected perhaps because digestion 

of large items was less effective than smaller ones. 

 

 A relationship between prey size and mouth width has also been demonstrated for young 

marine fish (Blaxter and Hempel 1963, Shirota 1970). Laroche (1982), however, found no 

correlation between mouth size and prey size in larval sculpins.   

 

An increase in diet breadth with growth has been found in marine systems.  In a 

comparative study of larval blueback herring and American shad, Cresco and Blake (1983) found 

a relationship, but niche breadth ratios were consistently higher in the former.  The mean gape 

width of the shad was larger at a given body length. Shad larvae of all sizes generally selected 

the larger cyclopoids and chironomid larvae.  Rotifers were important in the diet of the herring, 

whereas shad fed mainly on less abundant Crustacea and immature insects. Bosmina was utilized 

by shad at all times, but dominated the diet of the herring at 13-16 mm.  Bosmina was the only 

prey alternative on which interspecific competition between the two species could occur. 
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 The conclusion that diet breadth necessarily increases with age has been challenged by 

Pearre (1986).  He suggested that many recorded examples represent poor sampling, failure to 

document alternative prey sizes, and uneven sample sizes. Cresco and Blake (1983) and Bry et al 

(1995) however found it to be widespread. 

 

5.8.5 Egg numbers and body size in fish 

 

Small-bodied fish that can only produce a few eggs at a time generally have protracted 

breeding seasons (Chapter 3).  Bluntnose minnow spawn every few days.  In some darters and 

Cyprinodon radiosus, batches of eggs may be produced on a daily basis.  In warm thermally-

stable environments, fish breeding may occur virtually year round (E. Marsh-Matthews, quoted 

by Matthews 1998). 

 

 The numbers of eggs that can be produced at any time is set by body cavity volume of the 

female (Hubbs and Strawn 1957; Bye 1984).  Hubbs et al (1968) suggest that the area of the 

alimentary canal absorptive surface, and hence nutrients that can be transferred to ova, limits egg 

number.  A strong correlation between body length and total egg volume has been found for 

Canadian freshwater fishes by Wootton (1984).  In general, larger fish produce more eggs 

(Hubbs et al 1968).  Of course, the length of the spawning season influences total egg production 

for the season (Hubbs and Strawn 1957). 

 

A species has the option, so to speak, of producing fewer larger eggs, or a larger number 

of small ones.  Large eggs produce young that are more advanced Balon notes (1981). Producing 

larger eggs (and therefore larger larvae) might reduce the length of time that larvae are 

vulnerable.  The advantage of producing larger eggs has also discussed by Marsh (1986) for the 

orangethroat darter (Etheostoma spectabile) in Texas.  The link is not straightforward.  In the 

absence of predators, larvae that were larger at hatching survived no better than those from 

smaller eggs. When food was withheld, larger larvae survived an additional 3-7 days.  In turn, in 

the absence of food, the larvae continued to grow.  The author calculated that a 0.1 increase in 

egg mass could result in a 0.23 increased body length on hatching. Marsh (1986) found that 
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smaller eggs were produced by the darters later in the season.  Presumably this was linked to 

lower nutrient levels. 

 

Egg size and size of larva on hatching are correlated. Young hatching from large-yolked 

eggs do not need to begin feeding immediately (Kryzhanovsky 1940; Balon 1975 a,b). Egg 

volumes may differ considerably between species.  Ware (1975) has found that the white sucker 

(Catostomus commersonnii) has an egg diameter of 3.0 mm, compared to 1.0 mm in the 

pumpkinseed, a 27 times difference in volume. Hart and Gwerner (1989) thus conclude that 

whereas the pumpkinseed must feed within the first few days after hatching, the sucker has an 

energy buffer during the transition period.  Larger eggs, with more nutrient reserves, provide 

some resistance to starvation (Wilson and Hubbs 1972; Marsh (1986). Smaller eggs, with higher 

surface to volume ratios, could be beneficial under conditions of reduced oxygen which may 

apply in later summer (Hubbs et al 1968). 

 

Body length on hatching in different larvae varies by an order of magnitude (Miller et al 

1988).  Miller et al (1988) surveyed published papers which involved 72 marine, 16 freshwater, 

and 4 anadromous fish species.  They considered hatchling larval size in terms of three 

hypotheses:  (i)  Since large larvae are more developed on hatching than small larvae, the time to 

first possible feeding would be a negative function of larval size on hatching; (ii) Since large 

larvae have more yolk, energy reserves, and a larger body mass, the time to “point of no return” 

(irreversible starvation) would be a positive function of body length on hatching;  and (iii) The 

difference between time to “point of no return” and first possible feeding is an index of the 

flexibility allowed in timing of first feeding.  Thus larvae of large sizes must experience a greater 

“window of opportunity” for survival and success. Hypotheses 1 and 2 were supported by the 

data.  Time of first possible feeding varied by a factor of 24 among larvae of different sizes.  The 

species with the smallest larvae (the white croaker, Geryonemus lineatus), with length of only 

1.8 mm at hatch, first fed after three days, but those of the largest species, the garfish (Belone 

belone), hatching at 13.5 mm, first fed after only five hours (Rosenthal and Fonds 1973).  The 

longest time to first possible feeding, five days, was shared by a variety of small marine, 

freshwater, and anadromous species.  Relative to hypothesis 2, a linear model gave the best fit, in 

contrast to expectations.  Time to point of no return varied from an average of 3.4 days for the 
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smallest larvae (those of the lined sole, Achirus lineatus; Houde 1974) to 18 days in the largest 

(the 9.4 mm lake herring, Coregonus artedii; John and Hasler 1956).  Correction for water 

temperature only slightly changed these relationships. 

 

Hypothesis 3, difference between point of no return and first feeding, was analyzed for 

the six studies that reported both variables.  Regression analysis indicated that the difference 

between the two increased significantly with larval size.  Even small increases in body size at 

hatching, Miller et al (1988) found, apparently conferred large benefits in terms of flexibility in 

time of first feeding.  It was hypothesized that time when larvae first typically feed should 

increase and become more variable with increased hatching size.   Hart and Gwerner (1989) in 

their discussions of the significance of differences in the egg size in the white sucker and 

pumpkinseed have concluded also that:  (i) larvae that are larger on hatching are more active; (ii) 

encounter rate with food would, hence, be increased (Laurence 1972); (iii)  ability to escape 

predators would also increase with size (Webb 1981).  A consequence would be a vigorous start 

to rapid growth.   

 

In some species, but not others, smaller eggs are produced later in the season (Heins and 

Machado 1993).  There could be an energetic basis to this.  Hubbs et al (1968) have suggested 

that the higher surface to volume ratio of small eggs might be advantageous at higher 

temperatures when oxygen levels are lower. 

 

5.8.6 Spatial separation of larvae and early juveniles in different species as a survival 

factor 

 

 Important factors in minimizing over-concentration of larvae are spawning in different 

areas, and early dispersion (Hamrin and Persson 1986; Tonn et al 1992; Post et al 1999).  

Centrarchids spawn in the littoral zone.  Bluegill colonies in Opinicon are usually in deeper 

water (up to 5 m deep) than those of the pumpkinseed and are more concentrated, with up to 100 

active nests, compared to 4-20 in the pumpkinseed and black crappie.  Rock bass are solitary 

spawners. Yellow perch shed ribbons of eggs on the taller vegetation (Herman et al 1964).  Some 

cyprinids and the killifish spawn in the macrophyte beds (Fig. 5.2). Spawning times of yellow 
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perch and centrarchids vary slightly from one part of the lake to another (Alto and Newsome 

1993).  A temperature factor is probably involved here.  

 

Dispersal may be wide.  In Opinicon lepomids of 11-12 mm can be netted in mid-lake 

more than one hundred metres from the nearest shoreline spawning grounds, 17--21 days after 

hatching. In juvenile perch, Post and McQueen (1988) describe nightly nearshore/offshore 

movements  (at ages of 4-8 weeks and lengths of 25-34 mm).  This also applies in juvenile perch 

in other systems (Lin 1975).  Currents and wind action are a factor in this (Houde and Forney 

1970; Gay and Mohr 1978; Muth and Schmulbach 1984; Carter et al 1986).  However, larvae 

have some capacity to avoid displacement.  Even the smallest larvae do not allow themselves to 

drift for long (58 seconds), or far (average, 2.6 m), before taking shelter (Kennedy and Vinyard 

1997).  Larval fish have some capacity to respond to the availability of prey.  They may exhibit 

diel movements, being more abundant in the water column at night (Muth and Schmulbach 

1984).  

 

Directed ontogenetic colonization movement of early juvenile fishes from open waters 

into the littoral zone weedbeds as a deliberate permanent colonizing movement occurs at ages of 

3-7 weeks (Post et al 1995).  Lin, however, found that not all larval perch moved into the littoral 

macrophyte beds early in life.  Some became bottom dwellers.  Juvenile bluegill in Crane Lake, 

Indiana, and elsewhere (Werner 1967, 1969; Keast 1980) show such a habitat shift.  In Tyrolean 

lakes roach larvae move into deep water soon after hatching.  In the rudd, earlier hatchlings do so 

only when the second cohort makes its appearance (Rheinberger et al 1987).  

 

Early juvenile dispersal is a highly visible phenomenon in river systems.  In the former it 

is largely by downstream transport (Muth and Schmulbach 1984).  Early dispersion occurs in 

chinook and coho salmon (Oncorhynchus tshawytscha and O. kisutch) (Lister and Genoe 1970).  

“Spatial ontogeny” also occurs in Year 0 rainbow trout (O. mykiss) (Landry et al 1999).  Here, in 

the presence of larger conspecifics, the distribution of the smaller fish were skewed towards 

inshore littoral and benthic habitats, notwithstanding that prey was much less abundant in the 

latter.  When older and larger conspecifics were not present the fish chose habitats based on 

zooplankton profitability. 
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In estuarine and continental shelf marine systems larval and early juvenile dispersal may 

be great (Walford 1938; Norcross and Shaw 1984).  This, it has been suggested, brings the larvae 

to major areas of water mass (nutrient) turnover, favorable temperatures, high food levels, and  to 

where the populations of multi-species assemblages are so high that potential predators are 

“swamped” (Frank and Leggett 1983).  In inshore marine species, time of larval release may be 

linked to the occurrence of onshore winds, which create conditions favoring dispersal and 

improved feeding (Kennedy and Steele 1971; Le Drew and Green 1975).  In the open sea the 

spatial separation of larvae and food source may be major cause of starvation in some years 

(Hunter 1976, 1981).   

 

5.9 Achieving adult-type diets in juvenile fishes 

 

 "Adult" type diets were found to be achieved by the Opinicon fish species as follows:  

 

Rock bass - variation odonate nymph and crayfish predation - Years II-III. 

Bluegill - Cladocera, chironomid larvae, and Trichoptera larvae - Year 0-I. 

Pumpkinseed - isopods, chironomid larvae - Year I. 

Pumpkinseed – mollusks – Year II. 

Largemouth bass - fish.  Year 0, those individuals of larger size, others - Year I. 

Eastern banded killifish - chironomid larvae, Cladocera, amphipods - Year 0-I. 

Brown bullhead - chironomid larvae, small invertebrates generally - Year 0-I. 

Golden shiner, bluntnose minnow, blackchin shiner, brook silverside - zooplankton mainly - 

Year 0. 

 

 The adult diets of the planktivores were, thus, achieved before the end of the first 

summer.  The largemouth bass was largely piscivorous at the end of the first summer or start of 

the second summer. In the bluegill, brown bullhead, and eastern banded killifish, in which the 

adult diets were of small-bodied chironomids, Trichoptera, and amphipods, the young were 

already focusing on these resources late in the first summer.  The adult diet was consolidated in 

the second summer.  The bluegill and brown bullhead, as noted, take small-bodied prey as adults.  
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In the rock bass and yellow perch, the time of achieving the adult diet is very variable but fish 

are eaten, usually, only at Years III-V. 

 

 The pumpkinseed, a molluskivore, takes two or three years for the molariform dentition 

to develop (Osenberg and Mittelbach 1989).  The adult diet, hence, can only be achieved then.  

 

5.10 Versatility and plasticity in early yellow perch juveniles: Oneida lake, New York 

studies 

 

A series of long-term comprehensive studies on Oneida Lake, New York, provide unique 

data sets of early juvenile yellow perch diets and adaptations (Noble 1975; Forney 1974; Mills 

and Forney 1981; Mills et al 1989a).  Data is also provided on the diets of competitors, the 

introduced white perch and gizzard shad (Prout et al 1990; Roseman et al 1996). 

 

 Oneida Lake area, 20,700 ha, mean depth 6.5 m, maximum depth 15.0 m, has been 

referred to as a "percid" lake, with yellow perch and walleye (Stizostedion vitreum) being the 

dominant fish (Forney 1974; Noble 1972, 1975). The main zooplankters that form the main food 

of larval perch in contrast to Opinicon are Daphnia galeta and D. pulex.  It contrasts with 

Opinicon in that the small-bodied Bosmina longirostris, the dominant cladoceran of Opinicon, 

and that peaks here in September, not May, is uncommon.  Copepods achieve their maximum 

numbers in late Spring, with a second peak in mid to late summer.  Neither is of much 

importance as food for young perch in Oneida Lake.   

 

Yellow perch fry hatch in mid-May in Oneida Lake, then occupy the upper 6 metres of 

the water column before becoming demersal at a length of about 25 cm.   

 

 Daphnia prey, the main support of the perch (Noble 1975) usually peaks in late spring 

and summer.  Timing, however, varies considerably from year to year.  In 1968, both D galeata 

and D. pulex peaked in mid-June.  In 1969 D. pulex was virtually absent and D. galeata peaked 

in numbers in May and October.  In 1970 galeata peaked in May and there was a lesser peak in 

June and another in August-September.  In 1971 D. pulex was again the dominant form and it 
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peaked at the end of May. Planktivorous perch fish larvae, hence, must be able to respond to 

much variability in their prey. 

 

 Daphnia spp. were the principal food of year-0 perch from late July to early September, 

Noble found, except in 1971, the year of scarcity.  Perch body growth was highly correlated with 

Daphnia abundance but not related to perch abundance (a density factor was not operative).  

Early in the season, 17% of the Daphnia standing crop was utilized daily but by late August it 

was less than 1% per day.  There was also extreme local variation in abundance within the lake.  

Larger Daphnia were utilized by preference.  The young perch were size selective predators 

(Hansen and Wahl 1981).  This observation, however, contrasts with the findings of Wong and 

Ware (1972) for perch. Selective elimination of the larger Daphnia by young fish, with 

subsequent suppression of numbers, has been documented by Brooks (1968). 

 

 Subsequently, Mills and Forney (1981) also found that year-0 perch fed almost 

exclusively on Daphnia pulex, but that diets became more diversified late in summer.  In years 

when the D. pulex populations collapsed, there was a shift to chironomids and amphipods.  

Growth rate decreased on this diet.  The authors suggested that this might not have been due to a 

lower quality of this alternative food, but due to the cost of learning a new foraging technique. 

 

 The relationship between growth rate and amount of available food in year 0 perch was 

subsequently analyzed over an 11-year time span in Oneida Lake by Mills et al (1989a, b).  

Correlations were sought relative to the multiple variables of perch density, temperature, 

cumulative biomass of zooplankton, and size of zooplankters.  Below a cumulative temperature 

of 1350° C d-1 none of the independent variables were related singly.  Above that temperature, 

however, yellow perch weight was strongly correlated with the biomass of Daphnia available.  

There was a significant shift to larger prey as the fish grew.  The results, they noted, followed an 

earlier demonstration that when yellow perch density was high, Daphnia were scarce and growth 

was slow (Mills and Forney 1981).  A correlation between high prey densities and good growth 

in young fish has repeatedly been demonstrated (Chick and Avyle 1999). 

 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

 A significant shift to larger prey as the perch grew was found by Mills et al.  However, 

experimental studies with perch in tanks by Confer and Lake (1987) and Confer et al (1990) 

showed that when the fish of 22-62 mm were offered Daphnia of different sizes, unexpectedly, 

they selected for small, rather than the largest prey.  Perch varied in growth by 50-300% 

depending on the combination of zooplankters and sizes fed.  A variation in the quality of the 

food was cited as a possible explanation. 

 

 The prey size preference for year-0 perch consumption thus proved to be complicated.  

Contrary to expectations, Confer and O'Brien (1989) showed that degree of stomach fullness 

influenced prey type being selected.  When offered a range of prey types, Daphnia was initially 

preferred but the fish subsequently switched to the much smaller Diaptomus.  The explanation 

suggested was that at low densities, Year-0 fish selected for prey that provided the maximum 

ingestion rate.  When prey was very abundant, however, selection was for smaller-bodied prey 

that would digest more rapidly, and lead to greater growth efficiency.  Diet changes with 

increasing gut fullness have been documented in Gambusia (Bence and Murdoch 1986). 

 

 Later work on Year-0 Oneida Lake yellow perch has focused on diet selection growth 

when competing with the white perch Morone americana larvae (Prout et al 1990) and gizzard 

shad Doromoma cepedianum (Roseman et al 1996).  The white perch reached Oneida Lake in 

the early 1950s (Alsop and Forney 1982).  As adults, white perch and native yellow perch share 

common diets (Elrod et al 1981; and Schaeffer and Margraf 1986). 

 

 Interactions were studied from mid-July to mid-October over two years.  White perch 

ranged in total length from 22-77 mm in the first year and  37-85 mm in the second year, and 

yellow perch ranged from 21-72 mm in the first year, and 47-78 mm in the second.  In 1980 the 

zooplankton community was dominated by calanoids (45-77%), with Daphnia pulex being the 

second, and cyclopoids the third most abundant prey organism.  The total zooplankton biomass 

reached 400 ug/1 in early August, declined in September, and increased again in October.  D. 

pulex accounted for nearly 60% of the biomass.  White perch diets were calanoids and 

cyclopoids in July and daphnids in August.  Yellow perch utilized Daphnia pulex in July, 

August, and September, but in October, with less food in the stomachs, it accounted for only 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

50% of diets.  In July, white perch (less than 40 mm total length) used smaller prey items 

(calanoids and cyclopoids), with D. pulex use increasing with subsequent length.  Diet overlap 

between the two species, initially low, increased to more than 0.6 from August to October when 

both species used D. pulex.  Growth rates in the two species reflected differences in prey 

biomass/g body weight.  Relative weight gain in white perch accelerated once they became D. 

pulex feeders. 

 

 In the second summer, the available prey resource base differed considerably.  In early 

July, daphnids were in good numbers and calanoids made up 30% of total zooplankton density. 

By the second week of July, D. pulex dropped to only 3% of total density, calanoids increased to 

64%.  In early August, and subsequently, small bodied cladocerans (0.2-0.5 mm) dominated the 

community.  Calanoids made up 19-31% of zooplankton densities in September and October.  

Associated with this was a large reduction in zooplankton biomass.  When D. pulex was 

abundant their biomass was351 ug/1, in October this dropped to about one-tenth, 35 ug/1.  In late 

July, both white perch and yellow perch fed selectively on D. pulex despite it making up only 3% 

of the zooplankton community numerically. As D. pulex disappeared, both species switched to 

the benthic Gammarus (Amphipoda).  Subsequently, for the rest of the year, yellow perch ate 

mainly chironomids, Gammarus, and cyclopoids.  White perch consumed chironomids (to a 

lesser degree), and cyclopoids, ostracods, and pelecypods.  The shift in diet and decrease in prey 

biomass per gram of fish coincided with a sharp reduction in the growth curve in August.  Prout 

et al suggest that this indicates that white perch growth was strongly dependent on prey type, 

lack of daphnids depressing this.  Diet overlaps were very high (86-91%) when D. pulex was 

present, and dropped to 0.44 and 0.49 in September when the two species were forced to 

consume alternative prey.  Higher biomasses of food in the stomachs of white perch and yellow 

perch, and higher growth rates in the former suggested greater foraging efficiency. Differences in 

foraging efficiency in co-occurring fish species pairs has previously been recorded.  Persson 

(1987) previously had found that when roach Rutilus rutilus and Eurasian perch Perca fluviatilis) 

co-occurred, the former was 2-3 times more efficient in catching copepods. 

 

 In summary, both the Oneida Lake white perch and yellow perch grew best when 

Daphnia pulex was abundant.  There were differences in prey types selected.  When alternative 
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prey had to be eaten growth rates fell.  This confirms results previously found for yellow perch 

alone (Mills and Forney 1981; Confer and Lake 1987). 

 

A second competitive interaction study, this time between Year-0 yellow perch and 

gizzard shad (Dorosoma cepedianum), was carried out between June and August, 1990 and 1991 

(Roseman et al 1996).  Since the survey started earlier (June) it incorporated data on younger 8-

14 mm fish.  Yellow perch hatch earlier in Oneida Lake and are generally 2-10 times heavier 

than young gizzard shad by early July.  Gizzard shad, however, have a much more protracted 

spawning period so that, at any time, fish of a much greater size range are present.  In 1990, the 

zooplankton community of Oneida Lake was dominated by Daphnia galeata mendotae and D. 

pulicaria (30-64%).  Calanoid copepods and cyclopoids were generally the second most 

abundant.  Different opportunities led to quite different diets.  Mean size of zooplankton was 

0.86 in late June, declining to 0.64 in late August.  Total zooplankton biomass was over 300 

mg/1 in early June, declining to under 150 m/1 in August. 

 

 The Oneida Lake studies, superimposed on the earlier literature, provide an excellent 

survey of early juvenile fish functioning in a system.  They are developed in a systematic and 

longer-term framework.  How the larvae respond to seasonal shifts in resources, substitute 

resource types, shift diets with growth, and cope with competitors are documented.  Fish are 

handicapped only when an inferior diet type is available.   High diet overlaps infer that, 

nevertheless, a diversified resource base is available.  The Daphnia-dominated Oneida system 

provides a valuable contrast to the Opinicon Bosmina-Chydorus dominated one.  Apart from its 

importance to juvenile fish biology, the data sets have wider conservation relevance. 

 

5.11 Growth in the first summer of life 

 

 The importance of young fish achieving a "maximum" size in their first summer has been 

briefly in Chapter 3.  Critical components are reduction in predation and improvements in 

ecological efficiency. 
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 Increased size minimizes time of greatest vulnerability to predation (Houde 1987; Luecke 

et al 1990).  Predation on larvae is size-selective, and with growth, this vulnerability is reduced 

(Parker 1971; Cushing 1976; Hargreaves and LeBrasseur 1986; Werner and Gilliam 1984; Keast 

and Eadie 1985).  Faster growing fish suffer less mortality (Milinski 1986; Post and Prankevicius 

1987) because they can swim faster (Hunter 1981; Breck and Gitter 1983; Miller et al 1988), 

hence, probability of capture per attempt by a predator would be expected to decline with 

increasing larval length (Folkvord and Hunter 1986). 

 

 The sizes of both predators and prey are important determinants of predation in 

freshwater systems (Brooks and Dodson 1965; Kerfoot and Sih 1987; Ljunggren 2002).  Risk of 

predation for larval fish of a particular size depends upon the size structure of the predator field 

and the abundance of alternative prey (Miller et al 1988).  These factors have also been argued 

for the larvae of marine species (Hunter 1981).   

 

 Increased size, as noted earlier, brings with it striking improvements in feeding efficiency 

and ecological role.  There is a close relationship between body size and hunting efficiency 

)rapidity of prey attack responses; Houde and Schekter 1980; Werner and Blaxter 1981).  Miller 

et al (1992) tested the extent to which body size and foraging abilities are linked in three Great 

lakes fish species belonging to three contrasting groups: the alewife (Alosa pseudoharengus 

Clupeidae), yellow perch (Perca flavescens, Percidae), and bloater (Coregonus hoyii, 

Salmonidae).  Single size-based relationships explained 52-88% of the parameter variation in a 

functional response equation.  There was no strong evidence of species differences. 

 

 Loss of the smaller members of populations has been assumed based on over-winter 

changes in length frequency distributions (Forney 1966; Chevalier 1973; Negonovskaya 1972; 

Shuter et al 1980). The inference is that too small a body cannot store an adequate amount of 

subcutaneous energy.  Toneys and Coble (1979), however, found no evidence of size-selective 

winter mortality in bluegill, fathead minnow, white crappie (Pomoxis annularis), or green 

sunfish (Lepomis cyanellus).  Ricker (1969), however, earlier pointed out that size selective 

mortalitywould not significantly alter the shape of the length-frequency distribution unless the 

mortality-size function was extreme. 
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5.11.1 Limits to the growth season 

 

 At this latitude of the Great Lakes, young fish hatch in May, June, and early July.  

Growth slows and then ceases at the end of August and early September.  First summer growth 

in yellow perch in Minnesota (as in Ontario), slows in mid-August, and ceases at a body length 

of 71-79 mm (Ney and Smith 1975).  In various populations of Michigan bluegills. 90% of 

annual growth was achieved by mid-September (Gerking 1966).   In Windemere, U.K., Guma 

(1978a,b) found that European perch achieved 50% of growth in the first 6-8 weeks and ceased 

growing in September.  A growth season of 10-12 weeks is characteristic.  Larvae of the 

different species may vary in length at hatching by one order of magnitude and initial weight by 

three orders of magnitude (Roff 1984; Werner and Gilliam 1984; Miller et al 1988).  Authors 

agree that species that grow most in length also grew most in weight (r2=0.58, p=0.07). 

 

5.11.2 Innate factors on growth? 

 

 The influence of environmental factors like temperature (see later) has been well studied 

(Chapter 3, 7; Keast and Eadie 1984).  A typical data set can be summarized as follows. 

 

(i) Total length increments in the first summer varied from the 5.4 times increase (from 4.5-

5.0 mm at hatch to 32-36 mm) in the gibbose-bodied bluegill to 7.9 times (7.0 to 62 mm) in the 

fusiform golden shiner.  Body weight increments from hatch ranged from 6-10 fold in the 

bluegill to 1000 fold in the largemouth bass.   

 

(ii)  The fusiform shaped cyprinids and non-centrarchids generally, where emphasis was on a 

long not deep body, obtained the greatest length increments; the centrarchids (gibbose-bodied) 

gained more weight relative to length (Fig. 5.12). 

 

(iii) Relative to ultimate adult size, the centrarchids, which breed mostly in their fourth or 

fifth summer, attained only 15-38% of their adult length and 1-6% of their adult weight.  The 
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smaller-bodied species that spawn in their second summer, grew to 53-100% of ultimate adult 

length, and 12-100% of adult weight.   

 

(iv) There were no significant relationships between adult size at maturity and either length 

(r2 = 0.08, p > 0.10) or weight (r2 = 0.53, p > 0.05) of young at the end of the first summer, 

although the adult size-weight correlation approached significance.  The largest centrarchid 

(Micropterus) and cyprinid (Notemigonus) tended to be heavier and longer bodied than other 

members of their families.   

 

(v) When length at the end of the first summer was calculated as a proportion of the adult 

size, it was clear that the largest species achieved proportionately less of their adult length in the 

first summer (r2 = -0.80, p < 0.01). 

 

(vi) There was a significant negative correlation between time of spawning and the mean 

length and weight at the end of the first summer (r2 = 0.69, p < 0.05 and r2 = -0.71, p < 0.05, 

respectively).  Young of early spawning species achieved more growth than young of late 

spawning species. 

 

(vii) Time of spawning was not related to ultimate adult size (r2 = -0.23, p > 0.19), so young of 

species that achieved a large size did not have a longer growth period in the first summer.  The 

length of the spawning period was negatively correlated with adult size (r2 = -0.67, p < 0.05) and 

with variation (CV) in size of young of each species (r2 = -0.86, < 0.01).  As a consequence, 

adult size was negatively correlated with the variation (CV) in lengths of young of each species 

(r2 = -0.60, p = 0.05). 

 

(viii) Egg size and weight achieved during the first summer were positively correlated (r2 = 

0.72, p < 0.05).  Body length at the end of the summer was not correlated with egg size.  This 

result may be specific to this Opinicon assemblage and not apply generally as the progeny of 

young from larger eggs start life with a big energetic advantage (see next section). 
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(ix) Here, as elsewhere (for example, Secor et al 1992) the number of eggs produced was 

related positively to adult female size.  Larger females, however, do not produce larger eggs 

(also Secor et al). 

 

(x) Through the summer it was possible to continue to identify and trace the growth (length 

increase) histories of the progenies of the different spawnings within species.  Within each group 

there developed a progressive size spread, with individuals differing in growth rates.  In the early 

spawning largemouth bass, by early July the length spread was 15-32 mm, a range of 100%.  In 

the rock bass it was 16-26 mm.  In multiple spawners like the pumpkinseed, where batches of 

eggs were shed at 5-7 day intervals, and the total spawning season was 20-25 days, differential 

growth within the hatch clusters soon produced fast growing intervals that caught up with the 

slower growers of the previous spawning.  Such blending eventually produced a single 

population of variable size individuals.  The length range spread continued to increase.  Thus a 

month after the first spawning, young pumpkinseed range from 12-18 mm (50%).  In early 

August it had increased to 15-32 mm (100%). 

 

 General findings from the survey thus confirmed the operation of minor trends. Fusiform 

shaped fish show greater length increase than gibbose ones.  Small-bodied fish that breed in their 

first or second year will attain a higher proportion of their ultimate adult weight than slow-

maturing long-lived ones.  Early spawning species achieved more total growth than late 

spawners, although cold temperatures presumably do not allow them to get maximum benefit 

from the added time.  Smaller bodied species limited to shedding only modest numbers of eggs 

at a time necessarily have longer total spawning periods than large-bodied ones.  Number of eggs 

produced was related to adult female size. 

 

 Within a hatch cohort, individuals showed a spread in size achieved.  This was probably 

related to feeding, but there could be a genetic factor. Size disparity between smaller and larger 

members of year classes remained obvious the following spring.  This suggested that smaller 

individuals were not able to continue growing longer into the fall to make up differences.  
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 These variables and others have been variously considered within broader life history 

paramaters by various authors including Mann and Mills (1979), Roff (1984, 1992), Miller et al 

(1988), Beverton (1992), Charnov (1993), and Gunderson (1997).  Regional (latitudinal) factors 

must, of course, also be incorporated (Gerking 1966; Phillips et al 1995). 

 

5.12 Growth depensation and compensation 

 

The divergence in body size over time (growth depensation) in first summer fish has, 

because of its economic importance, attracted attention.  It has trophic implications for the 

species.  Growth depensation has now been documented in a wide variety of freshwater and 

marine species  (for example,  Chodorowski 1975;  Thorpe 1977a;  Shelton et al 1979;  Bailey et 

al 1980;  Timmons et al 1980;  Keast and Eadie 1985).  Most of the investigated examples have 

been on piscivores:  largemouth bass (Kramer and Smith 1962;  Keast 1965;  Chodorowski 1975;  

Summerfelt 1975;  Shelton et al 1979;  Timmons et al 1980;  Keast and Eadie 1984);  and 

salmonids (Paloheimo and Dickie 1966a, b; Kerr 1971a, b; Li and Brocksen 1977; Thorpe 

1977d).   

 

Explanations advanced to account for growth depensation include:  (i) disruption of 

spawning (Kramer and Smith 1962;  Summerfelt 1975);  (ii) sexual differences in growth rates 

(Beckman 1949;  Padfield 1951;  Thorpe 1977d);  (iii) social interactions (Magnuson 1962;  Li 

and Brocksen 1977);  (iv) nonsexual genetic differences in growth rates (Magnuson 1962;  

Thorpe 1977d;  Bailey et al 1980);  (v) maternal or paternal influences (Thorpe and Morgan 

1978;  Bailey et al 1980);  and (vi) influence or diet or prey availability (Paloheimo and Dickie 

1966a and b;  Chodorowski  1975; Shelton et al 1979).   

 

Chodorowski (1975) noted that in yellow perch, largemouth bass, and pike perch, the 

smaller sized individuals ate zooplankton and insect larvae and the larger ones insect larvae and 

fish.  He, hence, advanced diet as the reason for the difference.  Thorpe (1977d) argued, 

however, that food could not be the basis, as his experimental fish that also separated into a 

larger and smaller group were all fed the same diet.  Li and Brockson (1977) found that in 

rainbow trout, the larger Year 0 fish grew faster, were energetically more efficient, and had 
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bodies with a higher lipid content.  For Alabama largemouth bass, Shelton et al (1979) found that 

fish longer than 17 mm were in good condition, those in 8-17 in poor condition.  He attributed 

the difference to shortage of prey for the smaller fish.  (In one of his study years, interestedly, the 

bass did not separate out into smaller and larger groups.)  Timmons et al (1980) concluded that 

largemouth bass disrupted spawning was not the basis of the difference.  For largemouth bass, 

Goodgame and Miranda (1993) again found that early "swim up time" conferred an advantage in 

growth and that the earlier fish did not lose this advantage.  Kerr (1971a, b, c) predicted that 

growth efficiency decreases when food either becomes rare, or small, in relation to size of the 

predator.  Sustained growth, in turn, requires availability of prey of increasing size even if it is 

rare.  The bulk of investigators have found that feeding and food were the basic factor in the 

polarization of Year 0 fish into clusters of smaller and largerindividuals.  

 

This proved to be the case in eastern Ontario largemouth bass studied by Keast and Eadie 

(1985).  Fast growing individuals were able to keep pace with their main prey (bluegills) and, 

since they continue obtaining larger and more energetically efficient prey, they continued to have 

outstanding growth.  Slow growing fish fell behind and had to lapse back on to a smaller and less 

energetically efficient prey, zooplankton.  The size disparity between larger and smaller 

largemouth bass was maintained, or increased, through to the end of summer (Fig. 5.10). 

 

Timmons et al (1980) found little evidence to indicate that spawning disruptions were 

responsible for size divergence whilst Beckman (1949) and Padfield (1951) found that in 

largemouth bass there were sex-related differences in rate of growth of young.  Pasch (1975), 

Shelton et al (1979), and Timmons et al (1980) have argued that growth depensation in 

largemouth bass was due to the shortage of prey available to the smallest individuals.  The 

relationship between food and growth is, of course, fundamental (see later).   

 

 There are various published demonstrations that early spawning, as in the perch, favors 

increased total growth by the end of summer (Keast and Eadie 1985).  In the piscivorous 

largemouth bass, earlier spawned individuals become piscivorous earlier (Maceina and Isely 

1986; Goodgame and Miranda 1993).  In perch, Narimatsu and Munehard (1999) found that 
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though hatching rates were lower for early spawned individuals, the survivors reached a larger 

body size by the end of summer.  

 

 The roles of possible between species differences in foraging efficiencies, and deliberate 

prey choice at the individual level in growth have received little interest.  Metabolic adaptations 

may have a direct role in growth.  Of three co-occurring marine species studied by Houde and 

Schekter (1980), one fed effectively at low prey density and efficiently converted food into 

growth; a second was very effective at higher prey densities but less so at low densities; and a 

third, the poorest predator, survived at low prey density by switching to less desirable but more 

abundant prey.  The differences in feeding behavior were reflected in differences in growth and 

survival rates of the three species. 

 

 There are probably several reasons for intrapopulation differences in growth in fish 

during their first summer.  The most convincing ones relate to feeding and food. 

 

5.13 Factors affecting larval and early juvenile growth in lake fishes, abiotic verses 

biotic: a recapitulation  

 

Factors found to be important in the growth of year-0 fish, as with older ones, include the 

abiotic (temperature, latitude), the biotic (crowding, food, intraspecific and interspecific 

interactions), and combinations of these.    

 

5.13.1 Temperature   

 

The fundamental role of temperature in fish biology is elsewhere summarized (Chapters 3 

and 7).  Temperature, operating through the fish's metabolism, has a direct effect on larval and 

juvenile growth rate (Noble 1975; Neuman 1976; Werner and Blaxter 1980; Henderson and 

Brown 1985; Beyer 1989).  

 

 For larval fish, temperature effects are obvious in early spawning fishes.  Just as hatching 

times are reduced with increasing temperatures, so growth rates increase (Chapter 3).  In the 
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marine cod (Gadus morhua), growth rates progressively increase over the temperature range of 

4-14° C (Otteriel et al 1999; Ottersen et al 2001).  The optimal temperatures for growth in larvae 

fed to excess, was found to be between 14 and 16° C.  Year to year differences in temperatures 

affect growth in the cod.  When currents pushed the young fish into colder water, a reduced 

growth rate resulted.  Fish show some capacity to adjust their distribution relative to temperature.  

In the North Atlantic cod, spawning occurs in the same places each year, but at different depths 

according to variations in the thermocline. 

 

 Many authors have documented a relationship between temperature and growth in 

populations of the yellow perch, for example, in South Bay, Manitoulan Island (Coble 1966), 

western Lake Erie, the Red Lakes, Minnesota (Ney and Smith 1975), and Oneida Lake, New 

York (Mills et al 1989a and b).  In Lake Opeongo, Algonquin Park, Ontario, the relative increase 

in length of larvae was shown to be higher in a second year of study which had more 

accumulated degree-days (Cucin and Faber 1985).  For Oneida Lake fish, Mills et al (1989a) 

found that mean weights in age-0 fish increased with the accumulation of temperature (in degree 

days), but that the effect varied between years.  This mirrored Ferguson's (1996) results with 

largemouth bass in eastern Ontario systems (Chapter 3). 

 

 Notwithstanding all of the above, there is disagreement on how important temperature is 

to growth in young fish compared to food abundance once spring temperatures start to warm. 

Post and McQueen (1994) emphasize than prey abundance then has an over-riding effect.  Daily 

growth rates fluctuated with water temperatures, plus prey availability, in the threadfin shad 

(Betsill and Avyle 1997).  This applied to young to the age of 21 days.  Growth then increased 

linearly with temperature up to about 28°C.  The relationship between temperature and prey 

availability may, hence, be complex, they concluded. 

  

 Hugh et al (1976) found that a combination of temperature and photoperiod  controlled 

growth rate.  The best growth in yellow perch and walleye (Stizostedion vitreum) under 

experimental conditions was obtained at 22° C and a 16 hour photoperiod.  LeCren (1958) and 

Le Cren et al (1977) determined that in young fish, temperature operates jointly with other 
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factors to control growth.  However, many other studies conclude that temperature alone is the 

dominant contributor to growth (Chapter 7). 

 

5.13.2 Latitude 

 

Latitude has been referred to as a "surrogate" for temperature indicating that particular 

authors have thought that the well-known latitudinal differences in spawning dates and growth 

rates have a simple temperature basis.  The latitudinal factor in fish growth is reviewed in detail 

in Chapter 7. 

 

5.13.3 Crowding, high stock density, intra- and inter-specific competition 

 

 Examples of growth being inversely related to stock density are given by Marshall and 

Frank (1999) and provided in Chapter 7.  Other investigators, however, have failed to find this 

relationship.  In the pikeperch, the larvae are particularly sensitive to prey density during the first 

week of exogenous feeding (Ljunggren 2002).  First feeding larvae of 6.5 mm needed prey 

densities greater than 585 1-1 to maintain mass.  Five days older larvae of 7 mm, however, 

needed only 55 prey 1-1.  Various authors regard the interface between endogenous and 

exogenous feeding as a particularly critical period in larval life. 

 

5.13.4 Predation and competition 

 

 Predators may limit growth in Year 0 fish by forcing the prey to occupy sub-optimal 

habitats (Werner 1988; Grand 2002).  However, prey vulnerability declines exponentially with 

increasing prey/predator length ratios (Scharf et al 1999).  Once the Year-0 fish grow large 

enough to minimize predation, however, this becomes less of a constraint. 

 

 Intraspecific competition (Chapter 7) between the juveniles of different species and 

between age classes of species has been invoked by some authors as explaining yearly variations 

in age class strength.  Alewives (Alosa pseudharengus) in both Lake Michigan (Brown 1972; 

O'Gorman and Schneider 1986), and Clayton Lake, Virginia (Kohler and Ney 1981) exhibited a 
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strong year-class development in the year following a massive die-off.  Likewise,  threadfin shad 

Dorosoma petense, and gizzard shad D. cededianum in a Tennessee reservoir (where production 

of young varies between years by two orders of magnitude) produced significantly more young 

in years following winter-kills (Sammons et al 1998).  In these cases, both young and old fish 

were planktivores so that the loss of the latter conceivably explained the rebound of the young.  

In their example, however, O'Gorman et al (1997) suggest potential competition between the two 

youngest cohorts.  They noted that Mills et al (1992) found that mysids and amphipods made up 

20-30% of the diets of older alewives, mitigating food competition with younger fish. 

 

 There are various other examples of a population reduction in one species matching an 

increase in a second.  In Crystal Lake, for example, Hrabik et al (2001) found that yellow perch 

recruitment declined with the introduction of the exotic rainbow smelt (Osmerus mordax).  The 

young of the two species hatched at similar times, had similar distributions, and preferred the 

same habitats.  Both used two species of Chironomus as food, although the smelt ate more of the 

larger individuals.  Diet overlaps exceeded 0.45 (on a scale of 0-1) on all sampling dates during 

the spring and summer of 1995-1996, and exceeded 0.60 on all but the first and last dates in 

1996.  Over two study years, the young perch did not survive in measurable numbers.  The 

authors inferred that competition from the age-0 smelt was responsible. 

 

5.13.5 Food 

 

 Feed and feeding in larvae and juvenile fishes has already been explored in detail.  Food 

and growth rate are closely linked (Le Cren 1955; Wong and Ward 1972; Furnass 1979; Hansen 

and Wahl 1981; Hokanson and Lein 1986; Mills et al 1985, 1989a, b; Newsome and Leduc 1975; 

Oliver et al 1979; Toneys and Coble 1979, 1980; Adams et al 1982; Cunningham  and Shuter 

1986; Post and Evans 1989a, b; Johnson and Evans 1986; Post and Prankevicius 1989).  The 

term "food", covers total abundance, availability of the right type and size, and seasonal 

availability (Noble 1975; Confer and Lake 1987; Letcher et al 1996).  Rarely is "amount" of food 

measured.   
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 Food effects include "trophic bottlenecks", when food of the right type is not available at 

a critical time in growth; stunting; and depensation effects (Keast and Eadie 1985).  Studies of 

yellow perch and other species in Oneida Lake and various United States reservoirs provide good 

quantification of variations in growth relative to fluctuating food supplies. 

 

5.14 Larval fish relative to zooplankton populations 

 

 There is coincidental evidence that high numbers of larval fish depress the populations of 

their zooplankton prey (McQueen and Post 1988; Work and Gophen 1995).  The pattern is 

suggested for Lake Opinicon where Bosmina longirostris and cyclopoid copepod numbers drop 

precipitously when larval numbers have their first peak, but only later in mid-lake after the 

dispersing larvae reach there.  There is an inshore peak again in August when no larvae remain.  

Parallels occur in other systems.  Unresolved, however, is the broader issue of whether the 

springtime drops are due to larval predation, are part of an independent zooplankton population 

cycle, or are initiated by temperature shifts or some other physical factor. 

 

 The impact of fish larvae on zooplankton in Ohio lakes has been studied by DeVries and 

Stein (1992) and Dettmers and Stein (1992) where  the introduced gizzard shad (Doromoma 

cepedianum) is the major predator.  This species (widely introduced into United States) feeds on 

zooplankton as larvae (Barger and Kilambi 1980; DeVries et al 1991), then commonly switches 

to phytoplankton or detritus, as juveniles and adults (Kutkuhn 1957; Bodola 1966; Pierce et al 

1981). 

 

 Two lakes with contrasting zooplankton populations were chosen for survey.  Kokosing 

Lake was rich in cladocerans, especially Bosmina spp., and Knox Lake was dominated by 

cyclopoids.  The two crustacean groups have different generation times: 3-5 days and 2-3 weeks, 

respectively (Gulyas 1980; Webb and Parsons 1988).  The larval shad, hence, had the potential 

of making differential impacts between lakes. 

 

 In the study years larval gizzard shad first appeared in both lakes in late May, and 

densities peaked in mid-June.  Abundances increased quickly and peaked at the end of May in 
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Kokosing Lake, declining to near zero by June 21.  In Knox Lake, however, there were no peaks 

in biomass.  Blooms of Diaphanosoma spp. (which were not eaten by the larval fish) and 

copepods occurred near the end of June.  In Kokosing Lake, Dettmers and Stein (1992) found 

that small shad larvae (length 5-17 mm) selected copepod nauplii and cyclopoid copepodites 

before the zooplankton populations crashed at the end of May, copepods during the crash (June 

9-16), but after the crash they dropped crustacean zooplankton from the diet.  Large larvae 

(length 18-24 mm, which were taking cyclopoid copepodites before the crash, then switched to 

Bosmina and Daphnia as prey during the crash, Subsequently, rotifers formed the prey.  

Crustacean zooplankton were eaten through the summer in proportion to availability.  

Diaphanosoma, though abundant and eaten in some other lakes, was ignored.  During the peak in 

Kokosing Lake, 100% of crustacean zooplankton production was eaten;  in Knox Lake it was 

80%.  This did not apply later in the summer when larval densities were very low. 

 

 Gizzard shad larvae did not exert a major effect on crustacean zooplankton population in 

Kokosing Lake, but could have been an important cause of mortality in Knox Lake where there 

was not a well-defined population peak.  Numbers of larval shad at the time of the survey could 

not account for the observed zooplankton decline in Kokosing Lake.  Although peak abundance 

of larval gizzard shad coincided with the midsummer decline of macrozooplankton in these Ohio 

reservoirs, the larvae only began to influence production after the peak in abundance.  In a 

reservoir with low zooplankton productivity, there were variable effects on zooplankton at low 

larval densities.  .  Late larval and juvenile stages, it was concluded, may possibly have 

controlled abundance levels.   In an enclosure/exclosure experiment in Kokosing Lake, DeVries 

and Stein (1992) used both shad and bluegill larvae.  There was a precipitous decline in 

zooplankton abundance following peak larval abundances with, in turn, the bluegill larvae being 

adversely affected. 

 

 The conclusions to be drawn from these studies are that larvae-crustacean prey 

interactions are complex; and interactions will differ with kinds of prey available and 

abundances of predators and prey.  No clearcut case can thus be made for larval or early juvenile 

predators controlling abundance cycles in the micro-Crustacea. 
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5.15 Multiple factors and growth 

 

Whilst most investigators have related growth to the single factors of temperature and 

food supply, more than one factor is involved in controlling growth (Chapter 7).  Simultaneous 

effects of multiple factors affecting growth were studied for three species in 21 Illinois reservoirs 

by Claramunt and Wahl (2000). 

 

 The reservoirs were chosen because they included the extremes of latitude within the 

state, and included a range of sizes (5.6 to 4,492 ha), depths (2.3 to 7.6 m), lake morphologies, 

temperatures, littoral volumes, conductivities, and alkalinities.  These include the variables that 

have been shown to be potentially important to fish.  The fish species represented contrasting 

trophic types: a piscivore (crappie Pomoxis spp., which only become piscivorouss when large); a 

detritivore (gizzard shad Dorosoma cepedianum), and an invertivore (sunfish Lepomis sp.).  

Fourteen of the 21 reservoirs had all three species.  Crappie larvae reached greatest abundance in 

May; gizzard shad larvae peaked inlate May through June; and bluegill larvae peaked in late 

June through July.  Larval peak densities varied widely across the reservoirs, ranging from 2.9 

fish/m3 to 272 fish/m3.  Crustacean zooplankton and rotifers were monitored as a measure of 

food available.   Fish growth was measured using otolith daily rings.  The studies extended from 

May to July.  Correlations between fish growth and environmental variables were evaluated with 

the aid of principal component analysis and multiple regression models. 

 

It was found that: (i) Larval fish growth rates were highly variable across the 21 

reservoirs: the magnitude of the differences varied with the species. (ii) Larval gizzard shad had 

the highest growth rates (mean 0.85 mm/day) and least amount of variation (range 0.58-1.1 

mm/day); in bluegills it averaged 0.55 mm/day and crappie 0.58 mm/day (both had a variation 

figure of 0.26-1.0). (iii) In the early spawning crappie the first principal component explained 

most (36%) of the variation, with abiotic variables temperature, littoral volume, and surface area 

loading higher than the biotic variables.  However, when growth rates were correlated with the 

scores from principal component analysis, none of the first five components helped explain 

larval crappie growth.  The reservoir characters that influenced growth rates for crappie were not 

found.  The multiple-regression model explained a high proportion of the variance in larval 
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crappie growth, with temperature, percent littoral volume, and zooplankton being the best 

predictors.  Of these, the only univariate correlation, and this marginally significant, was the 

percent littoral volume. (iv) In gizzard shad (relative to their time period of availability), all the 

variables reduced to five principal components which explained 82% of the variation.  Abiotic 

and morphological variables again explained much of the variation across reservoirs.  Of the six 

variables that loaded highest in principal component 1, three were abiotic (surface area, littoral 

volume, mean depth) and three were biotic (zooplankton abundance, total larval fish density, and 

gizzard shad density).  Principal Component 2 was best described by the abiotic variables of 

water transparency (Secchi disk depth), alkalinity, conductivity, and mean depth; and the biotic 

variable larval fish density.  The multiple regression model explained a high proportion of the 

variance in larval fish growth rates.  Best predictors for the model were conductivity, Secchi disk 

depth, rotifer density, and calanoid zooplankton density.  (v) For bluegills, 12 variables were 

again reduced to 5 principal components.  These explained 81% of the variation between 

reservoirs.  Abiotic variables (surface area, alkalinity, conductivity, and percent littoral volume) 

loaded highest in the principal components model.  In addition, crustacean zooplankton 

abundance, rotifer abundance and larval fish density also loaded high.  The multiple regression 

model for bluegill growth rates explained a lower proportion of the variance. 

 

The Claramunt and Wahl (2000) study is of interest in attempting a balanced assessment 

of all the potential factors affecting growth.  For all species, abiotic (water temperature) and 

morphological (surface area) factors explained the most variation and loaded high in the first and 

second principal components.  Some limnological components (water temperature, lake size, 

zooplankton and larval fish densities) were important for each species.  These conclusions give 

perspective not brought out in the papers that focus on individual variables and species.  Here, 

abiotic and biotic factors are given equal weight, which most other workers have not done 

(Arthur 1976; Crowder et al 1987; Miller et al 1990).  The important role of temperature is 

confirmed.  It can be expected to be important in May when the waters are warming, but less so 

in mid-summer when they reach a level of stability.  The variables that can be linked to water-

body productivity, as might be expected, suggest that lake productivity has an important role in 

fish growth.  Density factors emerge as important, but to lesser degree.  These results argue that 

we must take a much wider view of the factors influencing growth than we have been doing.  
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The different responses of the three species must be noted.  It supports the intuitive 

rationalization that the hierarchy of importance of different growth factors varies with the lineage 

or species.  No clearcut single factor can be identified.  The control of growth in Year-0 fish is 

complex. 

 

5.16 Fitness and life history strategies relative to larval systems: the evolutionary 

perspective 

 

 Freshwater fishes are remarkable for the diversity of life history and reproductive systems 

displayed (Breder and Rosen 1966).  Major components of these have been reviewed by 

Wootton (1984), Page (1983), Paine (1990), Detenbeck et al (1992), Miller (1996), and 

Matthews (1998).  Detenbeck et al (1992) has documented fundamental data on life history 

characteristics for a range of North American freshwater fishes. Data on size at maturity, life 

span, fecundity, and time of hatching, has been summarized for 162 Canadian species by 

Wootton (1984).  Virtually all components of fitness have a reproductive success, larval survival, 

and growth component. 

 

 Authors have been interested in how features correlate to produce optimal adaptive types.  

Wootton classified these into ten clusters.  Strongest correlations were between body size and 

life span, body size and egg size, and spawning month with egg size.  The latter was influenced 

by autumn-spawning salmonids having large eggs.  Wootton concluded that only a certain 

number of types of reproductive strategies are possible for a region, since phylogenetic 

constraints, body morphology, and environmental factors limit what can develop.  In darters 

(Etheostomatinae), Page (1983) found correlations of general life-history traits with reproductive 

traits, included production of larger but fewer eggs, repeated spawnings (semelparity), life span 

variation, early versus later reproduction, and variations in population density.  Darters are 

noteworthy for the diversity of their adaptations.  This extends right down to egg-laying 

strategies.  Species variously may “broadcast”, “strand”, “bury”, “attach”, and “clump” their 

eggs.  Paine (1990) found that those with large body size exhibit fast growth, maturation at large 

body size, larger clutches, shorter spawning seasons, and longer reproductive life spans. 
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 Sixteen life history traits for 216 North American fish species in 57 families were 

subjected to multivariate analysis by Winemiller and Rose (1992).  Freshwater species differed 

in modal values for traits like clutch size, egg size, spawning season, and degree of parental care.  

Twelve traits clustered relative to a continuum from (i) fishes maturing late at large size, with 

large clutches, small eggs, fewer spawning bouts and little parental care to (ii) small or early 

maturing species with small clutches, large eggs, longer spawning season, and more parental 

care.  A second principal component, with five traits for 82 species, showed two major gradients.  

The first placed taxa on (i) a continuum from small size, small clutches, and more spawning 

bouts to (ii) those with larger size, larger clutches, and fewer spawning bouts.  A further axis 

involved species on a continuum from small egg size and little parental care to the opposite.  

There was a strong relationship between phylogeny in patterns, and between suites of life-history 

traits and habitats occupied by the taxa.   

 

 Spawning strategies in lake fishes have be thought of within the idea of “reproductive 

guilds” (Kryzhanovsky 1940; Balon 1975a, b, 1981, 1986).  The concept was introduced to 

represent “peaks in the landscale of reproductive styles”, along the altricial – precocial 

dimension (Balon 1981).  The author stresses that these are not units of evolution.  Extreme 

alternative strategies are ovoviviparity (live birth), as exhibited by sharks (an ancient method), 

and the shedding tens of thousands of untended eggs (as in some marine fish).  These are not 

found in North Temperate freshwater lake fishes.  The implications of egg size interested Balon.  

He noted that larvae from eggs with little yolk (that represented minimal parental investment), 

must initiate exogenous feeding immediately. Those with much yolk (more energy input from 

the female parent) can continue development for a period without the stress of finding food.  On 

this basis, he rationalized that embryos with insufficient endogenous food supply (yolk) are 

unable to build a definitive phenotype directly, and need the transient form of a nutrient 

gathering larvae. A large endogenous supply enables the adult phenotype to develop more 

directly. 

 

 Balon saw early ontogeny as a key feature in life histories and that, hence, even a small 

reduction in larval mortality, on this basis, can have significant effects on population numbers.  

Paine (1990) has used Balon’s rationalizations in his interpretation of life history parameters in 
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darters.  Here three species have maximum and (mean) egg diameters of 1.23 (0.91), 2.18 (1.66), 

and 2.7 (2.06) mm.  He concluded that the first (log perch) cannot, because of its early hatching 

and small poorly developed head, begin feeding on insects.  The other species with large yolks 

by contrast, can remain within the egg envelope longer, hatching as larger, better formed, and 

less vulnerable fish. 

 

 The study of life history strategies in animals, viewed within the framework of “fitness”, 

has had a long history.  Most of the early work and rationalization was based on birds and 

mammals.  The same “rules”, of course, apply to fish.  The r-K selection model (MacArthur and 

Wilson 1967; Pianka 1970) and bet-hedging model (Schaeffer 1974) predict different suites of 

life history traits, depending on whether mortality is variable in the adult (r-K selection) or 

juvenile states (see discussion in Gotelli and Pyron 1991).  Environmental stability may play a 

key role in this evolution of life history traits (Dobzhansky 1950; MacArthur and Wilson 1967, 

Stearns 1976).  Temperate versus tropical environments, which are less seasonal and warmer 

(Stevens 1989), involve different selection pressures and in many taxa, life history traits vary 

along a latitudinal gradient (Thorson 1950; Stearns 1976; Lonsdale and Levinton 1985). 

 

 Much of the focus in life history studies has been on the relationship between offspring 

size at birth (hatch) and numbers of offspring produced (Smith and Fretwell 1974; Shine 1978; 

Sargent et al 1987; Nussbaum and Schultz 1989). 

 

 Lack (1947, 1968) argued that selection favored parents that maximize numbers of 

surviving offspring.  Subsequent manipulative studies (Hussell 1972; Perrins and Moss 1975; 

Finke et al 1987; Sikes 1998) have shown that parent birds can raise more young than that 

predicted by the Lack hypothesis.  An early alternative to Lack was the “trade off” hypothesis 

that suggested that life histories were shaped by a balance of the effect of the immediate 

reproductive effort on the future reproductive and survival potential of offspring and parents 

(Cody 1966; Perrins and Moss 1975; Tuomi 1990).  Some workers have found that increasing 

litter size reduces parental survival (Nur 1984; Dijkstra et al 1990) or offspring survival 

(Gustafsson and Sutherland 1988; Smith et al 1989), but others have not found the latter (Morris 

1986; Pettifor et al 1988).  In mammals, a correlation between litter size and energetic demands 
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or food availability has been established (Klomp 1970; Cody 1971; Dijkstra et al 1990; Sikes 

1995, 1998). 

 

 Working within the intuitively obvious basis that (i) as energy expended on an individual 

is increased, the number of offspring that parents can produce decreases;  and, (ii) as the energy 

expended on an individual offspring increases, the fitness of individual offspring increases;  

Smith and Fretwell (1974) advanced a model to represent the relationship between energy 

expended on individual offspring and the fitness of parents.  The validity of the model was 

demonstrated by standard analytical procedures.  This is, of course, the “optimization” model.  

One of the guiding principles of life history evolution is that you “cannot get something for 

nothing”.  There are physiological tradeoffs.  An increase in one component of fitness is 

achieved at the expense of another (Sibley and Calow 1986). 

 

 Relative to this, for cold-blooded vertebrates, Shine (1978) introduced the “safe harbor” 

model, that since egg size is often positively correlated with the amount of parental care afforded 

the developing embryos, then egg size should be related to the relative survival of the embryonic 

and juvenile stages.  Thus, if parental care of embryos increases their instantaneous survival rate 

so that the embryonic stage has lower mortality that the juvenile one, then natural selection 

should favor more time spent as an embryo and less as a juvenile.  On this basis, then, egg size is 

likely to increase with increasing quality of parental care. 

 

 This rationalization has been illustrated for freshwater fish by Gross and Sargent (1985). 

Egg size apparently increases with the quality of parental care in four groups of oviparous fishes:  

Centrarchidae, Percidae, Salmonidae, and Cichlidae.  In the Centrarchidae, where males establish 

breeding territories, mate in the vicinity of nests, and alone guard the offspring, parental care 

ranges from about one day in the Sacramento perch (Archoplites interruptus) with an egg 

diameter of about 0.64 mm  to 1.7 days in the black crappie (Pomoxis nigromaculatus) with an 

egg diameter of 0.9 mm to 2 days in the bluegill and pumpkinseed with an egg diameter of 1.15-

1.20 mm to nearly 3 days in the rock bass (Ambloplites rupestris) with an egg diameter of 1.63-

1.65 mm.  In the piscivorous largemouth bass (Micropterus salmoides), with an egg diameter 

about 1.45 mm, males protect schools of free-swimming young for up to four weeks.  Egg size 
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also is related to the size of the parent.  In the salmonids such as the coho salmon (Oncorhynchus 

kisutsch), larger females both produce larger eggs and more eggs.  Larger females also guard 

their eggs more successfully, compete for better oviposition sites, and thus have higher rates of 

egg survival. 

 

 Dissatisfied that existing models were inadequate to explain the variables associated with 

parental care, Sargent et al (1987) produced a modified model.  In doing so they broadened the 

definition of parental care to include investment before fertilization that affects offspring survival 

after fertilization.  Following Shine (1978), they divided offspring survival into the episodes of 

egg and juvenile stages.  The former ended and the juvenile stage begins when offspring became 

independent of all parental resources.  The period of interest ends with reproductive maturity.  In 

the Shine model, unless the egg stage is safer than the juvenile stage, a female should make her 

eggs as small as possible.  Under the Sargent et al model, a female with parental care who 

produces larger eggs benefits by producing larger juveniles with higher survival and faster 

growth.  The longer egg stage, as associated with larger eggs, imposes a survival cost over the 

egg stage.  Moreover, the female who makes larger eggs pays the additional cost of making 

fewer eggs.  The costs of making larger eggs, they argue, are exceeded by the benefits of 

increased survival during the juvenile stage.  They also suggest that there is an interior maximum 

fitness on egg size and that small shifts in instantaneous egg mortality produce small shifts in the 

optimal egg size.   

 

 Major factors stemming from the “safe harbor” hypothesis and its derivatives are 

discussed by Nussbaum and Schultz (1989).  Shine’s assumption of a constant instantaneous 

juvenile mortality rate unaffected by variation in egg size is biologically unrealistic and yields 

anomalous results, they argue.  Considering the evolution of egg size in response to changes in 

quality of parental care looks at the situation from only one angle.  Implications and other causes 

of changes in egg size should also be considered.  Perhaps the greatest interest in the Nussbaum 

and Schultz paper lies in their bringing out that change in egg size can be selected for 

independently of parental care for a variety of reasons.  They agree that size of the offspring at 

exogenous feeding is an important factor in determining their success in various environments.  

The competition factor (Parker and Begon 1986) and predation (Kerfoot 1974) may also be 
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influenced by size of offspring.  To further illustrate their point about a possible disconnection 

between parental care and offspring size, Nussbaum and Schultz quote their own findings with 

salamanders.  Pond-breeding species have small eggs; stream-breeders large eggs.  Pond 

hatchlings feed exclusively on abundant zooplankton but the stream dwellers, with no 

zooplankton available, must feed on larger prey.  Thus, the exploitation of streams by 

salamanders requires larger egg size and larger hatchlings.  Larger eggs, because they are likely 

to result in higher embryo vulnerability should be related to increased parental care (Nussbaum 

1985; Nussbaum and Schultz 1989).  Egg size can be a response to the nature or quality of the 

embryonic environment.  The model they suggest, by incorporating these additional variables, 

overcomes exceptions to previous ones.  A correlation between egg size and parental care is not 

necessarily expected, although a correlation obviously applies in many groups.  Optimization 

theory continues to enjoy wide acceptance even though criticized because it offers little in the 

way of prediction and is not a fruitful avenue for experiment (Rose et al 1987). 

 

 In any weighing of life history components, allowance must of course, be made for both 

the genetic and phenotypic plasticity components (Berven and Gill 1983; Mann et al 1984).  

There is a relationship between genetic and functional constraints (Charlesworth 1990).  

Commonly, as noted, inherent features of phylogenetic lineages are expressed (Gould and 

Lewontin 1979; Brooks 1985; Loeschke 1987; Coddington 1988).  Stearns (1983), after a survey 

of life history strategies in mammals, concluded that 70% of interspecific variation in traits 

occurs at the level of order, and 12% at the family level.  Gotelli and Pyron (1991) point out that 

phylogeny and current ecology do not represent mutually exclusive factors but represent both 

alternative and supplementary features. 

 

 This last point applies to the data and discussions in the first sections of this Chapter.  

There is a phylogenetic or "ultimate" component to first summer life and growth in lake fishes.  

An evolutionary component expresses itself at the ecosystem and faunal level (for example, in 

the fact that species spawn at different times).  This reduces the potential over-harvesting of 

resources.  There has obviously been a co-evolution of species and their prey resources.  The 

evolutionary advantages of this might, of course, be incidental.  But the finer points of survival 
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of the young, cropping of resources, and growth responses to resources are immediate adaptive 

responses.  This is the "proximate" factor in the system. 

 

5.17 The trophic and energetic ecology of larval and early juvenile fish in lakes: a 

summary 

 

 Larval ecology and adaptations are a pivotal component of lake fish systems.  They are 

set in the broad matrix of life history strategy, ways of life, and the opportunities and constraints 

of the cold North Temperate systems.  In this Chapter, diets and growth within the wider 

framework of seasonality, energetics, and some other specially relevant factors have been 

explored.  Set in a comprehensive literature review some clarity is improved. 

 

 Larval populations may initially be huge but numbers produced vary greatly with the 

abundance of the parental species.  Predation and dispersion quickly dissipate numbers.  Larvae, 

limited to the smallest prey items, share a largely common diet.  This also applies to the larval of 

successive hatches at different times in multi-spawning species.  Very rapid dietary changes and 

diversification linked to acquisition of the juvenile body form (which commonly occurs at 10-14 

mm in the species studied here) limits any potential debilitating effect of over-use of resources.  

Two interspecific differences in life history strategies are important here.  Communities include 

single and multiple-spawners and separate out somewhat in times of production of larvae.  

Commonly there is a habitat switch between larvae and juveniles.  In the Opinicon system, 

larvae are mainly in the inshore open water (Fig. 5.1), early juveniles in the newly proliferated 

macrophyte beds (Fig. 5.2).  The latter show much dietary separation.  In all but the planktivores, 

prey size eaten increases with mouth size.  "Adult type" diets, characteristic of the older 

members of species, are commonly attained by the end of the first summer. 

 

 Early juvenile feeding ecologies, and between species relationships, may be complex.  

The Oneida Lake studies of Mills and others, a system where types of resources available vary 

from summer to summer, and to which introduced species have been added, provide a 

demonstration of this. 
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 A critical factor in first summer life is growth.  This is plotted for various species.  An 

attempt is made to relate amount of growth achieved with various variables (abiotic and biotic).  

Multiple factors impinge on growth.  Rapid growth minimizes the "window" of opportunity for 

predators which focus most heavily on smaller fish.  It is generally agreed that improved survival 

during the first winter is related to amount of growth achieved.  

 

 Life history strategies of fish, the annual cycle, and all other factors of fish species 

biology are heavily influenced by the needs of the first summer.  Larval ecological systems differ 

strikingly from those of adults in many ways. 

 

Diet and growth are the central components of larval and early juvenile life.  Adaptations 

include spawning at optimal seasons and when food of the larvae and juveniles are available, 

spacing of egg production, minimizing potential interspecific competition, maintaining 

ecological versatility, optimization on a growth season, physiological variations and, within 

phylogenies, optimizing morphological attributes of the body.  All aspects are set, however, in a 

broader phylogenetic, physiological, adaptive, and life history strategy.  No component is 

independent of any other.  A result is a series of beautifully interrelated and complex systems. 
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Table 5.1 Prey consumption by various species and sizes of larval fishes - onshore, open 

waters for four different sampling periods.  #/10 fish. 

 

                                                                                                                                                       

Species and     Number of organisms per 10 fish 

size (mm) 

May 8-9 May 21-23 June 15-17 July 17-19 

                                                                                                                                                       

 

YELLOW 6-7  33 

PERCH 8-12    255 

18-23      140 

 

LOG  5-7    33  230 

PERCH 8-10    89  160 

 

BLACK 4-5    69    70 

CRAPPIE 6-7      110 

12-14        94 

 

ROCK BASS 7-9        88 

 

LARGE-MOUTH 

BASS  8-10      302 

 

ALEWIFE 9-12        30    48 

13-16          74 

 

PUMPKINSEED 

/BLUEGILL 4-5        20    21 

6-7        23    36 

8-10        42    42 

15-20          61 

11-13        114 
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Table 5.2 Relationships between sizes of food organisms eaten and body length of young 

Lepomis gibbosus and L. macrochirus, Lake Opinicon, Ontario, June 17 to July 21, 1970.  Fish 

to similar lengths from the various dates are combined.  % volumes are based on entire series. 

                                                                                                                                                       

 June 17-July 21, 1970 

                                                                                                                                                       

fish, total length 

   mm    4.5-5.5  6-7  8-11  12-14  15-20 

                                                                                                                                                       

Sample size     150  150  150    70    70 

Lengths of food organisms 

   mm    %vol.  %vol.  %vol.  %vol.  %vol. 

                                                      

 

0.08-0.14     91      5     .4 

                                                                                                                                                       

 

0.15-0.28       9    80    52    26      2 

                                                                                                                                                       

 

0.28-0.42       15    38    50    36 

                                                                                                                                                       

 

0.42-0.66           9    24    21 

                                                                                                                                                       

 

1.3-2.4                17 
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Table 5.3 Diet overlaps between species and size classes of young fish, inshore open water community of Lake Opinicon, June, 

1970, expressed as pairs of reciprocals.  The left hand figure of each pair represents ij, the right figure, ji. 

                                                                                                                                                                                                                

              Percina          Pomoxis         Micro-      Amblo-  Lepomis         Alosa   

Species and                pterus       plites 

Length (mm)  5-6    9-11     4-6    10-12 8-12     7-9     5-6    8-9  9-12 

                                                                                                                                                                                                                

Perca   0.01  0.21  0.10  0.23  0.02  0.34  0.15  0.16  0.58 

18-23   0.03  0.36  0.13  0.20  0.02  1.5  0.10  0.22  0.99  

                                                                                                                                                                                                                

Percina    0.22  1.15  0.51  0.10    0  1.08  1.0  0.20 

5-6     0.16  0.61  0.19  0.04    0  0.72  0.61  0.15 

                                                                                                                                                                             

       0.31  0.79  0.09  0.24  0.18  0.52  0.49 

9-11       0.22  0.40  0.05  0.62  0.16  0.43  0.49 

                                                                                                                                                                                                                

Pomoxis        0.66  0.21  0.06  0.85  0.78  0.28 

4-6         0.46  0.15  0.21  1.07  0.89  0.38 

                                                                                                                                                                             

           0.25  0.09  0.26  0.60  0.36 

10-12           0.27  0.44  0.46  0.98  0.72 

                                                                                                                                                                                                                

Micropterus            0  0.10  0.15  0.05 

8-12             0  0.17  0.23  0.10 

                                                                                                                                                                                                                

Ambloplites              0.29  0.15  1.34 

7-9               0.10  0.46  0.51 

                                                                                                                                                                                                                

Lepomis                0.77  0.23 

5-6                 0.69  0.26 

                                                                                                                                                                             

                   0.50 

8-9                   0.61 
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Figure 5.1  Inshore open water assemblage of larval and early juvenile fish: species representation and 

morphological types for early June (yellow perch); mid and late June (log perch and black crappie, rock bass, 

largemouth bass, pumpkinseed); and mid-July (alewife, bluegill, and brook silverside). 
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Figure 5.2  Juvenile fish in inshore macrophyte beds, mid to late July.  Body shape is approaching the proportions 

of the adults.  There is high species diversity. 
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Figure 5.3  Hatching dates at weekly intervals, showing temporal sequencing, inshore open water larval fish 

community. 
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Figure 5.4  Seasonal occurrences: (a) larval fishes, offshore open water, and (b) of early juveniles in inshore 

macrophyte bed community, Opinicon, May to August. 
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Figure 5.5  Numbers of cyclopoid copepods and their nauplii in the water column and in fish stomachs, calculated 

as numbers per m-3.  
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Figure 5.6  Seasonal shifts in abundances of four dominant cladocerans, inshore open waters, Lake Opinicon, May-

August. 
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Figure 5.7  Diets of larval fishes four dates (May 8-9, May 21-23, June 14-17, and July 17-19), compared.  Diets are 

shown as % weights of different organisms.  Figures above the rectangles are average number of each organisms per 

10 stomachs. 
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Figure 5.8  Diets of juvenile fishes in weedbeds, July-August. 
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Figure 5.9  Mouth width, relative to body length in juvenile fishes inferring capacity to handle prey of increasing 

size, Lake Opinicon. 
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Figure 5.10  Sizes of chironomids eaten relative to body size, young of five fish species, littoral macrophyte 

assemblage, relative to size distribution in benthos at netting sites. 
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Figure 5.11  Cluster diagrams to show degrees of relationship in diets (a) larval fish in inshore open water 

community, June 15-17, and (b) and (c) of subsequent juveniles in the littoral zone macrophyte beds. 
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Figure 5.12  Weekly growth through the first summer.  Six species of Lake Opinicon fish (see also Keast and Eadie 

1984). 
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Chapter 6 

ONTOGENETIC DIET SHIFTS, MULTIPLE NICHES,  

RESOURCE STRATA, AND FEEDING GUILDS 

Keywords: Invertebrates, Piscivory, Planktivory, Zooplankton, Trophic 

 

6.1 Introduction 

 

 This Chapter reviews ontogenetic ecological niches in age classes of fishes from juvenile 

to old adult.  Striking size shifts are involved.  Distinctive multiple size cohorts are a feature 

(Chapter 3, Fig. 6.1).  Marked changes in habitat and diet are commonly involved.  Ontogenetic 

ecological shifts are widespread in poikilotherms.  They have attracted interest in later years.  

Much, however, remains to be understood about their ecological and evolutionary significance.  

The Chapter draws on newer data to assess, quantify, and establish age-specific diets in fish. 

 

 The diets of growing fishes commonly involve cropping of a sequence of resource strata 

from smallest to largest items.  Feeding guilds in fishes where clusters of species relate to 

specific resource types express the distinctiveness of these diet strata.  Planktivory and piscivory 

are of particular importance and invite special attention. 

 

6.1.1 Ontogenetic niche shifts 

 

 Ontogenetic niche shifts in fishes are firmly anchored in metabolic and physiological 

needs (Wainwright et al 1991; Osenberg et al 1992).  Optimal growth rates demand prey of 

increasing size (usually) with increased energy content (Paloheimo and Dickie 1966a, b).  There 

is obviously a secondary interesting feature to this:  (a) age class dietary differences reduce 

potential intraspecific competition; (b) impact on the resource base is reduced; (c) species can 

utilize multiple niches; but (d) trophic interrelationships, resource webs, and energy pyramids 

become disproportionately complicated. 

 

 Most work on ontogenetic ecological shifts has focused on habitat use (Keast 1977a, b; 

Polis 1984; Werner et al 1983a, c; Werner and Gilliam 1984).  Habitat shifts are more obvious 
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than diet ones (Persson 1988).  Diet shifts, complicated to study, but offering potential for 

"quantification", are significant.  They can readily be linked to the associated prey resource base.  

This Chapter brings together multiple data sets in this area. 

 

 Ontogenetic niche shifts characterize poikiltherms in general.  Niche shifts are 

particularly striking in Amphibia.  Here larvae and adults have contrasting body morphologies, 

habitats, and ecological roles.  Life history morphological changes in fish are, by contrast, 

limited to changes in a basic body shape: the basic fusiform shape remains unchanged, or shape 

shifts from fusiform to gibbose. 

 

 The lack of ontogenetic ecological shifts in homeotherm vertebrates compared to 

poikilotherms may be noted.  Here young and adult share common ecologies.  Homeotherms do 

not have the opportunity to utilize multiple ecological niches as do large poikilotherms. 

 

 Exploring ontogenetic shifts in fish can be clarified by posing questions.  These might 

include:  (i)  How do ecological shifts compare in different taxonomic or ecological groups of 

fishes (zooplanktivores, molluskivores, piscivores, chemosensory feeders)?  (ii) Are the shifts 

greater in some species than others?  (iii) What is their extent in short-lived, compared to long-

lived, species? (iv) Are prey size increases invariably closely associated with increase in mouth 

width and other obvious adaptive morphological changes?  (v) To what extent, quantitatively, do 

age class and habitat shifts serve to minimize intraspecific interactions (and, possibly, complicate 

interspecific ones)?  (vi) What does the utilization of more than one "ecological niche" (in the 

Eltonian sense) mean to competitive relationships between, and within, species, to ecological 

roles in the community, and to food webs?  (vii) How has the need for multiple diets influenced 

the evolution of species and how does it influence the number of species that a system can 

support? 

 

6.2 Age diet shifts in contrasting groups of fishes 

 

 The fish species covered here, and the contrasting ecomorphological categories to which 

they belong are: (i) bluegill (Lepomis macrochirus), a small mouthed and small invertebrate and 
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generalist feeder; (ii) rock bass (Ambloplites rupestris), a large mouthed odonate and crayfish 

predator;  (iii) pumpkinseed (Lepomis gibbosus), a generalist feeder that becomes a 

molluskivore;  (iv) black crappie (Pomoxis nigromaculatus), an open water-column Chaoborus 

larva feeder and planktivore that also feeds from the vegetation;  (v) largemouth bass 

(Micropterus salmoides), a piscivore; (vi) yellow perch (Perca flavescens) a generalist bottom 

feeding insectivore and secondary piscivore;  (vii) bluntnose minnow (Pimephales notatus), a 

small-sized, short lived, detritivore-zooplanktivore; (viii) eastern banded killifish (Fundulus 

diaphanus) a small-bodied, short-lived generalist insectivore; and (ix) brown and yellow 

bullheads (Ameirus nebuloisus and I. natalis), broad-mouth, flat-headed, scaleless, chemo-

sensory and non-visual feeders (Caprio 1982).  The two catfish species are insectivore and 

piscivore, respectively. 

  

 

6.2.1 Bluegill and rock bass, contrasting small- and large-mouthed species   

 

These two centrarchid species contrast strongly in mouth size and for size approach the 

extremes found in the centrarchids (Keast 1977a, Chapter 4).  Bluegill utilize chironomid larvae, 

Cladocera (Bosmina longirostris, Chydorus sphaericus), and Trichoptera larvae throughout life, 

plus up to ten lesser items (Fig. 6.2).  The proportions of each type eaten change progressively 

with age.  The rock bass, by contrast, undergo three clearcut diet shifts. Years 0-I fish took 

mainly small invertebrates.  Years II-II take odonate nymphs.  Years IV-VIII eat crayfish and 

small fish.  

 

In Year 0 bluegill, Cladocera made up over 50% of the diet by weight, and 65-70% 

numerically.  Proportions in Year I populations were 35% and 70%; but subsequently Cladocera, 

became progressively less important.  From Year I onwards, chironomid and Trichoptera larvae 

and amphipods were dominant items, with some larger bodied isopods, small Ephemeroptera 

nymphs, and some small gastropods also eaten.   

 

In the rock bass, the diet of Years 0-1 fish involved seven major prey types:  Cladocera 

(much less important than in the bluegill), chironomid larvae, amphipods, isopods, plus small 
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numbers of Ephemeroptera, Zygoptera, and Anisoptera nymphs. By years II-III, Anisoptera 

nymphs made up 50% of the diet by weight.  Decapods had started to become important. In 

effect, the diet of the Years 0-1 rock bass closely matched that of the Years IV-V bluegill.  In the 

largest fish, decapods made up 50-65% of the diet, and small fish the remainder.  Thus, 

ontogenetic diet shifts were modest and gradual in the bluegill, and sharply demarked in the rock 

bass.   

 

The differences between the two species were equally reflected in the sizes of prey eaten 

(Fig. 6.3).  Bluegill prey initially averaged 0.1 mg weight and 0.1-1.0 mm in length.  

Subsequently, prey of 0.75-1.0 mg and 3.0-5.0 mm were utilized.  The largest fish ate some prey 

of 5.0 mg and 4.0-6.5 mm.  The smallest rock bass took prey of 0.1-1.0 mg and 0.5-10.0 mm.  

By Years VIII-X the size of prey eaten had increased, through a series of steps, to an average of 

220 mg and 60-79 mm. 

 

In the bluegill numbers of prey items per stomach remained fairly constant throughout 

life, compensation for growth being achieved by increased proportions of slightly larger 

organisms consumed (Fig. 6.3).  In the rock bass numbers of individual prey items dropped 

sharply as increasingly large prey was taken.  In both species weight of food in the stomachs 

increased as the fish grew.  The ratio of weight of food in stomach to body weight fluctuated 

seasonally in both species, as availabilities of different prey types eaten changed.  It was the 

more constant in the bluegill.  In rock bass it fell with increased emphasis on larger, less 

common, and more erratically available, organisms. 

 

Mean annual diet diversity, in terms both of taxonomic and age categories, increased with 

age in the bluegill as, with increasing size, a greater range of prey types became accessible.  In 

the rock bass, prey diversities peaked in middle age range, and dropped with the shift to the 

larger crayfish and fish prey.  Month to month diet diversities fluctuated with prey availability in 

both species.  They were least diverse in smallest and largest-bodied age classes (Keast 1977a,b, 

1978a).   
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Relative to mouth width (Chapter 9), the bluegill took disproportionately small prey (prey 

much smaller than it was capable of consuming) (Fig. 6.3).  Sixty to seventy per cent of prey 

eaten had body widths less than 25% of the fishes' mouth width.  The rock bass, by contrast, 

tended to take the largest prey it could swallow.  The bulk of prey eaten by all age classes, except 

the smallest, had a body width to mouth width ratio of 0.5-1.0.  In July, when following seasonal 

emergences, rock bass could not obtain large odonate nymphs, smaller ones were eaten.   

 

Monthly diets (May-October) for the two species defined degree of variations relative to 

the fluctuating prey resource base.  They varied, but did not depart from the range in the mean 

annual diet (Figs. 6.4 and 6.5, and see also feeding in Birch Bay, Chapter 4).  Diet overlap 

figures for the age classes in both species varied from month to month as kinds of prey 

consumed changed (Fig. 6.6). 

 

The bluegill and rock bass show strongly contrasting patterns of resource use, and this is 

amplified in the ontogenetic diet shifts. The differences involved taxonomic categories of prey, 

prey size, total and changing numbers of prey in the stomachs, varying diet overlap figures 

between age classes, and other variables.  The rock bass followed the predictions of optimal 

foraging theory (Paloheimo and Dickie 1966a, b, c; Werner and Hall 1974a, b) while the bluegill 

did not.  The bluegill consumed disproportionately small prey organisms.  Contrasting foraging 

strategies were operative.  The bluegill is a small prey predator, and has morphological and other 

adaptations relative to this specialization (Chapter 9).   

 

Notwithstanding the above observations, in aquaria, when presented with a range of prey 

sizes, bluegill nevertheless tend to choose the larger (Werner and Mittlebach 1981).   

 

 

6.2.2 Pumpkinseed  

 

The congeneric molluskivorous pumpkinseed shares a common mouth and body form 

with the bluegill at equivalent ages.  Compared to the needle-like pharyngeal dentition of the 
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bluegill, the pumpkinseed has crushing molars which become functional at about Year II (Keast 

1978a; Wainwright et al 1991). 

 

Annual and monthly diets of the Year-0 pumpkinseed were comparable to those of the 

bluegill.  The former took less Cladocera, and more chironomid larvae and isopods.  After Year 

I, there was a rapid ontogenetic shift in the pumpkinseed to molluskivory (Keast 1978a).  

Mollusks made up 25% of the diet by weight in Year II fish (by which time the molariform 

dentition is fully developed; Osenberg and Mittelbach 1989), and 40-50% by weight from Year 

III onwards.  There was, hence, a more marked ontogenetic diet shift than in the bluegill. 

 

The pumpkinseed took slightly larger prey that the bluegill  (weight range 0.1-50.0 mg 

and length 0.4-19.0 mm, compared to 0.1-15.0 mg and 0.1-10.0 mm).  In Year 0 pumpkinseed, 

40% of prey items are of body width equal to, or greater than the mouth width.   At all ages, 15-

30% of prey had a width greater than half the mouth width (Fig. 6.3).  The corresponding figure 

for the bluegill was 10%.  Numbers of prey organisms per stomach was less than in the bluegill, 

except in Year 0 fish. 

 

 The ontogenetic development of the snail-crushing jaw apparatus in the pumpkinseed has 

been documented by Wainwright et al (1991) and Osenberg et al (1992).  Availability of snails is 

a factor in this (see data from two Michigan lakes, one with a high snail population; and where 

snails became a major item of diet; and the other the reverse).  Of nine pharyngeal jaw muscles, 

six were significantly larger in fish from the former lake.  The primary crushing muscle, the 

levator posterior, was twice as massive, and all three pharyngeal jaw bones used to exert 

crushing forces on snails were significantly larger and different in shape.  The masses of one 

muscle and two bones that do not function in prey crushing showed no differences.  Teeth on the 

crushing surfaces of the jaw bones were worn down and, thus, shorter in the snail-rich lakes.  

Ontogenetic differences in the growth rates of two muscles (levator posterior and retractor 

dorsalis) occurred.  This applied over the period of progressive shift to molluskivory (at true 

body lengths of between 50 and 95 mm total length).   
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 The initiation of molluskivory in the pumpkinseed is demonstrably related to good 

growth. In two Ontario lakes, Upper and Lower Beverley, the former one with good and the 

other with modest mollusk populations, growth in Year II fish was significantly better in the 

former (Deacon 1984; Deacon and Keast 1987; Chapter 7).  By contrast, in the bluegill 

(consuming small insects), growth rates were no different between lakes.  In a Michigan lake 

lacking bluegill (potential competitor of younger pumpkinseed individuals) and with low 

mollusk populations, young pumpkinseed grew well, but larger ones, which would normally eat 

mollusks, grew poorly (Osenberg et al 1992).  In an exclusion experiment, snail densities 

increased fourfold in the absence of pumpkinseed.  With no ontogenetic shift to snails, the 

pharyngeal bones used to crush mollusks remained small, and when they did attempt to handle 

thick-shelled snails, more time was taken to crush them.  

 

 In its ontogenetic diet shifts, the pumpkinseed represents a strategy intermediate between 

that of the bluegill and rock bass.  Diet is dictated by maturation of the crushing teeth.  The 

dietary changes were more gradual than in the rock bass, but final differences were marked.  A 

phenotypic factor in dental development underlines the diet shift. This has also been 

demonstrated in the European eel (Anguilla anguilla) and for other species - Chapter 9.  In 

systems where mollusks are rare, the pumpkinseed does not reach a large size (as in some creek 

systems) and remains an insect feeder (Chapter 8).  

 

6.2.3 Black crappie  

 

The black crappie has the highest gill raker count amongst the centrarchids (25-29 rakers 

on the first arch, compared to 8-12 in the other centrarchid species Keast 1968). 

 

Years I-II crappie subsisted on chironomid larvae (especially the free-swimming 

Procladius), chaoborid larvae, and Diptera pupae from the water-column, plus Cladocera and 

some larger insect larvae.  Years III-IV took the same items, but small fish now made up 20% of 

the diet by weight.  In Years V-X, small fish accounted for 40-65% of the diet.  They were 

supplemented by Ephemeroptera and Zygoptera nymphs.  Cladocera had now been dropped from 

the diet.   
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Ontogenetic diet shifts in the crappie were comparable in amplitude to those in the 

pumpkinseed (Fig. 6.7).  A continuous gradient of change occurs throughout life.  The smallest 

and largest fish had contrasting diets.  The presence of zooplankton-straining gill rakers had little 

influence on the ontogenetic diet change pattern. As in many zooplanktivores, feeding was by 

selection of individual prey items, not by straining prey from the water (Ehlinger 1989). 

 

6.2.4 Largemouth bass  

 

In this specialist large-mouthed piscivore, the diet was already diversified in the first days 

of exogenous feeding (Chapter 5).  Some Cladocera, chironomid larvae, and Ephemeroptera 

nymphs were initially eaten. Large-bodied prey (25-75 mg weight and 11-39 mm length) 

composed the diet by the end of the first summer.  Ontogenetic dietary changes were rapid.  The 

fish were 20-30% piscivorous by the end of the first summer, 50% in Year I, and 80% in Year II 

(Fig. 6.7;  Keast and Eadie 1985).   

 

 The rapid shift to piscivory in the largemouth bass is well documented (Howick and 

O’Brien 1983; Keast and Eadie 1985; Hambright 1991; Johnson and Post 1996; Olson 1996).  

Best growth is achieved when prey of steadily increasing size is available.  

 

6.2.5 Yellow perch  

 

Ontogenetic diet changes in this versatile insectivore-piscivore were comparable in extent 

to those in the rock bass (Keast 1977b), except that the sequence of changes was more gradual 

and less well defined.  First summer fish took small insects, those of Years II-III insects of large 

size.  Years V-VIII fish consumed fish (35-40% of diet), decapods (30-35%), and Anisoptera 

nymphs (30%).  In terms of prey size, Year 1 fish took prey largely in the 0.1 mg weight and 0.4-

0.9 mm length range; Years II-III consumed prey of 0.75-1.0 mg and 2.5-10.0 mm, and Years V-

VIII fish ate prey of 50-250 mg and 15-20mm. 
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Yellow perch are amongst the most plastic and versatile feeders.  In some systems 

(Chapter 7) they may be planktivorous throughout life, taking the larger Daphnia spp. (see 

Sunfish Lake data in Wynne-Edwards 1981 and Nishi 1982).  In others systems, there is an early 

shift to piscivory (Complak 1982, Chapter 7).  Perch are diet generalists in most systems. 

 

Comparable ontogenetic diet changes occur in Eurasian perch (Persson 1988; Byström et 

al 1998). Year-0 Eurasian perch are omnivores. In Swedish lakes, the larvae are pelagic and feed 

predominantly on zooplankton.  At about 20 mm, now juveniles, they become littoral dwellers 

but continue to feed on zooplankton.  Thereafter, there is a dietary shift to macroinvertebrates 

and, finally to fish (Persson 1988; and Byström et al 1998).  Piscivorous gape limitations were 

found to dictate the sizes of the main prey types eaten (roach and younger perch). 

 

6.2.6 The bluntnose minnow, blackchin shiner, and golden shiner 

 

Short life-spans and small bodies characterize the small cyprinids. Blackchin shiner 

(Notropis heterodo)n and bluntnose minnow (Pimephales notatus live up to 2-3 years. Some 

golden shiner (Notemigonus crysoleucas) live seven years.  The potential ontogenetic diet shifts 

are, hence, limited. 

 

To bring out the influence of body size as well as age, the diets of larger and smaller first 

summer individuals are separated.  The former represented the progeny of earlier and later 

spawnings. 

 

All three species were predominantly Cladocera eaters (Fig. 6.8).  This prey made up 

more than three-quarters of the diet in the first summer fish, and in excess of 50% subsequently.  

It was only 30% in the larger sized golden shiner.  A common set of lesser prey types 

characterized all three species, including chironomid pupae, adult Diptera picked up from the 

surface, and Diptera larvae.  The bluntnose minnow was partly detritivorous.  Filamentous algae 

were important to the golden shiner. 
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The prey in all three species had an average weight of only 0.1 gm and length of 0.1-0.9 

mm.  Bosmina longirostris and Chydorus sphaericus were the major planktivores eaten  (In 

systems where larger cladocera like Daphnia are dominant, the golden shiner may feed on these 

(Hall et al 1979).) 

 

Small and larger Year 0 and older individuals differed mainly in the proportions of the 

basic set of prey types eaten.  Older golden shiner took some larger prey items.  In all three 

species, larger individuals consumed a greater number of organisms.  Diet diversities were low. 

 

Constrained by short life span and small body size, ontogenetic diet shifts in these small 

cyprinids were minor.  With individuals spawning at an early age, there was theoretically also no 

need for avoidance of possible intraspecific competition by habitat or dietary age separation.  

Larger golden shiner are, however, commonly algivores.  This represents a different kind of 

ontogenetic change to the others discussed here. 

 

6.2.7 Brown bullhead, yellow bullhead  

 

The eyes are miniature and sight poor in these non-visual feeders.  In Year III brown 

bullhead (Ameirus nebulosus) eye diameter is only 5.2 mm (3 per cent of the standard length), 

compared to 7.1-10.9 mm (5-10 per cent) in centrarchids of equivalent body weight.  Total 

retinal area averages 84.9 mm2 for the bullhead and from 158.3-373.1 mm2 in the centrarchids 

(Keast 1985a; Chapter 9).  Compensating somewhat for resultant inability to finely select 

individual prey items and sizes, the mouth is disproportionately large and broad extending to the 

edges of the head, permitting (in the brown bullhead) the engulfment of multiple mud dwelling 

chironomids.  In the Year II brown bullhead, mouth width averages 22.8 mm, compared to 8.4 

mm in the black crappie, 9.7 mm in the rock bass, 5.5 mm in the bluegill, and 20.2 mm in the 

piscivorous largemouth bass of this age.  Mouth width/standard length ratios are 15 in the 

bullhead, and 8, 10, 6, and in the centrarchids.  Mouth sizes with age are comparable in the 

yellow bullheads. 
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The large mouth, it would be predicted, would make prey selection on the basis of size 

difficult and ontogenetic diet differences minimal.  This is in part true.  The brown bullhead is a 

diet generalist, taking Cladocera, chironomid larvae and pupae, amphipods, isopods, the smallest 

decapods, small Anisoptera nymphs, decapods, gastropods.  In the largest individuals, these 

same items were eaten plus small fish.  The same diet items were eaten throughout life, with 

some progressive replacement of smaller items by larger Anisoptera nymphs, decapods, and 

gastropods (Keast 1985a, Fig. 6.9).  Year 0 fish consumed items of 0.1-1.0 mg weight and 0.3-

10.0 mm length;  Years IV-VII ate prey of 0.1-200 mg and 0.3-100 mm (a wide range). Diets 

related closely to seasonally changing abundances of the different prey types.  

 

The yellow bullhead was also a diet generalist. Cladocera were unimportant to it.  

Isopods and Anisoptera nymphs were major diet items. Fish were first eaten in Year I but made 

up 35-40 per cent of the diets by Years IV-VII.  The yellow bullhead took larger (and fewer) 

prey types than its congener, despite mouth similarities.  Diet diversities were comparable.  

 

Ontogenetic diet shifts were minimal in the brown bullhead, but fairly marked in the 

yellow bullhead.  Capacity with age to select larger prey could represent an ability to monitor 

prey size, or it might have a chemical selection basis.  Crustaceans, mollusks, worms, and 

teleosts produce L-alanine (Campbell 1970a, b), while mollusks, crustaceans and insect larvae 

produce L-argenine (Konosu 1971; Corrigan 1970). 

 

The yellow bullhead defies a prediction that chemosensory, large-mouthed species cannot 

show ontogenetic diet shifts. 

 

6.3 Ontogenetic diet shifts, differences between trophic types 

 

 All the larger species showed ontogenetic diet shifts, but the extent varied greatly.  They 

were minor in the short-living cyprinids and in species that, as adults, were small prey 

specialists.  They were great in the large-mouthed largemouth bass and rock bass. 
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 The species characteristically went through the following sequence: zooplankton, small 

(commonly benthic) invertebrates, large invertebrates, to fish.  In most species change was 

progressive.  In the Opinicon rock bass, three feeding strata could be identified.  (The diet shift in 

the Cataraqui Estuary population was simpler - Chapter 7). 

 

 Ontogenetic diet shifts are seen to be somewhat plastic when contrasting lake types are 

compared (Chapter 7).  They are most predictable in piscivores. However, at sizes greater than 

260 mm, crayfish, and frogs become increasingly important in the diet.  

 

 Implications for growth of being forced to use "sub-size" prey, are discussed by 

Paloheimo and Dickie (1966a, b, c) and Scharf et al (1999) and, in the light of optimal foraging 

theory by Werner and Hall (1974).  When optimal prey size is unavailable, growth is 

characteristically more limited. 

 

In the largemouth bass in North American lakes, acceleration of ontogenetic diet shifts is 

greater in faster than in slow-growing individuals –(in Year 0), they being able to crop larger 

prey (Keast and Eadie 1985).  In the piscivorous pikeperch (Stizostedion lucioperca) in Holland, 

an original unimodal size distribution became positively skewed, bimodal, or negatively skewed 

relative to availability of optimal food and temperature (Buijse and Houthmuijzen 1992).  The 

body condition of the piscivorous (larger) individuals increased with fish length but in non-

piscivorous individuals, the growth was slow, and the body condition remained low and 

decreased over time. 

 

 Characteristically, ontogenetic diet changes involve the selection of prey of increasing 

size.  The sequences may, however, be terminated at intermediate levels in species where the 

adult diet is zooplankten or small invertebrates.  

 

 Some species may crop prey at two strata levels.  Seasonal availabilities disrupt 

ontogenetic change patterns.  Diets may also differ regionally.  The largest bluegills in Opinicon 

during the summer were pelagic planktivores and littoral zonepart insectivores.  Rock bass are 

forced to take small prey in July when larger ones are unavailable.  In the bluegill in small 
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Michigan lakes, a shift from zooplankton to benthic invertebrates and back again is linked to a 

habitat use alternation between the pelagic and littoral (Werner and Hall 1988).   

 

6.4 Can the trophically distinct age-classes of fish be regarded as distinct ecological 

species? 

 

 The implications of the striking ontogenetic diet shifts in the rock bass and other species 

have been discussed in Keast (1977a), it being argued that the population, with three distinct 

"age classes" in the study lake could represent three "ecological species".  Within the Amphibia 

and insects, the morphologically and trophically distinct larvae and adults can certainly be 

thought of as such. Enders (1976), Maiorana (1978), and Polis (1984) have noted that age classes 

in various poikilotherms may differ greatly in diets.  

 

 Polis's findings stemmed from his work on the desert scorpion, Paruroctonus mesaensis, 

a semi-nocturnal land predator.  In three size categories, ages of 0-1 years, 1-2 years, and older, 

the mean lengths of prey eaten was significantly different.  Prey overlap between the smallest 

and largest individuals in both to taxonomic and size categories of prey, was significantly 

different.  Larger individuals exhibited a larger degree of diet variance. Polis then sought to test 

quantitatively for "species level" of difference between the smaller and larger individuals by 

applying the "Santa Rosalia Ratio" of Hutchinson (1959).  This states that co-existing species 

should differ from each other by a size ratio of 128:100.  He also applied conclusions as to 

maximum allowable level of niche overlap between species suggested by Pianka (1974), and 

May (1975).  The Hutchinson ratio and overlap criteria of species distinctness have now been 

largely discounted.  Nevertheless, Polis concluded that "the magnitude of ..... age specific 

differences observed ... are well within the range of differences found between species" in other 

groups. 

 

Polis subsequently tested the "multiple ecological" species idea relative to the Hutchinson 

concept by reviewing the data from some 30 published studies.  Minimum morphological 

separation and niche overlap criteria were again used as measures of difference.  Various 

examples were found of age classes of species reaching the supposedly characteristic levels of 
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species distinctness.  He resisted the use of "multiple species" term despite this.  (A more 

suitable term than “ecological species” for ecologically distinct age forms was sought by Polis 

(1984).  He preferred Livingston's “ontogenetic trophic unit” on the grounds that:  a) the term 

“ecological species” is confusing because the entities are not reproductively isolated;  b) proper 

criteria for designating an "ecological species" are lacking (there are no quantitative criteria for 

deciding critical levels of difference); and, c) the selective forces channeling species to different 

resources are not necessarily the same ones applying to age classes within species.   

 

Notwithstanding these rationalizations, age classes within fish species may differ in diets 

to an extent equal to, or exceeding, those between acknowledged species.  This 

acknowledgement has considerable implications for energy flow dynamics within ecosystems.   

 

6.5 A penalty of ontogenetic diet shifts; similar diets of equivalent age classes in 

different species 

 

 However advantageous are multiple "diet niches" (complete or partial) in reducing 

intraspecific competition and spreading cropping impact on the prey resource base, there is a 

penalty.  This is the potential for increased interspecific competition between species.  

Equivalent size cohorts of different species necessarily have to utilize roughly equivalent sizes of 

prey.  Diet separation and overlap occur, hence, between several age classes.  The concept that 

each species has a single, readily identifiable food niche does not apply.  Between species diet 

relationships are untidy.  

 

 In one of the rare attempts to experimentally quantify the functional significance of diet 

interactions between equivalent age juveniles in two co-occurring fish species, Olson et al (1995) 

ran tests with bluegill and largemouth bass.  Growth rate was used as a measure of degree of 

interference.  It was found that:  (i) bass growth was reduced in the presence of both species 

whereas bluegill growth was mainly affected only by the presence of other bluegill; (ii) bluegill 

had strong competitive effects on bass despite substantial differences between the two species in 

prey.  The effects were mediated through changes in the size structure of the important 
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invertebrate prey; (iii) increasing neighbor densities had a major effect on the growth of both 

species. 

 

 Given that the two species differed fundamentally in diet, these results are puzzling.  

Rather than revealing an expected trophic basis to the interaction, possibly a density effect was 

involved. 

 

 The study of growing individuals of one species potentially changing the growth of 

equivalent-sized members of another species has been taken up by Byström et al (1998).  He 

noted that a deleterious effect could result through slowing growth, increasing the time the young 

were vulnerability to predation, or by increasing the liability to starvation.  They tested the 

influence of young-of-year Eurasian perch on their prey species, the roach (Rutilus rutilus).  

Larval perch growth was not affected by the roach.  However, juvenile perch in the latter part of 

the growing season were negatively influenced.  This coincided with the shift in diet from free-

swimming zooplankton to benthic cladocerans and chironomids.  A food effect was thus 

indicated.  (Subsequently, the perch died from starvation in the following winter presumably 

from poor body condition.)  The competitive superiority of young roach, which are better 

adapted for planktivory over young perch (with more generalized diets), was demonstrated by 

Persson (1986), and Persson and Greenberg (1990a, b).  The more efficient roach initiated an 

early shift by the young perch to macroinvertebrate feeding.  This increased intraspecific 

competition within the perch and a slowing of its transition to piscivory. 

 

 Interspecific competition between perch and roach in late summer was argued by 

Byström et al (1998).  They suggested that early in the season low temperatures and low 

metabolic demands initially limited competition.  Competition occurred late in the season 

because metabolic demand increased with temperature and fish size. 

 

6.6 Ontogenetic habitat shifts  

 

 The pervasiveness of ontogenetic habitat niche shifts in lower vertebrates and insects has 

now been demonstrated by dozens of published papers.  Most fish studies have involved habitat 
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shifts, relatively fewer evaluated diet shifts (Werner 1977; Keast 1978a, b; Werner et al 1983a, b; 

Mittelbach 1981).  In bluegills, the Werner group related shifts mainly to the presence of 

predators and competitors. Vulnerable, small-bodied fish minimize predation by moving to 

cover.  The Michigan studies detail some of the consequences for survival (and growth) of 

failing to make this fundamental habitat shift. 

 

 Later good examples of ontogenetic changes in habitat use have involved salmon and 

whitefish in Scandinavian lakes (Persson and Greenberg 1990a, b).  In whitefish (Coregonus 

lavaretus) in Lake Mjosa, Norway, Naesje et al (1991) and Sandlund et al (1992) found that 

individual fish up to 250 mm in length occupied mainly the shallow benthic zone, those of 250-

350 mm used all habitats, whereas  the largest fish lived in the deep benthic zone.  Habitat and 

diet were closely linked.  Small fish ate small and medium-sized prey (zooplankton, insect 

larvae, and surface insects) which were more concentrated in the littoral zone.  Medium sized 

fish sharing this zone ate the same prey and, in addition, fed on the larger amphipod, Pallacea 

quadrispinosa.  In the pelagic zone, the diet of medium-sized whitefish was dominated by water 

column dwelling zooplankton, although some larger prey like surface insects, age 0 whitefish, 

and smelt (Osmerus eperlanus) were also utilized.  In the deep-benthic zone, the diet of both 

medium-sized and large (greater than 350 mm) whitefish consisted mainly of the large P. 

quadrispinosa.  It was concluded, thus, that the whitefish of Mjosa consisted of three “functional 

units”.  Each group was made up of several age cohorts.  These overlapped in diets.  The 

populations were size-structured rather than age structured, in the sense of Ebenman and Persson 

(1988). 

 

6.7 Body size and the ecological niche 

  

A discussion of body size and ecological role rightly belongs in the chapter on body 

morphology (Chapter 9).  Attention needs drawing to basic aspects here.  The implications of 

body size in animals have now been the subject of many reviews (including Hutchinson 1959; 

Calder 1984; Peters 1983; Werner and Gilliam 1984; Werner 1988; and Ebenham 1992).  It is 

stressed that size influences energetic requirements, ecological role, potential for resource 

exploitation, and vulnerability to predators. The ecological niche, interactions with other species, 
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and position in communities also relate to size.  Size selective predation may be an organizing 

force in communities (Hall et al 1976).  Size influences the pattern, type, and symmetry of 

between-species interactions (Schoener 1967, 1968; and Wilson 1975). Only some of these 

facets, of course, have relevance to age forms within species. 

 

A link between body size and prey size in fish has long been known, for example, in lake 

trout (Martin 1966, 1970), perch, pike perch (Stizostedion lucioperca) (Popova and Sytina 1977), 

and the sea robin (Prionorus scitulus Ross 1978).  Ontario examples are provided by Brown 

(1977), Complak (1982), Wynne-Edwards (1981) and Keast (1966, 1996). 

 

A correlation has been demonstrated in many animal groups besides fish: Amphibia 

(Fraser 1976; Loman 1979), reptiles (Schoener 1967, 1977; Schoener and Gorman 1968; Sexton 

et al 1972), echinoderms (Town 1981), leeches (Davies et al 1981), copepods (Wilson 1973), in 

various insect groups (Wilson 1974; McCardle and Lawton 1979), and spiders (Turner 1979 – 

see also listing in Werner and Gilliam 1984).  

 

In homeotherms, the sexual selection-based size differences between males and females 

may be exaggerated to channel the sexes towards different food resources (Lack 1946; Selander 

1966; Schoener 1967; Keast 1977a; Mushinsky et al 1982).  In birds, where the young reach 

adult size quickly, there is a link between bill size and food particle size (Ashmole 1968; 

Wheelwright 1985; Snow and Snow 1988; Lambert 1989; Diamond 1975; White and Stiles 

1991). 

 

6.8 Stunting and diet in fish 

 

Since it involves trophic interactions between species, the subject of stunting also needs 

mention here.  There is evidence that stunting results from inability to obtain prey of increasing, 

or optimal size, at one or another stage of growth (see Alm 1946, Mann and McCart 1981, 

Walton 1983).  Stunted fish given adequate food grow normally (Nordeng 1983; Heath and Roff 

1987). Stunting has been much studied in perch.  Researchers have suggested that inability of a 
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growing fish to move on to the next trophic layer represents a "bottleneck effect" (Persson 

1987a, b; Charlesworth 1995; Romare 2000).  Reduced growth can result (Buckel et al 1998). 

 

What constitutes "inadequate" food is, of course, an open point.  An ecosystem may be 

deficient in a food necessary to one species but be adequate for another.  Heath and Roff (1987) 

developed a simulated model for the four fish species of Lac Hertel, Quebec. Yellow perch, 

pumpkinseed, rock bass, and brown bullhead showed stunting.  These species require benthic 

invertebrates.  Three species, the piscivorous pike, planktivorous-detritivorous golden shiner, and 

white sucker (Catosomus commersoni) showed no stunting.  The authors noted that benthic 

invertebrates were in limited supply in the lake. 

 

In summary, in poikilotherms ontogenetic diet shifts result from the need of growing 

animals to continuously optimize energy uptake.  Prey of maximum energy content is needed, 

which is usually synonymous with increased prey size.  Minimizing energy outlay while 

harvesting is also important.  A trade-off between feeding and minimizing predation and 

competition through  ontogenetic habitat shifts, has been demonstrated (Stamps 1983; Power et 

al 1985; Werner and Hall 1988). With increased body size, the growing fish are less vulnerable 

to predators (Abrahams and Dill 1969). 

 

6.9 Evolutionary implications of ontogenetic diet shifts 

 

In their review, Werner and Gilliam (1984) relate ontogenetic niche shifts to the tenets of 

life history theory.  In many taxa, fecundity and mortality rates are size specific.  Fish size, 

hence, should substitute for age in energetics equations.  Individual growth rates are important in 

determining population trajectories.  Based on this, in species where the range of foods or 

habitats change continuously, the surplus energy curve directly determines size-specific 

performance and, in part, the nature of intra- and interspecific size-class interactions. 

 

 Evolutionary implications of ontogenetic niche shifts have been taken up in a genetic and 

theoretical framework by Ebenman (1992).  Noting that a substantial increase in body size may 

necessitate a shift in ecological niche, he points out that the niches of young and old members of 
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species could require different body designs, if resources are to be harvested optimally.  

Selection pressures could thus be different, if not opposite, at each major ontogenetic stage. 

 

Ebenham argued that a single genetic program is unlikely to be able to optimally 

accommodate the change from planktivory to piscivory during an individual's life span, unless 

there is genetic variance in a trait at one stage that is not shared by the other stage.  If the same 

genes are in control throughout, then adult morphology will be constrained by its own juvenile 

morphology, and vice versa.  A specific body shape, mouth size or mouth structure might not be 

optimum for either adult or juvenile.  There has to be a tradeoff in efficiencies.  This subject has 

not been studied. 

 

Relative to the "simple" (direct) ontogeny characteristic of fish, Ebenman (1992) lists the 

evolutionary problems that must be faced relative to achieving optimal resource use.  These are:  

(i) when there is a large positive correlation between traits, an adequate response to contrasting 

selective pressures (antagonistic, pleiotrophic) is not possible (see Williams 1957 and Clark 

1987a, b);  (ii) the resultant tradeoff favoring one stage may result in deterioration in another 

(Price and Grant 1984);  (iii) where there is only one basic development program in the whole 

ontogeny, the expression of different characters at different stages of the life cycle can only with 

the greatest difficulty be achieved, if at all (Cohen 1985;  Alberch et al 1979). 

 

A resolution can best be viewed, Ebenham and Werner and Gilliam have suggested, in 

the light of an evolutionary optimization or evolutionary stable strategy model (for example, 

Maynard Smith 1981, 1982), specifically developed relative to population level and prey 

resource base.  When the amount of resources in the juvenile niche decreases selection will favor 

an increase in juvenile efficiency.  When, however, juvenile resources are great, the result is 

likely to be maximization of adult survival/reproduction at the expense of juvenile survival.  

Secondarily, when differences in the two kinds of resources are large (for example, planktivory 

verses piscivory) very different body plans will be demanded of the young and old.  Then severe 

trade-offs will result, and selection will tend to favor a morphology that results in high efficiency 

and resource utilization in the juvenile stage, even at the expense of reduced efficiency in the 

adult stage.  Evolutionary responses to trade-offs caused by genetic correlations between juvenile 
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and adult morphology are a matter of degree of difference in the niches.  Large differences 

necessitate specialization.  When the differences are small, the trade-off is weak and the trait 

combination evolves that confers relatively high efficiencies of resource utilization at both 

stages.  These factors, and variables, have obviously been incorporated in the complex life 

histories of the different groups. Ontogenetic niche shifts in poikilotherms have a strong 

evolutionary component to them. 

 

Eberman notes that these problems are avoided in groups like Amphibia and various 

insects where metamorphosis involves a decoupling of genetic programs (Haldane 1932; Cohen 

1985; Parks et al 1988; Werner 1988 and reviews in Werner and Gillian 1984 and Eberman 

1992).  Proof of this comes from cases (in Lepidoptera) where a range of larval types 

metamorphose into the same adult or, conversely, where different varieties of butterfly species 

have indistinguishable caterpillars (Wald 1981).  In frogs, similar species may have very 

different tadpoles (Cohen 1985). A third kind of life cycle, polyphenism, where there is a 

multiple generation life cycle (Moran 1988, 1991), occurs only in aphids and rotifers and is not 

found in vertebrates.  Complex life cycles in animals are discussed by Istock (1967), Haefner and 

Edson (1984), and others. 

 

6.10 The feeding guild concept in fishes 

 

The guild concept was introduced to ecology by Root (1967) in the course of bird studies.  

He defined it as:  "a group of species that exploits the same class of environmental resources in a 

similar way".  The grouping can be unrelated to taxonomic position.  Indeed, introducing 

taxonomy misconstrues the definition (Jaksic 1981).  Guilds are natural clusterings of species 

around certain resource types and ecological opportunities.  They have been held to help give 

structure to communities.  Wiens (1989a, b) sees the concept as representing an ecological level 

between the individual species and the community. 

 

Guilds have been characteristically based on diet.  Some workers (for example, Hairston 

1984), however, have invoked a habitat component or habitat plus nesting component 
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(discussion in Whittam and Siegel Causey 1981).  Any use of the term "guild" must be 

accompanied by a clear statement of the criteria and considerations being followed. 

 

The arbitrariness of the guild concept must be noted.  Most discussions of guild have 

been on the basis of what is "reasonable" (Hairston 1984).  Few workers have tried to identify 

guild boundaries (Connor and Simberloff 1984).  In any assemblage, some species seem to 

cluster into guilds, while others do not (Hairston 1984).  Most workers define guilds a priori, 

using readily perceived criteria; few have attempted a posteriori approaches to see what statistics 

might provide on natural groupings (Wiens 1989a).  Since the members of guilds are, commonly, 

closely related ecologically they will show greater interspecific competition than other members 

of communities (Hairston 1984; Brown and Bowers 1984).  This makes them worthy of focus. 

 

6.11 The planktivore guild 

 

6.11.1 Characteristics of the zooplankton resource 

 

 Zooplankton is a resource unique to aquatic systems.  As such, its attributes require 

consideration.  Representing the first tier in the energy pyramid above the phytoplankton level, it 

converts algae into a form harvestable by insects and fish.  Zooplankters are extremely abundant 

with high population turnover rates and productivity.  Dominant are the Cladocera and 

Copepoda.  Rotifers are little used by larvae in the systems studied by me.   

 

 Many features of the zooplankton relate to their avoidance of predation. Cladocera have 

both sexual and parthenogenectic reproduction.  The latter  produces small-bodied individuals at 

the time of high fish predation (summer).  Generation times of a very brief 4-7 days are quoted 

for the smallest Cladocera, and they can have one to three summer population maxima, 

depending on the system (Wetzel 2001).  Cyclopoids have generation times of 4-6 weeks  in 

several generations per year.  Some copepods produce all year, others only at specific times.  

Temperature and food availability determine population turnover rates and growth in planktonic 

Crustacea (Wetzel 2001).  Cladocera range in size from 0.2 - 1.5 mm in northern lakes.  There 
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are a few, rare larger species like the predatory Leptodora.  Planktonic Crustacea are relatively 

less important in streams than in lakes, largely avoiding running water.  

 

 A characteristic behavioral feature of many zooplanktonic Crustacea is nocturnal vertical 

migration.  This changes their availability to fish and demands distributional shifts in their 

predators (Chapter 4). The movement is triggered by changes in light intensity, although a 

supplementary endogenous rhythm has also been suggested.  The upward movement begins in 

falling light and downward movement begins before sunrise.  Various factors influence the 

extent and seasonality of the habit.  There is much variation (Wetzel 2001).  A horizontal 

patchiness in microcrustacean distribution also occurs (Malone and McQueen 1983).   

 

 Cladocera (especially) and Copepoda are extremely important as food both for larval and 

adult fish, providing a high proportion of the diet of the former and supporting specialist adult 

planktivore species.  The resource is always available, but seasonally varies widely in abundance 

(Pennak 1978; Whiteside et al 1978).  Fish larvae utilize the spring population peak.  Lipid 

content (and hence value as fish food) in the Cladocera is typically high in the spring and when 

eggs are present, lower in midsummer, and high again in late summer and autumn in northern 

systems (Arts et al 1993; Brett and Müller-Navarra 1997).  Nutrient value thus varies seasonally. 

 

 The Microcrustacea may suppress or hold down phytoplankton numbers.  Likewise, fish 

and other predators may control zooplankton numbers.  Suppression of the phytoplankton 

increases the clarity of the water, increasing prey visibility.  Overexploitation of the zooplankton 

by predatory fish may initiate an explosion of phytoplankton, increasing water opaqueness, and 

reducing light penetration (Scavia et al 1986, 1988; Carpenter and Kitchell 1987; Crowder et al 

1988).  The microhabitat characteristics such as visibility can thus theoretically  influence fish 

foraging. 

 

The influence of fish on zooplankton numbers has been widely discussed (Brooks and 

Dodson 1965; Wells 1970; Hutchinson 1971; Archibald 1975; Hall et at 1976; Hrbáček 1962; 

and Tonn and Magnuson 1982).  The most striking examples of zooplankton population 

decimation comes with introductions of new fish species into previously established systems 
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(Crowder et at 1988; Soranno et al 1993).  Notable here is the impact of the alewife (Alosa 

pseudoharengus), a highly efficient size-selective predator, on zooplankton populations.  It 

colonized Lake Michigan and many other Great Lakes systems in the 1940's (Wells 1970; Evans 

1986;  Hewett and Stewart 1989), as well as the Adirondack lakes (Hutchinson 1971), and 

various reservoirs.  Declines in native fish species has been hypothesized as being due to direct 

competition for food by alewives and/or predation by alewives on eggs and larvae (Crowder 

1980;  Hewett and Stewart 1989). 

 

 The appearance of larval fish in early spring is commonly followed by a drop in 

zooplankton populations (Keast 1980; Mills and Forney 1983; Cushing 1983; Bollens 1988; de 

Vries and Stein 1992).  However, in many, if not most, cases, the drop is part of a predictable 

intrinsic population cycle.  Evidence has been produced (Mills and Forney 1983) that larval fish 

may restructure zooplankton populations.  Because of the brevity of the larval season, however, 

such impact should be only temporary. 

 

Selective size predation by fish may change the structure of zooplankton communities by 

eliminating larger-bodied forms like Daphnia spp. (length 0.9-1.5 mm) in favor of small-bodied 

forms like Bosmina longirostris and Chydorus sphaericus (length 0.2-0.6 mm).  These then 

dominate and become the main prey of the fish in the system (Brooks and Dodson 1965;  

Galbraith 1967;  Zaret 1980;  Eggers 1982).   High altitude lakes with salmonids have 

zooplankton less than 0.75 mm in size, and those without these fish have zooplankton up to 2.8 

mm (Starkweather 1990).  Such predator modifications have also been demonstrated for whole 

lake systems (Elser and Carpenter 1988; Post et al 1997), and in experimental enclosures (Brett 

et al 1994). 

 

In Oneida Lake (Forney 1974; Noble 1975; Mills et al 1989), New York, the early 

juvenile trophic system is dominated by large-bodied Daphnia spp. and yellow perch utilizing 

these are advantaged (Chapter 5). 

 

Small lakes like Opinicon in which the smaller Cladocera predominate and larger-bodied 

species are rare are regarded as piscivore-modified systems.  Thiscontrasts with other lakes like 
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Oneida, where the large-bodied Daphnia dominates.  In Opinicon, larger-bodied zooplankters 

(0.6 mm and above) occur mainly in May and October, at the beginning and end of the season 

prior, and subsequent to, intensive fish predation.  Such a seasonal size shift is fairly general in 

fish-modified lakes. 

 

Much is known about the biology and role of the zooplankton, its seasonality, and what 

influences this, its role in the food chain, population dynamics, and predators.  Aspects remain 

under-studied.  Impacts of planktivorous fish are widely acknowledge at the gross level but not 

the subtleties. 

 

6.11.2 The zooplankton and zooplanktivores of a small lake, an exploration 

 

A small Bosmina-dominated Ontario lake is used as a basis for discussing zooplankton-

fish systems including larval ones (Amundrud 1970; Amundrud et al 1974; Keast 1985a, e; 

Keast and Fox 1992).  Questions considered include:  (i) Just what and how many fish species 

constitute the zooplanktivore guild? (ii) Do planktivorous assemblages include both diet 

generalists and specialists? How do specialist and partial planktivores relate to each other, and to 

the support base? (iii) Is there a close link between predator and prey species? (iv) How do larval 

and adult planktivores compare in resource use and division?  (v) How do zooplanktivores 

handle seasonal fluctuations in their resource base? What alternative resources are used?  (vi) 

Do, as commonly accepted, planktivorous fishes follow the tenets of optimal foraging theory and 

seek optimal sized prey (Brooks and Dodson 1965;  Galbraith 1967;  Zaret 1980;  Eggers 1982;  

Neill 1984;  Vanni 1986;  Soranno et al 1993), or, by contrast, do zooplankters simply respond to 

abundance irrespective of prey size (Burbidge 1974)?  

 

Opinicon has about 30 species of Cladocera and seven of Copepoda (Dr. David Fry, 

personal communication).  However, only about eight of the former and three of the latter are 

abundant enough to be of importance as fish food (Figs. 6.10-6.14).  The small-bodied Bosmina 

longirostris outnumbers the other Cladocera by twenty to one in both the littoral and limnetic 

zones, except for short periods seasonally.  Next most abundant is the smaller-sized Chydorus 

sphaericus, inhabiting weeded sections of the littoral zone; then Simocephalus vetulus, Sida 
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crystallina, Ceriodaphnia lacustris, and Polyphemus pediculus (Fig. 6.10).  Daphnia retrocurva 

is highly seasonal.  The large-bodied Leptodora krefftii and Holopedium spp, also potential fish 

prey, are rare and virtually never found in fish stomachs.  Bosmina longirostris and the 

cyclopoids have a high population peak in May to early June. Bosmina also has a lower peak in 

late summer.  In longer, colder waterways like the main Lake Ontario, the first peak of Bosmina 

is later.  Chydorus also has an early and late peak in Opinicon.  The July - August peak is the 

more important.  Sida has peak numbers in late May to June.  Simocephalus and Ceriodaphnia 

occur in low numbers all summer.  Fish respond closely to zooplankton abundance levels (see 

Chapter 5 and, especially the comprehensive Oneida Lake data). 

 

Planktivory by fishes small northern lakes like Opinicon fall into three categories and fish 

species associations:  (i) consumption by the larval/early juvenile fish in the inshore open waters 

adjacent to the spawning grounds;  (ii) the diversified larval fish assemblage in the littoral zone 

(mainly macrophyte beds);  and (iii) planktivory in the largely independent mid-lake limnetic 

assemblages.   

 

(i) Planktivory by larval fish, inshore open water.  All larval - early juvenile fishes are 

initially planktivorous (Chapter 5).  Following hatching in May-June they utilize cyclopoid 

nauplii and the smallest copepodites (length 0.1 mm) and, shortly after, the smallest Bosmina 

longirostris (about 0.1 mm -Chapter 5). Then follows a rapid changeover to larger prey (2-3 mm 

long chironomid larvae), and a diversification of the diet.  This occurs within the first 10-30 days 

of life.  The diversification frees up the early larval resource type for later hatches (Chapter 5).  

 

The cropping of the smallest and youngest zooplankters by larvae contrasts with the use 

of larger individuals by juvenile and adult fishes (Fig. 6.8).  The larvae and early juveniles of the 

various species, even so, may only be variously planktivorous.  In the largemouth bass and 

yellow bullhead in Opinicon, and mudminnow (Umbra limi) in Jones Creek, zooplankton made 

up only 20% of the stomach contents wet weight.  It was 30-40% in the rock bass, pumpkinseed, 

and brown bullhead, and 65% in the bluegill.  This contrasted with 80%, or more, in the 

specialized zooplanktivores (blackchin shiner, bluntnose minnow, golden shiner, alewife, and 

black crappie). 
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(ii) Juvenile and adult planktivory, littoral zone.  The littoral zone assemblage of juveniles 

and adults, with many co-occurring age forms, includes many zooplanktivores and part 

zooplanktivores (Keast 1985c; Fig. 6.11). By the end of the second summer in (Year I) littoral 

zone fish there is a marked drop in most species dependence on zooplankton.  This does not 

apply to the planktivorous cyprinids.  In adult golden shiner 52%, and black crappie 30% of the 

diet was zooplankton (Chapter 5).  It remained at 50% in the bluegill and brook silverside.  In the 

third summer (Year II) the short-lived planktivores (blackchin, bluntnose), planktivory remained 

in excess of 60%.  In the long-lived bluegill and black crappie it temporarily stabilized at 20-

25% of the diet.   

 

The bluntnose blackchin shiner and smaller bluegill were zooplankton specialists.  The 

other species took lesser amounts of zooplankton and had more diversified diets (Fig. 6.11).  In 

smaller bluntnose minnow, in all months, zooplankton made up 70-93% of the diet by weight.  

For larger bluntnose minnow, zooplankton comprised 44-76% of the diet by weight.  In both age 

groups Chydorus sphaericus was the dominant prey.  In some months, Bosmina longirostris 

formed a lesser item.  The larger size group took also Simocephalus vetulus in May and 

September.  Non-zooplankton items were small chironomid larvae.  These, however, were a 

minor prey item and only reached 20% of stomach content weight in the smaller fish in July and 

in the  larger fish in May. In the small-bodied blackchin shiner, zooplankton made up 73-80 and 

38-93% of diet by weight in both size classes in all months (the larger size group ate chironomid 

larvae in May).  Chydorus sphaericus was again the main cladoceran eaten, with slightly greater 

emphasis on Bosmina longirostris as a secondary item.  Sida crystallina and Simocephalus 

vetulus were eaten in lesser numbers. 

 

In bluegill, there was much reduced emphasis on planktivory after the fish reached (30-45 

mm) in length (Fig. 6.11).  In the smallest individuals, zooplankton made up 42-78% of the diet, 

in Year II zooplankton comprised  14-33% of the diet, and in the largest fish, 8-30% of the diet.  

Chironomid and small Trichoptera composed the rest of the diet.  Bosmina longirostris was the 

major species eaten, although Chydorus sphaericus was more important in September.  Several 

other Cladocerans, especially Sida, Simocephalus, and Polyphemus were also harvested.   
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Of the other generalist fish species, the eastern banded killifish was equally a planktivore 

(10-82%) and predator of small chironomid larvae (20-65%).  Chydorus was the main species 

eaten.  Other Cladocera were also cropped. Yellow perch took little zooplankton except for the 

youngest fish in September.  A range of species, especially Polyphemus, were then eaten. 

 

(iii) The pelagic zone (adult) zooplanktivores.  This assemblage (Chapter 4) was composed of 

larger-bodied individuals of several fish species, including the largest bluegill (Keast and Fox 

1992).  The alewife fed heavily on cyclopoid copepods (the only species to do so as an adult), 

Cladocera, Bosmina longirostris, and Daphnia retrocurva being the main prey.  Chydorus 

sphaericus was heavily cropped in some months.  The numbers of zooplankters in the stomachs 

was large.  The golden shiner was a specialist feeder on Bosmina, Chydorus, and Daphnia.  

Filamentous algae were an important alternative food.  The brook silverside was 20-60% 

planktivorous.  Small chironomid pupae and Chaoborus larvae picked up from the water column 

and flying insects from the surface were the major supplementary items.  Bosmina and, in May, 

Eurycercus spp and Chydorus (important in May and September) constituted the food. 

 

The larger-bodied limnetic zone planktivores thus, along with taking small-bodied 

species like Bosmina longirostris, fed prominently on larger bodied species like Daphnia 

retrocurva, Ceriodaphnia lacustris, Sida crystallina, and Eurycercus spp. 

 

6.12 How complete is planktivory: alternative prey types eaten by zooplanktivores 

 

 A range of alternative food types were used by the zooplanktivores (Figs. 6.11, 6.12).  

There was considerable seasonal variation in the proportions of non-zooplankton eaten.  (This 

also applies in Oneida.)  In the highly planktivorous bluntnose minnow, the smaller individuals 

took more non-planktivorous food in July than in the other months, the larger ones took more 

non-planktivorous food in May.  In the blackchin shiner, the larger fish also took most non 

planktivorous prey in May, as did the smaller banded killifish and yellow perch.  In the smallest 

bluegill, July was the month in which most non-planktivorous food was consumed.  In all six 

species, chironomid larvae were the most important substitute.  In the bluegill, rock bass, and 
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yellow perch, the switch to a diversified diet dominated by insects superseded any seasonal 

response to zooplankton.  However, the smallest rock bass and yellow perch disproportionately 

harvested zooplankton during the later summer peak of these organisms.  Alewife (both size 

classes), a specialist zooplanktivore, took most non-zooplankton in July; golden shiner in 

September;  brook silverside in May and September.  In the black crappie, where the largest fish 

are minimally planktivorous, the Year I fish took most zooplankton in autumn. 

 

 The planktivores were thus not exclusively planktivorous.  Other prey types were also 

eaten and this applied even in the most specialized planktivores.  Some species (for example, 

bluegill) were only partial-planktivores. 

 

6.13 Prey size and optimal foraging theory in zooplanktivores 

 

Many researchers state that zooplanktivorous fishes choose the larger-bodied cladocerans 

even though these are uncommon (Hrbáček 1962; Gerking 1962; Hall 1964; Brooks and Dodson 

1965; Galbraith 1967; Hall et al 1970; O'Brien 1979).  In Connecticut lakes, clupeids selectively 

fed on larger zooplankters, and effectively eliminated these from the population (Brooks and 

Dodson 1965).  Likewise, in Michigan lakes, rainbow trout of 198-430 mm, and yellow perch of 

70.0-245.0 mm completely eliminated Daphnia over four years.  Daphnia spp larger than 1.3 

mm fell from 53 to 4 % of the total population (Galbraith 1967).  Hall (1964) found that adult 

ciscoes (Leucichthyes artedi) and black crappie fed extensively on large Daphnia pulex when 

these were available in early spring but did not eat the smaller adult D. galerita mendota. 

 

 Early juvenile yellow perch in Oneida Lake selectively chose the larger Daphnia but 

there are exceptions, sometimes eating the smaller Diaptomus (Noble 1975; Wills et al 1989a, b).   

 

The four most abundant cladocerans in Opinicon (Chapter 5) were Bosmina longirostris, 

Chydorus sphaericus, Sida crystallina, and Simocephalus vetulus.  The bulk of Bosmina were in 

the 0.20-0.49 mm body length range except in May and September-October when larger-bodied 

(0.50-0.69 mm) individuals were prominent. Chydorus sphaericus measured 0.20-0.40 mm.  

Sida crystallina measured 0.50-0.89 mm, but seasonally individuals of 1.2 mm occurred. 
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Simocephalus vetulus measured 0.60-0.89 mm.  Zooplankters less than 0.20 mm in length were 

not utilized by the larger fish (Figs. 6.13, 6.14). 

 

Bosmina consumption by the bluegill was regularly on 0.20-0.29 mm organisms by the 

30-45 mm fish; larger fish took 0.30-0.49 mm prey.  In May and September, when 0.50-0.69 mm 

Bosmina were prominent, large bluegills did not take these larger prey.  Of the Chydorus utilized 

by blackchin shiner and bluntnose minnow, individuals of 0.20-0.29 mm were taken.  

Sometimes, as in May, prey sizes of 0.30-0.49 mm were preferred. Rock bass of Years 1 and 2 

however, selectively took the rare largest-bodied Chydorus (August and September). The larger 

Sida and Simnocephalus were taken by Years 0 and 1 yellow perch and rock bass, and larger 

bluegill (Figs. 6.13, 6.14). 

 

Relative to these larger-bodied prey items:  (i) Few fish species and size classes 

consumed the 0.6-1.2 mm Sida crystallina present at densities of only 10 individuals per 30 litres 

of water.  (ii) Some, however, were taken by small and large bluegill; and, in September, by the 

small-gaped blackchin shiner, and bluntnose minnow in June.  Killifish in August took the 

equally large-bodied Simocephalus.  (iii) Simcephalus (0.50-0.69 m) was taken by bluegill in 

May, June, and August, to the virtual neglect of small organisms.  The small numbers of 

Simocephalus available in most months suggested that the fish selectively sought these. In 

September, when large-bodied Bosmina were again abundant, the bluegill however, chose the 

smaller ones.  The smaller blackchin shiner took smaller Bosmina, and larger fish the larger 

Bosmina.  (iv) In consumption of Chydorus sphericus in May, the small-mouthed bluntnose 

minnow and smallest bluegill took 0.20-0.29 mm individuals and  blackchin, killifish, and 

yellow perch took 0.30-0.39 mm ones.  This seemingly represented deliberate selection as the 

two prey types were then equally abundant in the environment.  In June, when the smaller size 

category predominated, the bluntnose and smaller blackchin chose smaller individuals.  The 

larger blackchin took the larger prey.  Bluegill selected a range of prey-size types.  In July, 

blackchin chose smallest individuals, the bluegill (large and small) the larger ones.  In September 

(when 0.30-0.49 mm zooplankters were most abundant; those of 0.20-0.29 mm slightly less so), 

the bluntnose, blackchin, killifish, smallest bluegill, and yellow perch chose zooplankters of 

0.20-0.29 mm, while the largest size category of bluegill and rock bass only consumed prey of 
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0.50 mm and larger.  (v) Comparable size selection patterns applied also to Sida crystallina and 

Simocephalus vetulus.  

 

 Seasonal variations, both in the proportions of zooplankton versus alternative prey in the 

stomachs, and in the selection of individual zooplankter species in Opinicon was, thus, only 

partly predictable on the basis of availability.  Fish apparently exhibit preferences on occasions. 

 

Broadly speaking, the fishes of the Lake Opinicon community chose larger, in preference 

to smaller, prey.  They, however, did not have the opportunity of cropping from a Daphnia 

fauna.  The link was not complete, sometimes the abundant smaller prey were given preference.  

This suggested that the abundance factor was equally important as size.  Several factors could 

explain the neglect of larger prey in these cases:  inability to catch larger prey with patchy 

distribution, or that the numbers of smaller prey were so high that it just did not pay to pursue 

rarer organisms.  The prediction of optimal foraging theory, hence, only partly held in this 

Opinicon field situation. 

 

6.14 Zooplanktivory in small lakes, clarification and documentation 

 

 The pattern of zooplanktivory and how the zooplankton resource in Opinicon is divided 

between the species is detailed (Figs. 6.13, 6.14, 6.15) to explore some finer features.  For the 

communities studied the following conclusions emerged:  (i)  The fish species did not specialize 

on individual zooplankter species, as might be expected.  Most feeding was on the abundant 

type, although some preference was shown for less common species that are available only 

seasonally.  (ii) A habitat factor was partly involved here.  Small-bodied macrophyte dwelling 

fish species took predominantly Chydorus sphaericus, which lives in this habitat, rather than the 

commoner Bosmina longirostris.  (iii) A range of alternative prey types are eaten by 

zooplanktivores. The proportion, seasonality, and importance of these varies with the species.  

(iv) Repeated examples of cropping of larger individual zooplankters emerged but, since at any 

time a high proportion of individuals are small-bodied, this did not emerge as a dominant feature 

in the system studied.  (v) The high diet overlap figures for Opinicon (Keast 1996), of 0.45 and 
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above are the same as those for other systems where calculations have been made, for example, 

Lake Mjosa, Norway (Sandlund et al 1992). 

 

6.15 The piscivore guild in fish 

 

Piscivory is a major feature of all freshwater ecosystems.  Piscivores have evolved 

repeatedly and from a wide range of fish stocks.  In Nearctica at least eight families 

(Centrarchidae, Percidae, Cyprinidae, Amiidae, Salmonidae, Cottidae, Anguillidae, Ictaluridae), 

in addition to the specialized Esocidae and Lepisosteidae, have produced them. Lake Victoria, 

African Great Lakes, has no fewer than 35 recognizable piscivore species in one genus alone 

(Haplochromis Greenwood 1974).  These species are generalists that take some fish, not 

specialized piscivores! 

 

Specialist piscivores (Chapter 9; Fig. 6.16) in northern lakes are characterized by large 

body size, enlarged gapes, and inter-cleithrum bone (throat) space, fin positions and 

morphologies that favor acceleration, and fusiform, or sub-fusiform bodies, this being the most 

efficient body shape for passage through a liquid medium (Alexander 1967; Chapter 9).  Degrees 

of morphological specialization vary.  It is marked in the pikes and gar-pikes that have elaborate 

dentitions.  The esocids are equipped with recurved marginal teeth, enlarged ("canine-like") 

laterals, and elaborate internal mouth morphology with backward pointing teeth.  These features 

are highly adaptive for seizing and swallowing large and slippery prey.  The two lineages are 

ancient and had perfected their morphological adaptations already in the Cretaceous.  Various 

authors (Alexander 1967; Werner 1977) note that the large mouths and other features of 

piscivores, so advantageous for their main role, limit their capacity to take small prey. They 

suffer the constraints of specialization. 

 

The "secondary" piscivores (Fig. 6.16), are generalist feeders who take fish only late in 

life when this is the only prey of suitably large size available.  Their transition to piscivory takes 

years.  They have few adaptations for piscivory other than the large mouth that comes with 

increasing body size.  The species in Ontario small lakes prey only on Year 0-1 fish, and have 

body lengths of 60-65 mm.  Secondary piscivores in Opinicon are the rock bass (here, mainly an 
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odonate nymph and crayfish feeder), black crappie (a Chaoborus and zooplankton predator), 

yellow perch, (a generalist feeder on insects of various sizes), yellow bullhead (a generalist), and, 

in Jones Creek the creek chub (Semotilis atromaculatus).  The terms specialist or primary and 

secondary piscivores are somewhat arbitrary.  The two groups are not clearly separated.  The 

terms emphasize that there are different levels of piscivory (Figs. 6.16, 6.17). 

 

6.16 Piscivory as a way of life 

 

Fish prey is a reliable food source, available year-round, and in a range of body sizes.  

Being large-bodied, it is energetically advantageous.  In Year-0 fish. the switch to piscivory in 

mid-summer may initiate a striking acceleration in growth rates (Timmons et al 1980; Keast and 

Eadie 1985; van Deusen et al 1996).  Rapid transition to large size is a necessity for piscivores:  

first summer size may set the size pattern for subsequent years.  Food of the right type and size is 

critical for good growth.  Growth is slow when fish prey is not available. 

 

Piscivores can sometimes restrict the populations of prey species (White and Harvey 

2001), and change their space use and foraging habits (Reinhardt 1999; Lundvall et al 1999).  It 

is a moot point whether this ever occurs in long-established balanced systems.  Most of the more 

striking cases of the former occur when new piscivores are introduced to previously established 

systems.  They can also, possibly dictate a longer-term structuring of fish communities, as shown 

by the work of Tonn (year) and others in small Wisconsin water-bodies.  

 

Questions of interest include: (i) What is piscivory, how does it differ from other ways of 

life? (ii) How do individual piscivore species separate out ecologically? (iii) Do individual 

piscivore species seek specific prey species, are they narrow diet specialists, or generalists that 

take whatever prey is most abundant? (iv) Do piscivores consume much non-fish prey? (v) What, 

if any, is the interaction between primary and secondary piscivores? The ontogenetic transition to 

piscivory could be better quantified - see discussion of the relations of mouth width to prey size 

(Timmerman et al 2000).  The adaptive life history features of piscivores are marked (Mittelbach 

and Persson 1998).  
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6.17 Piscivory and its development of age in different fish species 

 

Northern lakes support two categories of piscivores, the specialists that begin piscivory in 

their first summer, and ones that take fish only as large-bodied adults.  We can call the latter 

secondary piscivores. 

 

Development of the first summer diet in piscivores has been discussed by Applegate and 

Millan (1967), Keast and Eadie (1985), Olson (1996), and others. Largemouth bass may be 30% 

piscivorous by the end of the first summer, and 70% early in the following spring (Keast and 

Eadie 1985).  The species shows some latitudinal differences in age of acquisition of piscivory.  

In southwestern Michigan, piscivory was initiated at about 50 mm total length, but at 28 mm in 

central Florida populations.  The Michigan fish continued to use zooplankton up to about 82 mm 

total length (69 mm standard length) but the Florida ones did so to about 128 mm total length.  

The authors advanced differences in jaw morphology as the reason for the difference.  The 

temperate fish had significantly larger gape heights and widths at equivalent ages.  There were 

also differences in food types available.  The Florida largemouth, however, continued to use 

zooplankton after the advent of piscivory, whereas the temperate ones did not.  The authors 

suggested that food availability influences early diets in piscivores.   

 

In tropical Lake Navaisha, Kenya, fish remained insectivorous until the second year 

(Hickley et al 1994).  The lake has only 4-5 other fish species. 

 

Contrasting with the specialist piscivores, the beginning of piscivory in Opinicon 

secondary piscivores was found to be as follows:  black crappie 30% piscivorous in Year VI; 

rock bass 20% piscivorous in Year VI; yellow bullhead 30% piscivorous in Year II increasing to 

48% in Year IV; yellow perch 30% piscivorous in Year V.  The creek chub (Semotilus 

atromaculatus) became 40% piscivorous in Year III, and 70% in Year IV.  Fish prey of 

increasing size is taken with growth (Keast 1985, Fig. 6.16). 
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6.18 Prey selection in piscivores 

 

 The literature on piscivorous fishes in lakes shows predation to be mainly on the most 

abundant potential prey species.  Five piscivore species in Lake Opinicon fed disproportionately 

on the most abundant species in the lake, the bluegill.  Bluegill and the pumpkinseed (second 

most abundant) accounted for 50% of the prey of northern pike, and 51, 42, 45, and 100% of 

prey in the stomachs of largemouth bass, large rock bass, yellow perch, and yellow bullhead, 

respectively.  The bulk of the lepomids eaten were the macrophyte-bed dwelling Years 0 and I 

individuals.  The rock bass, a crepuscular feeder, took a high proportion of first-summer 

largemouth bass that, after the male guarding period, are shallow-water inshore inhabitants.  The 

black crappie, a water-column nocturnal feeder, took mostly first summer yellow perch, killifish, 

and bluntnose minnow.  In the non-piscivorous bluegill, the largest individuals took some larval 

lepomids, largemouth bass, and perch.  In all piscivores, average size of prey increased with age. 

 

All the fish species in the lake entered the diets of the piscivores.  Northern pike, 

largemouth bass, rock bass, and yellow perch took nine different species;  all others consumed 

several. The small-bodied inshore- and weed-dwelling killifish, bluntnose minnow, and 

blackchin shiner with which they shared habitat were consumed mainly by the smaller 

largemouth bass and the secondary piscivores.  Only the smallest brown bullhead were eaten.  

This species  can increase its body breadth by lateral extension of the pectoral fins, making it 

difficult to swallow.   

 

Habitat also influences prey species eaten in Opinicon.  In the macrophyte beds, the 

smaller bluegill and small cyprinids formed the major prey.  Older largemouth bass, inhabiting 

the deeper waters, were predators of smallerlargemouth bass, alewife and, to some extent, the 

golden shiner. 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

6.19 Prey size and piscivory 

 

6.19.1 Primary piscivores 

 

In piscivores there is a correlation between size of predator, its gape size, and prey size 

(Ivlev 1961;  Keast and Webb 1966;  Werner 1988;  Osenberg and Mittlebach 1989;  Persson 

1990; Persson et al 1996; Timmerman et al 2000). There is an increase in mean size of prey 

eaten with age (Fig. 6.17; Lawrence 1958; Ivlev 1961; Wilson 1975; Peters 1983; Howick and 

O'Brien 1987).  The maximum size prey than can be consumed varies with the size of the 

individual fish and the species (Lawrence 1958; Martin 1966).  In Opinicon, the biggest 

largemouth bass can take bluegills up to a length of 140 mm and northern pike up to 150 mm.  In 

the secondary piscivores (rock bass, etc.) the largest prey is only 50-55 mm.  There can 

apparently be a phenotypic factor to this.  In the European eel Anguilla anguilla, the gape is 

larger in piscivorous populations than in non-piscivorous ones (Eddy et al 1989).  The energetic 

importance of growing fish finding prey of increasing size is basic (Paloheimo and Dickie 1966a, 

b; Martin 1966). 

  

Selection for larger prey may, however, only occur up to a point.  Again, as mouth size 

increases, larger prey is simply added to the smaller prey in the diet (Polis 1988; Juanes 1994).  

The constraints may vary with predator and developmental stage (Wilbur 1988; Hambright 

1994).  Wright (1970), finding that largemouth bass preferred small fish prey, suggested the 

reason to be ease of capture. Swingle (1950) earlier had predicted this. 

 

Juanes (1994) searched the literature to determine just how general it is for piscivorous 

fish to take "sub-size" prey.  Of 32 published studies, in which captive fish were provided with 

prey of a range of sizes, only in three was preference shown for prey at the upper end of the size 

range; smaller prey were chosen preferentially. Experimental largemouth presented with prey of 

a range of types, did indeed select "sub-size" prey (Hoyle and Keast 1987, 1988).  In nature in 

June and July, following the hatching of huge numbers of young-of-year, these very small prey 

were eaten. The question of whether fish select small prey by choice versus ease of capture has 

not been answered (Mittlebach 1981; Werner et al 1983a). 
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The role of the prey behavior in influencing predator harvesting success has been studied. 

Swingle (1950) and Wright (1970) suggested that in the bluegill, prey evasion success increases 

with size.  Werner (1977) found that in largemouth/bluegill interactions the number of attacks 

until capture seemed to increase with increasing prey size.  Handling time is less when smaller 

prey is captured (Hoyle and Keast 1987).   

 

Reaction distances relative to prey length, prey motion, and lighting conditions have been 

experimentally studied (Werner and Hall 1974; Confer and Blades 1975;  Howick and O'Brien 

1983). The predator demonstrated a considerable capacity to select optimum size prey from a 

distance.  In studies on largemouth bass feeding on shad (Dorosoma spp.), Howick and O'Brien 

(1983) found that during the pursuit phrase the bass were more likely to choose prey of large 

apparent size (prey closer in proximity and advertising its presence by greater motion).  At high 

light intensities, bluegill could locate the predator long before the predator can locate them; at 

low light intensities the advantage was reversed.  Reaction distance in the largemouth was 

linearly related to prey length.  Response occurred at a constant visual angle subtended by prey 

of 2.7 :  this contrasted to a visual reaction angle of bluegill attacking Daphnia of 0.48  at high 

light intensities (Werner and Hall 1974, and Confer and Blades 1975). 

 

Prey species vary in vulnerability to piscivores.  The tiger muskellenge (Esox masquny 

X.E. lucius) requires four times as many strikes and longer pursuits to catch bluegill, compared to 

the effort required to catch fathead minnow (Pimephales promelas).  Wahl and Stein (1988) 

found that for three Esox species, mean capture rates for fathead minnow averaged 0.67, 

compared to capture rates for shad of 0.78; and 0.14 for bluegill.  They attributed the difference 

to differing body morphologies of the prey species and differences in antipredator behavior.  

Preferred prey size for Esox also varied by prey species.  For fathead, optimum size was 37-43 % 

of the predator length, compared to 30-36 % of predator length for shad, and 25-30 % for 

bluegill.  The bluegill required five times as many strikes to capture as did the other two species.  

Prey capture success by piscivores varies, of course with vegetation density (Savino and Stein 

1982). 
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16.19 Secondary piscivores 

 

Various authors have discussed varying degrees of piscivory in fish (Ossenberg et al 

1992; Olson et al 1995; Mittlebach and Persson 1998).  Piscivory in the secondary piscivores is 

only partial (Fig. 6.16).  In larger black crappie in Opinicon, even in Years VII fish, small 

invertebrates make up 70% of the diet, and in rock bass of this age, over 70% of the diet is 

comprised of large invertebrates (mainly crayfish).  Piscivory in the secondary piscivores 

increased sharply in July-August when larvae and early juvenile fishes of all species provided a 

temporary superabundant food source. The percentages of piscivory shown in Fig. 6.16 are, in 

fact, inflated by the figures for these months.  Secondary piscivores as large individuals continue 

to feed on a range of resources, though to a declining degree over time. 

 

6.20 The adaptive specializations of piscivores 

 

The major adaptations of piscivores have been surveyed by Mittlebach and Persson 

(1998) using 27 North American and European species.  It was found that:  (i) there was no 

relation between how early fish spawned and their size at Year I; (ii) there was no relation 

between spring water temperatures and size at which the ontogenetic switch to piscivory 

occurred; (iii) relationships depending on phylogeny and between the switch and maximum size 

were weakly negative and not significant; (iv) fish may reach large size at Year I by an earlier 

switch to piscivory.  There is much data supporting this.;  A phylogenetic component to growth 

rates must, however, also be allowed. Growth in the first summer, they found, appears to be 

fundamental in determining the size piscivores reach later in life. Fish that reach large size in 

Year I are larger at all subsequent stages. Growth rate increases with temperature.  This argues 

against a phylogenetic component to early growth. Gape size/body size relationships differ 

between species. Gape width is negatively related to size at the switch to piscivory.  Gape width 

was interpreted by Mittelbach and Persson as a major constraint to time of switching to 

piscivory. Bass sizes are largest in lakes where fish are able to switch to piscivory during the first 

summer (Olson 1996).   
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A rapid increase in growth follows the switch to piscivory in the first summer (Timmons 

et al 1980; Keast and Eadie 1985; van Densen et al 1996). Large egg size and hatching at a more 

advanced stage of development could also, of course, be important adaptations in piscivores but 

Mittleback and Persson found that piscivores do not uniformly have larger eggs than their prey. 

In laboratory reared Atlantic cod, Zhao et al (2001) found that, within the species, larvae 

produced from larger eggs had poor survival rates.   

 

A considerable cost of failure to grow rapidly, and keep ahead of the growth of the major 

prey item, has been noted by various authors. In pikeperch (Stizostedion lucioperca), non-

piscivorous individuals grew slowly, were in poor condition, and had reduced first year survival 

(Buijse and Houthuijsen 1992). In Opinicon and elsewhere, slow-growing bass have to revert to 

planktivory in late summer because fish prey outgrew them (Keast and Eadie 1984). 

 

 Piscivores through their varied and varying abundances and patterns of predation, 

distributions, and seasonal shifts in these, have wide effect on ecosystems.  They impact prey, 

changing its distribution, habitat use, diet, and activity patterns (Werner et al 1983b, c; Brown 

1988; Magurran 1990; Werner 1991; Persson et al 1996).  This is, of course, true of predator-

prey systems generally. Clearcut shifts occur when new piscivores are added to a system (Zaret 

and Paine 1973; Townsend and Crowl 1991; Ogutu-Ohwayo 1993; White and Harvey 2001).  

Prey numbers may be reduced directly (Paine 1976), or the predators may cause behavioral 

changes (Mittelbach 1981; Persson and Eklöv 1995; Lundvall et al 1999). 

 

 Reduction in the abundance of a species by predation, adverse conditions, or other 

factors, can alter competitive relationships and food web structure (Hairston et al 1960; 

Carpenter et al 1985; Persson and Hansson 1999); or initiate changes in nutrient cycling 

(Carpenter et al 1992; Schindler et al 1996).   Various authors have suggested that competition 

during early life stages in size structured populations might change development rates and 

recruitment levels (Wilbur 1972, 1988; Svardson 1976; Werner and Gilliam 1984; Tonn et al 

1986; Werner 1986; Olsen et al 1995; Byström et al 1998).  The conclusions are based on 

correlations and manipulative work in ponds and lakes. 
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 Between species diet matchings may occur between equivalent age-classes or tangentially 

(skewed) across age-classes – (see calculated high diet overlap levels found by Keast 1965, 

1978a, b and others).  The implications to species invite further experimentation.   

 

Some of the effects that predators may have on prey by confining them to inferior habitat  

have been discussed by Timmerman et al (2000).  Various authors have suggested, or shown, 

that individual fish whose growth has been stunted suffer higher overwintering mortality (Adams 

et al 1982). 

 

 A widespread tendency for the breeding times of piscivores and their prey fish to be 

correlated has been noted (Chapter 2), with the former breeding some weeks ahead so that the 

growing young can crop the larvae and subsequent growth stages of the prey.  Examples are the 

predation of largemouth bass on shad Dorosoma spp. (Shelton et al 1979; Adams and De Angelis 

1987); largemouth on bluegill (Keast 1985c), northern pike on Eurasian perch in Lake 

Windemere, (Frost 1954); walleye on yellow perch in New York lakes (Forney 1971, 1976;  

Smith 1977; Nelson and Walburg 1977; and Forsythe and Wrenn 1979) and other systems 

(Madenjian and Carpenter 1991), and flounder on spot (Rice et al 1993).  Early spawning also 

allows for maximum growth during the brief first summer, and this is particularly important in 

piscivores that must reach maximum size in minimum time.  Predators commonly spawn at 

lower temperatures than their prey (Keast 1985c).  In their growth model, Adams and De Angelis 

(1987) showed that bass were further advantaged when their spawning times and that of the shad 

prey were further apart.  The literature on early breeding in piscivores relative to their prey has 

been reviewed by Mittlebach and Persson (1998). 

 

Synchronized breeding between predators and prey is widespread in natural systems. 

Examples include parasitic insects and their hosts (Price 1974), mink (Mustela vison) and 

muskrat (Ondatra zibethica Errington 1963); Lynx canadensis and snowshoe hare (Lepus anus 

Tanner 1975), and predators and prey in African savannah systems.  There are documented 

examples in the Falconiformes.  In Britain, the Kestrel (Falco tinnunculus) lays from mid-April 

to mid-May, and rodents, its main prey, produce young from late May onwards.  The 

sparrowhawk (Accipiter nisus), a bird predator, breeds in May, and young songbirds become 
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plentiful in early June;  and the hobby (Falco subbeteo), an aerial hunter, lays in June, and its 

prey, young swallows and dragonflies, become plentiful in July (Newton 1974).  In the eastern 

Mediterranean, the falcon (F. eleonorae) breeds so as to match the arrival times of the vast 

numbers of southward flying migrants (Walter 1970). 

 

6.21 The piscivore guild, summary 

 

 The ways of life and adaptations of piscivores contrast at many levels with those of the 

planktivores.  However, some of the conclusions reached about zooplanktivores apply to 

piscivores. Piscivores are far from being a homogeneous group.  Some species, or smaller age 

classes of species, may limit their piscivory to larvae. The more specialized piscivores have 

highly adaptive characteristics, being large-mouthed at hatching, hatching ahead of the young of 

their prey species, growing rapidly, and ensuring they keep ahead of their prey in growth so as to 

continue to crop them. Many ecological, behavioral, and morphological adaptations may be 

involved in piscivory. 

 

 Piscivory differs from users of other trophic strata in that cropping is at the top of the 

food chain.  Literature accounts and the Opinicon data indicate that piscivores are not specialists 

on individual fish prey species.  They tend to take what is maximally available, considering 

varying capacities to catch and swallow it.  Generalists combine other food types with piscivory.  

The specialists do not.  There is a good link between mouth width and size of prey eaten and the 

tenets of optimal foraging theory characteristically apply. 

 

6.22 What prey sources could support guilds?   

 

 If zooplankton and fish resources can support feeding guilds, cannot other resources do 

this also?  To answer this, the regularity of availability, abundance, diversity, and life history 

features merit assessment.  
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6.22.1 Chironomids and other dipteran larvae 

 

 Aquatic Diptera, especially chironomids, are especially abundant in lakes.  They account 

for 40% of all species of aquatic insects continent-wide.  At least a third of the Diptera are 

chironomids (Pinder 1986; Hilsenhoff 1991a, b).  They are prominent in all benthos samples, and 

there are benthic, vegetation dwelling, and free-swimming forms.  A wide range of body sizes is 

included.  Many are very small and not eaten by fish.  Included are univoltine, bivoltine, and 

multivoltine species (some Arctic species are recorded as taking several years to complete 

development).  Chironomids are, hence, available all year with some variations in abundances 

and dominant body sizes.  They should, hence, be capable of supporting a distinct feeding guild.  

They occur in abundance in the stomachs of fish in all months but abundances and numbers 

fluctuate considerably. 

 

6.22.2 Amphipoda and isopoda 

 

 These are an important fish food in northern lakes but food populations are only seasonal.  

In eastern Ontario lakes, two species are dominant and abundant: Hyallela azteca and Gammarus 

fasciatus.  The former may have three generations per summer (Cooper 1965) but numbers are 

small in intermediate periods.  Isopods are uncommon and only enter fish diets occasionally.  

Seasonal fluctuations in amphipods and isopods are too great to support fish species. 

 

6.22.3 Ephemeroptera 

 

 North America has about 575 mayfly species in 17 families (Hilsenhoff 1991b).  Only a 

very few are abundant.  There is considerable morphological and ecological diversity.  Most 

species are univoltine.  The eggs develop rapidly or slowly over a year with the eggs diapausing, 

followed by rapid development.  In bivoltine species, there is rapid larval development with the 

second generation diapausing over winter (Hilsenhoff 1991a).  A few species are multivoltine.  

The non-feeding adults may live two weeks or more.  Mayfly nymphs are much less obvious in 

Ontario lakes than in some streams. Ephemeroptera nymphs are too limited seasonally and 

variable in size to support lake fish species. 
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6.22.4 Odonata 

 

 There are about 415 species in North America (Hilsenhoff 1991b).  Life cycles are 

relatively long, usually one year in the Zygoptera, and one to four in the Anisoptera.  Some have 

over-wintering diapausing eggs. Large-bodied individuals are present in May  and early June and 

again in July and August.  With emergence in early summer, the resource largely disappears, and 

is replaced by small newly-hatched individuals in July.  Opinicon has about 35 species with a 

few genera, notably Epitheca being very common.  The resource is not regularly available 

enough to support more species than the rock bass. 

 

6.22.5 Trichoptera 

 

 These are represented by 1340 species in North America.  Only a few are abundant in any 

one system.  Most are univoltine, but life cycles can also be bivoltine or semi-voltine (Hilsenhoff 

1991b).  They are common in the littoral and offshore zone.  Most over-winter in the deeper 

water offshore (Hilsenhoff 1991b).  A high proportion of Trichoptera are small-bodied.  The 

order could not exclusively support fish species.  

 

6.22.6 Coleoptera 

 

 In Ontario these are an important food of only one or two fish species in streams and 

marshes (for example, the thick-lipped mudminnow).  The hard carapace is a barrier to 

utilization by most fish species. 

 

6.22.7 Molluska 

 

 Only a limited minority of the 110,000 mollusks are freshwater dwellers.  Forty-five per 

cent of freshwater mollusks occur in systems with calcium concentrations greater than 25 mg per 

litre, and 95% occur in systems with  levels greater than 3 mg per litre (Brown 1991).  Most 
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Ontario species have a single annual breeding season.  At cooler temperatures, several seasons 

may be taken to complete the life cycle, as in Lymnaea stagalilis (Boag and Pearlstone 1979). 

 

 Lake Opinicon has 15 mollusk species in eight families (Turnbull 1975).  However, 62% 

of the gastropod soft tissue biomass is contributed by Amnicola limosa, and 28% by Viviparus 

geogrianus.  There is an inshore migration to depths of less than 1.5 m between April and July 

with a reverse movement in late August.  Good populations occur on the macrophytes during 

summer.  Large hatches of small soft-shelled young occur between mid-June and July.  The 

small bivalve Pisidium spp. is uniformly abundant. 

 

 In Opinicon, the pumpkinseed is the only significant predator of mollusks.  The main 

prey is Gyraulus parvus.  Amnicola is mainly used in August.  Predation by pumpkinseed is 

highest from mid-June through August.  Bluegill and brown bullhead consume some mollusks 

when small bodied and soft shelled young are available.  

 

 Because of their hard shells, mollusks can support few species. Specialized crushing 

dentition is necessary (as in pumpkinseed and longear sunfish (Lepomis gibbosus and L. 

megalotis).  Despite good availability in some lakes, usually 50-60% of prey is non-mollusk.  

This suggests it is a benefit to remain more of a generalist. 

 

6.22.8 "Small", and "large" benthic invertebrate guilds? 

 

 If the major invertebrate groups cannot individually support fish species, the question 

remains regarding combinations of these, in particular, the potential groupings of "small" 

invertebrates (chironomids, amphipods) and "large" invertebrates (odonates, crayfish).  Many 

species feed exclusively on this combination.  On this basis a feeding guild group could be 

claimed.  There is, however, little advantage in claiming such a category when the taxonomic 

composition is so variable. 
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6.22.9 Detritivory and herbivory (algivory) 

 

Detritivory and herbivory are very important in the Tropics but they are unobtrusive and 

relatively rare in northern lake systems.  On a world scale, herbivory has been recorded in over 

24 families and 95 species of fish, with 34 and 30 species belonging to the Cyprinidae and 

Cichlidae, respectively (Opuszynski and Shireman 1995).  In tropical systems, herbivorous fish 

species are very numerous and are specialized for feeding on algae, detritus, filamentous algae, 

phytoplankton, and macrophytes (including fruit), or combinations of these.  Many show 

morphological specializations for herbivory.  Alimentary canal morphologies vary according to 

resource type (Opuszynsky and Shireman 1995).  Whilst some tropical herbivores have the 

characteristic long guts, in others they are short (Horn 1989). 

 

In small Ontario water-bodies, the main herbivorous fishes are cyprinids.  The bluntnose 

minnow (Pimephales notatus) is seasonally detritivorous, and the stream-dwelling fathead 

minnow (P. promelas) and finescale dace (Chrosomus eos) are detritus and alga specialists.  The 

first two species show some morphological modification of alimentary canals, (1.5 and 2.0 times 

the standard length), considerably more than in the co-occurring invertebrate feeding cyprinids 

(unpublished data).  The golden shiner (Notemigonus crysoleucus) is a filamentous alga feeder in 

some systems. Larger bluegill take some plant material in late summer, including seeds of the 

macrophyte Nyjas flexilis (Keast 1965).  The brown bullhead (Ictalurus nebulosus) is a partial 

detritivore. 

 

There is a highly identifiable "herbivore" but it is poorly developed in the north.  This 

may be because animal protein is beneficial in these systems.  

 

6.22.10 The "catfish" guild 

 

 Catfish, with their highly specialized morphologies, ways of life, nocturnality, and 

adaptive zones, are everywhere a morphologically distinctive group (Chapter 9). As non-visual, 

chemo-sensory feeders, nocturnal or inhabiting muddy waters, they represent a different 

functional and adaptive complex (Parker 1910; Atema 1971, 1977; Bardach and Atema 1971; 
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Bardach et al 1967; Todd et al 1967; Sivak 1973; and Peters et al 1974).  The term "guild" could 

be applied to them.  This would however involve some change in the definition of the term.  

 

6.23 Summary 

 

 Working from the base that many workers have felt that lake fish can be thought of as 

assembling into a series of feeding guilds, and that prey organisms group into a series of size 

strata, the validity of the feeding guild concept has been investigated.  The questions posed at the 

beginning of the chapter can now be answered.  The feeding guild concept, attractive though it is 

for a loose grouping of fish within assemblages, has no great relevance.  It cannot be clearly 

defined and is partly an artifact.  Only the existence of zooplanktivore and piscivore guilds is 

clear.  Resources like chironomids and odonates, varying seasonally in abundance, cannot 

support feeding guilds. 

 

 Physiological demands in the north and limitations of prey types in a seasonal context 

place emphasis on diet versatility. 

 

 Authors have suggested that interspecific food competition is a huge problem within 

guilds.  This proves to be not so.  Much of the feeding is on the most abundant resource type.  

Fish switch to other prey types as prey population levels demand.  In this guild, members are 

little different than other fish species whose diets are documented in Chapter 4. 

 

6.24 Ontogenetic diet shifts, feeding guilds, and the use of resource strata by fishes, a 

synthesis  

 

 This chapter explores two contrasting components of the feeding of fish in ecosystems, 

ontogenetic niche shifts and feeding guilds, both representing feeding relative to resource strata 

available in natural systems. 

 

 Ontogenetic niche shifts, long only vaguely recognized, are now seen as a basic attribute 

of poikilotherms, particularly those that live many years.  So far as fish are concerned, they vary 
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in extent and pattern with kind of fish, ultimate adult resource type, and pattern of change.  

Insectivores, molluskivores, and piscivores all start with a common diet.  Divergence with 

growth produces the all important adult specialization.  The time taken to achieve this varies.  

Ontogenetic diet shifts are greater in large-mouthed, long-lived species.  Here the major shift 

may be so accelerated as to go through the entire sequence of feeding strata shifts in the first 

summer.  The shifts are minor in short-lived planktivores.  In no two species is the ontogenetic 

pattern quite the same. 

 

 It can be claimed, with some justification, that species in which ontogenetic diet and 

habitat shifts are marked are occupying more than one "ecological niche".  The implications to 

the individual, community, and ecosystem are significant.  Multiple niche occupation may 

reduce intraspecific competition but greatly potentially increase interspecific competition.  By 

spreading impact of feeding fish on the prey resource base, this may help the prey species.  If age 

groups have different diets, more individuals can be accommodated.   Further study of this could 

be rewarding, if difficult. 

 

 In a longer view, ontogenetic diet and space use shifts have as their basis a maximum 

utilization of the resource spectrum.  The energetic implications of this are considerable.  

Optimal growth is a basic need. 

 

 The concept of "feeding guild" in freshwater fishes has been widely used by various 

workers.  Basic questions were asked and answered about feeding guilds.  The two most obvious 

examples, planktivory and piscivory, were analyzed from the viewpoint of whether or not they 

were clearly defined, how "true" supposed guild members were to the basic resource type, and 

adaptations for utilizing that resource.  There are various kinds of planktivores, with larvae 

contrasting with larger fish in patterns of cropping and sizes of organisms being cropped.  

Amongst larger fish, most predation was on the most abundant zooplankter species, with some 

prey selection differences being related to habitat.  There were no "pure" planktivores: all species 

drew on other resources according to availability and time.  Selection of larger individual 

zooplankters (widely documented) was only partial.  There are also various kinds of piscivores: 

specialists that eat fish from an early age, and ones that only take them in later life. Piscivores 
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have varied morphological adaptation for piscivory from minor to major.  Guilds are not clearly 

delimited entities.  

 

 At the beginning of this Chapter, a series of observations that have been previously noted 

(Keast 1985) were listed.  All of these obviously have major implications for the ecosystem and 

individual species.   Age classes minimize "intraspecific competition" by differing in diets.  As a 

result, they limit the  impact of the predator on  prey resources, occupy multiple niches relative 

to optimal resources, and avoid food limitations.  However, the diet shifts of ecological age 

counterparts in different species introduces excessive interspecific competition for food 

resources.  No direct evidence can be shown to demonstrate that intraspecific and interspecific 

competition in species and age classes is a problem.  As laid out in Chapter 4, fish species differ 

in diets, these are plastic (Chapter 7), most fish draw on a rich resource base, and many of the 

feeding shifts are not the result of resource limits but a response to a peaking or superabunance 

resource.  These conclusions are demonstrations that indirect competition may be a factor in fish 

systems. 

 

 The conclusion must be allowed that most of the facets outlined, rather than being 

limitations in some way, are highly advantageous and adaptive to life in northern, hostile, and 

highly seasonal systems.  If limitations are not the major constraint, or if this only applies 

intermittently, plasticity on diets with age, interspecific interactions, and occupying multiple 

strata or resource types, are the basis of the adaptive complex. 

 

 Little can really be said about the "feeding guild" concept in fishes beyond Weine's 

observation that it is a convenient intermediate term between the species and the ecosystem.  

Arguments that interspecific competition must be severe within guilds are refuted.  Certainly fish 

species do, in some cases, group around a resource base and for this to apply the resource has to 

be consciously available.  Yet these also, seasonally or intermittently, "jump" guilds.  Some 

species belong to different "guilds" in different lakes and at different age stages.  There is 

complete variation in how species relate to the different resource strata. 
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 The food resources in lakes can be thought of as a series of strata relative to the energy 

pyramid and body size.  Even so, this is a superficial observation.  Some fish, in their feeding, 

focus on one stratum level.  Many switch strata randomly, seasonally, or in their development.  

The system is not a true hierarchical one.  It is an open one.   

 

 The data again demonstrates a high degree of generality and adaptiveness for most fish 

species. 
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Figure 6.1  Lengths (means) successive age classes at end of summer growth period (September) to show 

ontogenetic size changes, rock bass and bluegill. 
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Figure 6.2  Age class diets annual (means for months May-October), size age classes, bluegill and rock bass; 

taxonomic and prey size categories, numbers and weight of organisms in stomachs, and mean diet diversities (prey 

size and taxonomic categories), monthly changes in diet diversity (taxonomic categories). 
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Figure 6.3  Prey size (width) and mouth width relationships successive age classes, rock bass, bluegill, and 

pumpkinseed.  In rock bass prey size increases with mouth size. 
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Figure 6.4  Monthly diet shifts Years I, III, and VI-VIII, May-October, bluegill.  Asterisks show where resources 

simultaneously peak in environment and in fish's stomachs. 
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Figure 6.5  Monthly diet shifts, 3 age classes, rock bass. 
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Figure 6.6  Diet overlaps, successive months Years I, III, and VI-X, on other age classes rock bass and bluegill. 
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Figure 6.7  Ontogenetic diet changes, relative to four prey type categories: fish, large invertebrates, small 

invertebrates, and zooplankton - largemouth bass, black crappie, rock bass, bluegill. 
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Figure 6.8  Mean annual diets, three size groups, golden shiner, blackchin shiner, and bluntnose minnow.  For the 

latter two species diets of smaller, and larger members of Year 0 age class are compared. 
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Figure 6.9  Mean annual diets of the brown and yellow bullhead, nocturnal chemo-sensory feeders compared. 
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Figure 6.10  Seasonal abundances and changes in body size compositions, five common zooplankter prominent in 

the diets of fishes, Lake Opinicon. 
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Figure 6.11  Diets of the planktivores, littoral zone genera of Cladocera consumed and non-zooplankton items 

relative to zooplankters, littoral zone macrophyte bed association, Lake Opinicon. 
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Figure 6.12  Diets of the planktivores, limnetic zone, Lake Opinicon. 
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Figure 6.13  Use of the dominant zooplankter Bosmina longirostris relative to availability in the environment, five 

summer months (upper) and Chydorus sphaericus (lower). 
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Figure 6.14  Cropping of Sida crystallina (upper) and Simnocephalus vetulus (lower) and seasonal availability in the 

lake, Opinicon, various summer months. 
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Figure 6.15  Planktivory, importance in diet, relative to age, fifteen Lake Opinicon fish species. 
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Figure 6.16  The development of piscivory with age size Lake Opinicon and two Jones Creek, Ontario (Keast 1995) 

fish species. 
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Figure 6.17  Size of fish prey consumed relative to age and body size, four centrarchids and the northern pike. 
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Chapter 7 

DIET PLASTICITY AND RESOURCE DIVISIONS IN CONTRASTING LAKE 

SYSTEMS.  THE ADAPTABILITY OF VARIABLE GROWTH RATES 

Keywords: Density, Energy, Temperature, Efficiency, Metabolism 

 

7.1 Introduction 

 

 Successive chapters have considered space use, seasonality, diets, resource division, 

larval fishes, ontogenetic niche shifts, feeding guilds, and planktivory and piscivory in lake 

fishes.  Subsequent chapters will consider body and mouth morphology relative to ways of life, 

and the trophic ecology of stream fishes. 

 

 Covered here are two additional aspects of fish trophic biology: ecological plasticity 

(specifically dietary plasticity) and the biology of growth.  The two subjects are distinct, with the 

former being ecological and of limited scope (even though important), and the latter metabolic, 

complex in its multiple control and with the widest implications.  Body size relative to ecology 

and prey use is one component of this.  Individually, and in combination, diet plasticity and 

growth versatility are basic to functional optimality. 

 

 Ecological plasticity in fish remains a largely unstudied subject.  Growth, by contrast, has 

long been pivotal in fish studies.  Optimal growth is critical in commercial fish production.  

Involved in growth are genetic, physiological, and behavioral components.  These aspects will be 

reviewed as an entry to the consideration of body size relative to ecological role, diet, habitat 

use, productivity, and interspecific competition.  For data on just how plastic lake fish diets can 

be, data sets from 12 contrasting Ontario lakes are introduced - see Chapter 2.     

 

It was early suggested (Larkin 1956) that the diets of freshwater fishes are more 

generalized than those of terrestrial birds and mammals.  The observation had implications for 

ecological beliefs at this time that each animal species had a distinct and readily demarked 

ecological niche.  (As an interesting aside, fifty years later, Carl Leim has shown that the fish 
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mouth is generalized and poorly adapted for fine food discrimination.)  The Larkin comments 

passed unnoticed.   They ran against contemporary beliefs on the sanctity of the food niche. 

 

 Growth in animals has a complex basis.  Multiple influences are involved: the physical 

environment (temperature, length of growing season, latitudinal effects), and innate and biotic 

factors.  Included in the latter are total food uptake, kinds of food available, crowding effects, 

and interspecific interactions (Edwards 1984; Modde and Scalet 1985).  The core of the central 

biogenetic dimension has led to the development of quantitative growth models (see Paloheimo 

and Dickie 1965, 1966).  Nutrients supplied through the digestive and circulatory systems relate 

to a "mass factor" (that is body size and role; West et al 2001).  The mass factor in turn changes 

through ontogeny, and differs between species.  Other influences on growth rate come from the 

design of the particular organisms (Ricklefs 2003). 

 

 Focus on the diet plasticity question can be improved by posing a series of questions:   

(1) Given different resource bases in ecological systems, how much adaptive plasticity is 

built into fish species diets? 

(2) How do new diets evolve?  Is it by: (i) substituting dominant prey items in the diet; (ii) 

"freezing" an ontogenetic stage as the adult one; or (iii) as a result of interspecific competition? 

(3) What are the implications for species and for ecosystems of plastic diets? 

 

 For adaptive growth, key questions might be: 

(1) What factors underlie different growth rates, particularly within a geographic area? 

(2) How do abiotic and biotic factors in growth vary in different species, and at different 

seasonal times? 

(3) How important are different ontogenetic diets, times of ontogenetic shift, and calorific 

differences between growth types (Cummins and Wycheck 1971)? 

(4) Given that body size influences prey size, what, within a system, do varying growth rates 

mean for basic roles and resource division patterns? 
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7.2 Diet plasticity and contrasting resource division patterns, Ontario lake studies 

 

7.2.1 The study lakes 

 

 The twelve study lakes were chosen in terms of physiographic features, attributes, 

invertebrate faunas, and fish species compositions.  They, hence, offered optimal opportunities 

for comparing diets in contrasting systems (see documentations in Chapter 2).  The lakes 

clustered into three groups.  These were: 

 

(1) A biologically rich river estuary (Cataraqui Estuary), part of the very large Lake Ontario 

system that potentially makes available a continuously source stock of species.  Number of fish 

species in littoral zone: 25. 

 

(2) A cluster of five "mid-sized" lakes with a diversity of habitats, but largely similar fish 

species.  One of the objectives here was to test dietary similarities and resource division patterns 

in comparable systems.  Number of fish species: 14-18. 

 

(3) Six small systems chosen to represent more extreme environmental types (see 

characteristics detailed in Chapter 2).  Included were shallow, basin-like types, all littoral bodies 

(Fish Lake, Lower Poole Pond), and a steep-sided deep bodied, meso-oligotrophic lake (Little 

Round).  The lakes varied in productivities.  A common "small area" factor limited numbers of 

species.  Number of fish species: 5-9. 

 

7.2.2 Roles, diets, resource bases, governing factors 

 

 Biological factors need acknowledgement in any consideration of ecological roles and 

diets.  The morphology of a species channels it to particular foods.  The resource base dictates 

what it can eat, and in what proportions.  Competitors or co-occurring species could help shape 

the diet.  Numbers of co-occurring species, by influencing how the resource base is divided, will 

contour species "food niches".  Finally, species abundances (or relative abundance) will have a 

major effect on diet patterns. 
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7.2.3 The invertebrate support base 

 

 As discussed, northern temperate lakes support a common invertebrate fauna and range 

of food opportunities.  Since the numbers of Orders is limited, so are the basic range of prey 

types.  Diversity is available in number of lesser taxonomic levels, by habitat, abundance 

differences, and seasonal factors.  Prey size is an important variables.  Any consideration of the 

prey resource base must incorporate this. 

 

 As an introduction to a discussion of diet versatility, the invertebrate resource base in the 

lakes needs reviewing.  (For sampling and survey methods see Appendix.)  About 13 major prey 

types occurred in the study lakes (Appendix 7.1).  Amongst the insects, a rich fauna of 

chironomids occurred throughout the season.  The range of other types varied seasonally in 

abundance.  Low abundances of amphipods and isopods characterized four of the lakes, and 

ostracods were limited to a couple.  High mollusk populations occurred, partly made up of large 

individuals.  Body sizes of the prey varied (especially chironomids and odonates) between the 

lakes, and seasonally.  High numbers and low weights illustrate a dominance of small 

individuals, and vice versa.  Sometimes a resource type was abundant in a single lake (for 

example, Trichoptera in the Cataraqui River and Atkins Lake; and the large-bodied Daphnia 

dubia in Sunfish Lake). 

 

 It was expected that associated with differences in productivity, invertebrate numbers and 

weight would show marked differences between lakes (for example, Bruse et al 2003).  

Differences, however, tended to be only 2-3 fold.  However, sampling was carried out after a 

long exposure to fish predation.  Fish abundance suppresses prey density in isolated systems 

(Williams et al 2003). 

 

7.2.4 The fish faunas of the lakes 

 

 Fish species representation varied greatly from lake to lake.  Fish species numbers range 

downwards from 25 (Cataraqui Estuary) to five species (Fish Lake). 
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 There were a few very abundant species (with high biomasses).  These same species 

tended to be widespread.  Many fish species were rare.  These would have had only a minor 

impact on prey resources.  The "ecological kinds" and species combinations varied.  The number 

of lakes in which specific species occurred varied downwards from nine to one (Chapter 2). 

 

7.2.5 Similar lake types: how comparable are fish diets and resource division patterns 

 

 As noted, to test whether fish trophic features were predictable in comparable lakes (see 

characteristics), comparative studies of the diet and resource basis were carried out in Opinicon, 

Sydenham, Gould, and Upper and Lower Beverley Lakes.  These are tested for the most common 

species (bluegill, pumpkinseed, yellow perch; Figs. 7.1, 7.2, Appendix 7.1).  250-300 stomachs 

were analyzed per month, collected at the end of feeding periods over 2 week periods. 

 

Bluegill 

 The diet in the five lakes was similar in terms of major items (Fig. 7.1).  These, for both 

spring and summer, were: chironomid larvae, Amphipoda, Trichoptera larvae, and Cladocera.  

Chironomids were the most regular item.  Percentages in the stomachs in May ranged from 20% 

(Gould) to 45% (Opinicon) and in July they ranged from 12 to 45% (Lower Beverley).  Percent 

weights in the stomachs varied similarly.  Cropping was regular, irrespective of availability.  

There was some more feeding when food availability increased, but on other occasions, an 

increase in availability did not induce a disproportionate use.  A high proportion of sub-size 

newly-hatched larvae reduced cropping. 

 

 Hyalella made up 6-18% by weight of the fish diet in May, and 12-27% in July.  This 

was also a core dietary element.  Abundance of Hyalella in the lakes was 18-68% in May, and 

12-25% in July.  Abundance of Hyalella in diet and in environment were partly coordinated – 

(see Sydenham and Lower Beverley data for May). 
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 Trichoptera were a major food only in Opinicon, Sydenham, and Gould.  Marked 

increased seasonal feeding occurred in response in increased availability – (see Anisoptera in 

Upper Beverley and in Ephemeroptera in Gould in May and Zygoptera in Gould in July). 

 

 The bluegill findings  show:  (i) similar diets of the populations through these 

"comparable" lakes; and (ii) similar cropping patterns.  Results reflected those for Opinicon in 

Chapter 4.  Bluegill used a couple of dominant and regularly-used prey types.  There was an 

occasional opportunistic switch to alternative prey when they peaked numerically. 

 

Pumpkinseed 

 Mollusks and chironomids dominated the diet in all five similar lakes (Fig. 7.2), as found 

elsewhere.  Mollusk percentage weights were 12-30% in May and 14-44% in July.  For 

chironomids, the figures were 17-35%, and 14-56%.  Both items were heavily cropped 

irrespective of abundances.  Amphipods were important in the diet in May, but less so in July, 

when trichopterans became more important.  Use/abundance correlations were dubious.  In July 

in Sydenham, however, high abundances in the benthos were ignored.  At this time, the 

organisms were sub-sized (1.5-2.0 mm).  Trichoptera consumption increased in the Cataraqui 

related to availability.  Again diets were very comparable in the "similar" lakes and as described 

in Chapter 4. 

 

Yellow Perch 

 Yellow perch used Zygoptera, Anisoptera, Ephemeroptera, chironomids, and amphipods 

– isopods (Figure 7.6, Appendix 7.2).  Odonates were strongly favored.  Zygoptera were 

disproportionately harvested, in nine of the panels percentages eaten exceeded environmental 

representation.  Deliberate selection is indicated.  In other prey types, there was sometimes 

increased use with availability, other times not. Diets, seasonal use, and relationship with the 

prey resource availability again correlated well between the lakes and with Birch Bay, Opinicon. 

 

Summary 

 Dietary features of the three most widespread and common species (bluegill, 

pumpkinseed, yellow perch) in the five “comparable” lakes as an example closely reflects the 
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features shown for Birch Bay and other littoral sites in Opinicon.  Dominant items were similar 

and there were consistent seasonal changes (related to prey life history features of the 

organisms).  Differences in prey resource types were reflected in diets in predictable ways (note 

prominence of Trichoptera in the Cataraqui Estuary and Atkins Lake; with Gould Lake being a 

"good Ephemeroptera” lake, and Upper Beverley Lake a “good Anisoptera” one).  Between 

species overlap patterns were comparable in these generalist feeders.  The diet consistencies 

applied notwithstanding that the abundances of the species varied between lakes (Chapter 2 

Appendix).  This gives confidence that we have exposed the basic diet features.  Predictions that 

in their feeding, fish, given a similar set of prey opportunities will respond in a similar way are 

supported.   

 

7.2.6 Contrasting lake types: differences in feeding and ecological role 

 

 The series of "contrasting" lake types (Chapter 2) were associated with differences in fish 

community compositions.  Some species occurred in only one or two lakes.  Widespread species 

varied in abundances and proportionate representations.  The resource bases of the lakes had the 

same taxonomic bases but representations differed (Appendix 7.1). 

 

 Data for four more distinctive lakes (Cataraqui Estuary, Fish Lake, Sunfish Lake, and 

Little Cataraqui Pond) are given (Figs. 7.3, 7.4 - see Chapter 4). Data for May and July is 

integrated to produce compounded diagrams.  Where two age classes occur (usually ages II-III 

and IV) these are treated separately.  Sample sizes are 240-250 individuals per category. 

 

 Each fish species had a distinctive diet.  Resources were differently divided between 

species.  Where more than one species shared a prey type, the proportion eaten varied.  Diets 

were compounds of a series of prey types.  For specific resource types dominant predators often 

varied between lakes (Table 7.1).  Between species diet overlaps were great (as in Opinicon and 

elsewhere).  In the "aberrant" lakes (Fish Lake) some species took "unusual" prey types.  In 

Little Cataraqui Pond, rock bass (represented only by small bodied individuals) took mollusks 

(unusual for this species).  Such aberrant diets can be regarded as reactions to the absence of 

more appropriate food.  However, availabilities were a factor in use – (see cropping of 
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trichopterans by various species in the Cataraqui Estuary).  Where a species occurred in more 

than one lake, the diets commonly differed.  Pumpkinseed in the Cataraqui Estuary ate mainly 

chironomids, mollusks, amphipods and Trichoptera.  In Sunfish Lake (with dominance of 

Daphnia) the larger pumpkinseed ate Cladocera (a resource not used elsewhere).  In the Little 

Round, the pumpkinseed diet was mollusks, chironomids, and Ephemeroptera (Table 7.2).  

Killifish diets varied.  They were zooplanktivorous (Cataraqui Estuary); generalist feeders 

(taking zooplankton, chironomids, Ephemeroptera, mollusks); and piscivorous (eating larval fish 

in Fish Lake); or chironomid and ostracod eaters (Little Cataraqui) (Table 7.2).  In the Estuary, 

there were four major zooplanktivores (Year I bluegill, killifish, alewife and blacknose shiner), 

and two lesser ones (spottail shiner, golden shiner).  In Fish Lake, the zooplanktivore was the 

killifish.  In Sunfish Lake, with its good populations of Daphnia, the zooplanktivores were the 

yellow perch, sucker, stickleback, and brown bullhead.  In Little Cataraqui, the golden shiner 

was the only zooplanktivore.  Where two age groups of a species were represented, they varied 

only in proportions of a common prey assemblage (pumpkinseed in Cataraqui River) or had 

strikingly different diets (pumpkinseed and rock bass in Sunfish Lake).  Notwithstanding the 

large between-lake differences in species, most species used specific (preferred) elements where 

they occurred (for example, mollusks by the pumpkinseed).  Species differed in the number of 

prey items eaten between lakes.  Commonly, the diet of a fish in a lake linked well with a prey 

feature of the lake (Trichoptera in the Cataraqui Estuary, use of Daphnia by several species in 

Sunfish Lake). 

 

7.2.7 What determines between-lake resource division patterns and diet role? 

 

 To evaluate the relationship between diet and availability, the between-lake data set of 

four of the "contrasting" lakes (Upper Beverley, Cataraqui River, Little Round Lake, Atkins 

Lake) was plotted relative to diets of the most widespread fish species (pumpkinseed (Fig. 7.5), 

yellow perch (Appendix 7.2), golden shiner (Appendix 7.3), and banded killifish (Appendix 7.4).  

Plottings are in terms of % numbers and % weights. 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

Pumpkinseed  

 Where mollusks are not abundant (Atkins Lake in May), their use by pumpkinseed was 

minor.  Mollusk abundance increased in July due to release of young-of-year.  This was reflected 

in increased mollusk consumption by pumpkinseed (except in Little Round Lake).  The 

pumpkinseed here were stunted and presumably were either not large enough to consume 

mollusks, or had failed to develop the necessary mollusk-crushing dentition. 

 

Yellow perch  

 Comparable feeding patterns for different prey types and lakes applied to this species 

(Figure 7.6).  Although other potential correlations are non-committal, the emphasis on small 

fish prey in Atkins Lake (where this resource was abundant in the littoral zone), and of the large 

Daphnia dubis in Sunfish Lake, where this is a dominant invertebrate, were significant features.  

There was a marked selection for the largest prey (Fig. 7.7), as is common in fish species 

generally. 

 

Golden shiner and banded killifish 

 Feeding data for these species showed correlations between abundance of a resource and 

heavy croppings at some times, but not at other times.  Examples of the former are the use of 

Cladocera in the Cataraqui and chironomids in Little Cataraqui in May.  In the killifish, beyond 

the regular use of chironomid larvae and use of ostracods in the few lakes where these occurred, 

there was no link between availability and increased feeding.  Selective feeding applied in many 

cases. 

 

7.2.8 Relative importance of different invertebrates to fish feeding, between lake 

comparisons 

 

 Diet relationships of the species varied with the lake (see Fig. 7.8).  With relatively few 

alternative foods available, most prey types were taken by many fish species.  Chironomids were 

important prey for 11 fish species in the 12 lakes.  Trichoptera were utilized by 7 species in the 

lakes, Ephemeroptera nymphs by 8, and odonates by 7.  Mollusks were cropped by only one 

species, the pumpkinseed.  In many cases a resource was only used seasonally. 
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 Major diets of the four most widespread fish species illustrate the following usage:  

 

Pumpkinseed 

 For the smaller fish, chironomid larvae were dominant food items in ten lakes in May and 

four lakes in July (Table 7.2).  Mollusks were consistently the most important prey item in five 

lakes.  In the larger fish in May, mollusks were singly the most important item in three lakes, 

chironomids in two, and Trichoptera, isopods, and ostracods, in one lake each.  In July, mollusks 

were dominant in six lakes, ostracods in one, and Cladocera in one. 

 

Yellow perch 

 In yellow perch, there was less consistency in Year 0-I fish.  In May, chironomid larvae 

and Cladocera were the dominant prey type in two lakes each, amphipods in three, copepods and 

young fish in one each.  In July, amphipods were dominant prey in 3 lakes, Cladocera were 

dominant prey in 2 lakes, and chironomids, Zygoptera, and fish were dominant prey in one lake 

each. 

 

 In Years II-III fish in May,  the most prominent items were amphipods, odonates, and 

fish in two lakes each, and chironomids, zooplankton, and copepods in one lake each.  July diets 

disproportionately feature amphipods and odonates in 3 lakes each,  Cladocera in 2 lakes, and 

decapods and fish in one lake each. Odonates, fish, and Cladocera exceeded 50% in the diets of 

the fish in individual lakes. 

 

Golden shiner 

 For small fish in May, Cladocera was the most used item in six lakes. Filamentous algae 

were prominent in golden shiner diets in three lakes.  In July, cladocera was the most used item 

in seven lakes, .drift insects were prominent in three, and zooplankton in four lakes. 

 

Banded killifish 

 In banded killifish, the Year 0-I fish favored Cladocera in four lakes and chironomids in 

five lakes.  In Year II fish in May, dominant prey items were chironomids and zooplankton in 
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four lakes each, ostracods in two lakes, and ephemeroptan nymphs in one lake.  In July, 

chironomids were the dominant prey in 5 lakes, amphipods in two; ostracods, colopterans, and 

mollusks were dominant prey in one each. 

 

7.2.9 Major predators and the role of co-occurring species in diets 

 

 The feeding data in Tables 7.1 and 7.2 could be looked at in additional ways. The bluegill 

was the major chironomid predator in all water bodies where it occurred.  The pumpkinseed and 

killifish were dominant chironomid predators in three lakes each.  When the bluegill was absent, 

one or the other species became the main predator. This could conceivably be regarded as an 

example of "ecological release"; i.e. in the absence of the dominator, the second species 

expanded its niche (if true interspecific competition is assumed). 

 

 Other cases of multiple species cropping of a prey type are not consistent with this 

conclusion.  Trichoptera were taken relative to abundance, not presence of a "competitor" fish.  

They were heavily cropped by several species in two systems (Cataraqui Estuary and Atkins 

Lake) where they were very common.  Trichoptera were a minor resource only in Sunfish Lake, 

Little Round Lake, and Little Cataraqui Pond.  Mollusks were taken significantly only by 

pumpkinseed.  Other fish species did not compete for it. 

 

 The main predator of amphipods in four lakes was the pumpkinseed, bluegill in two 

lakes, and yellow perch and brown bullhead in one each.   A major seasonal increase in late 

summer was simply a shifting diet of multiple species to a newly superabundant resource (rather 

than competition).  However, when a predator was absent, the resource was eaten by other 

species, for example, by brown bullhead, Johnny darter, and stickleback in Fish Lake. 

 

 Use of zooplankton by the many species that utilized it in the different lakes was "untidy" 

and could not reasonably be ascribed to influence of co-occurring species. 
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7.2.10 Diet plasticity in lake fishes, reality, degree, and significance as an adaptation 

 

 Larkin’s (1956) suggestion that the diet of fishes is opportunistic and unspecialized is 

supported by this later data.  Larkin applied data on diversity in fish stomach contents, not inter-

species studies.  These studies now better define the nature and extent of diet versatility in fishes, 

and where, and under what circumstances it is a major feature.  

 

 Conclusions include: 

(1) Diet plasticity may be marked but a fish species also continuously avoids some prey 

types.  Some constraints are imposed by morphology.  A fish without molariform dentition 

cannot effectively crop mollusks; a small-mouthed fish cannot eat large prey. 

 

(2) Between-lake dietary differences, allowed by the species makeup and trophic needs, are 

strongly influenced by the available food base.  The most striking shifts were demonstrably 

explained by this.  However, in some species this link is less clear.  It is probable that 

"preferences", or an equivalent factor, may be involved. 

 

(3) Allowing that there will always be a partial diet overlap between co-occurring species, no 

case is produced for regarding interspecific competition as a major evolutionary factor.  

Notwithstanding this, when a major predator of a resource type is lacking one, or more, other 

species will take up the slack. 

 

(4) Between lake diet differences can be achieved in several ways.  A prey that is less 

abundant in one system can become a dietary type where it is abundant.  This is usual.  

Alternatively, an ontogenetic (growth stage) diet could be "frozen" as the adult one.   

 

(5) Diet plasticity is, obviously, of the greatest adaptive significance.  It enables a fish 

species to optimize use of a new resource, select a superior one and, probably most importantly, 

greatly expand the conditions in which it can thrive. 
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7.3 Growth rates in fishes, models, innate, metabolic, and ecological factors 

 

 Growth has multiple dimensions.  It carries implications for metabolism, way of life, 

ecological role, life strategies, and population dynamics.  During growth, body structures, tissue 

composition, and maturity are developed (Hairston et al 1982; Werner et al 1974a, b; Mittelbach 

1981).  The multiple aspects of growth have been explored in detail by a range of reviewers 

(Schneider 1973; Thorpe 1977a; Leach et al 1977; Jonsson and Hindar 1982; and Hayes and 

Taylor 1990).  The pre-eminent work in the area is that of Peters (1983), where all aspects of 

growth are explored, including the history of thought in the area.  Equations for allometric 

growth, and other aspects are considered. 

 

 Field ecologists are particularly interested in the ecological dimension of growth.  Body 

length and mouth size determine size of prey that can be caught.  By observing field populations, 

Ricker (1975) has noted that isometric growth is presented as the cube of the function of length.  

The classical regression of log weight to log length produces linear relationships with good r2 

values for the percids and centrarchids in lakes studied by us.  Brown (1977) recorded ranges 

from 0.89 for Opinicon fish, to 0.98 in Sydenham ones, with 95% confidence limits on the slopes 

of the lines.  The lines were not significantly different from one of a slope of 3.0.  The growth 

therefore was isometric.  Comparable results were obtained by Complak (1982) for the various 

fishes of the Cataraqui Estuary, Atkins Lake, and Little Round Lake. 

 

Good arguments have been advanced that weight for age, not length, should be used in 

considering criteria growth in ecological studies (Larkin and Smith 1954).   Somewhat different 

conclusions about ecological processes may be obtained when growth curves are developed on 

an age-specific, rather than size-specific, basis.  Growth equations, were originally derived by 

the allometric scaling of growth, or physiological processes, to body size (von Bertalanffy 1957, 

1964; Ricker 1979).  Osenberg et al (1988) illustrate this point by showing, for bluegill from 

three Michigan lakes, different growth relationships when plotted on the basis of size and age, 

and growth rate and age-class (comparable), versus growth rate and size class.  Differences were 

small, but relative to such facets as the above, potentially significant. 
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Within a geographic area, growth rates may be constant (Nilsson 1921; Neuman 1976) or 

differ considerably (Alm 1946, 1952; Colby and Nepszy 1981; Boisclair and Leggett 1989a, b).  

The latter may occur between adjacent lakes, between bays in lakes (Gerking 1966; Snow 1969; 

Grimaldi and Leduc 1973; Hansson 1985; Craig 1987; Shuter and Post 1990), and between rivers 

(LaPointe 1958; Frost and Brown 1967; Cowx 1990). 

Local differences in growth rates are of great interest to ichthyologists.  In bluegill in 

Michigan lakes, Gerking (1966) found striking between-lake differences, even though 

temperatures were similar.  He suggested, accordingly, that unrecognized dietary differences 

must have applied.  When two or more species of fish in a lake have the same growth rate, a 

common "lake factor" is indicated (Osenberg et al 1988).  For bluegill and pumpkinseed in nine 

lakes in southeastern Michigan, these authors found year to year growth differences were 

sometimes greater than between lakes.  In the fall fish (Semotilus corporalis), Victor and 

Brothers (1982) concluded that annual differences in growth rates were related to local habitat 

features like stream size and crowding, but not temperature. 

Studies where authors have tried to simultaneously analyze growth differences in terms 

of all variables are rare.  A latitudinal factor can be applied to fish growth over a wider 

geographic area. 

 

7.4 Growth bioenergetics models and growth: theory and perspective 

  

Feeding and growth are linked through energy.  Energy exchange equations were 

advanced early by physiologists to incorporate the various components of metabolism (digestion, 

respiration, and swimming activity) into energy intake and somatic growth   (Ivlev 1945; 

Winberg 1956).  They have been re-explored by Paloheimo and Dickie (1966a, b), Kitchell et al 

(1977), Hewitt and Johnson (1992), and others, with additional variables incorporated.  Since the 

equations offer predictability, they are today a potentially basic tool in fishery research, for 

example in setting stocking levels and catch quotas on the basis of measurements of available 

forage (Rowan and Rasmussen 1996).  Models have been shown to provide a sufficient 

approximation to reality that the salient mechanisms affecting growth can be evaluated with 

insight, permitting independent evaluation of the primary variable (Kerr 1971a, 1982).   
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The initial model of growth efficiency of Ivlev (1945) incorporated total consumed  

ration, R, or the energy equivalents of the physiologically “useful” ration pR, and related growth  

rate:  Δ w  ,   

         Δ  t 

 

or metabolism:    K1 = Δ w    or     K2 = Δ w 

         R Δ t        pR Δ t 

 

depending on whether an index of the total consumed ration, R, or the energy equivalents of the 

physiologically “useful” ration, pR, are used.   

 

Winberg’s (1956) variation related ration intake, R; metabolic dissipation, T; and the 

surplus energy increment, ΔW (the portion of R retained as somatic and reproductive tissue), 

measured in common units of energy over common intervals, in the equation:    pR  =  T + Δ W . 

 

 Diet and feeding are connected to growth through a complex chain of events and 

processes.  Metabolism and metabolic processes are the main connecting feature.  Focus was on 

exploring those aspects of the energy equation concerned with the two “alternative” kinds of 

metabolism maintenance: standard metabolism representing the resting state and respiration; and 

energy consuming active metabolism (swimming, pursuit of food). The relationship between 

metabolism and environmental temperatures was also of great interest (reviews in Fry 1957; 

Brown 1957).  Maintenance metabolism was variously thought of as the energy equivalent of 

average rations consumed per unit time during a prolonged period of no growth (Dawes 1930a, 

b;  Pentelow 1939), or as the rate of dissipation of stored body substances (N2 equivalents) 

during starvation (Ivlev 1962; Smith 1963;  von Bertalanffy 1964). 

 

 Following experimental work, the results of which were assumed also to apply to field 

conditions, Winberg (1956) concluded that a useful average conversation rate for fish in the field 

is that the active rate is twice the basal one.  Mann (1969), reviewing subsequent data, found that 

whilst metabolic levels selected by the model varied continuously during the course of 
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computing the growth curves, it nearly always remained within the range of two to three times 

the basal level.  Such estimates correspond well with the available empirical evidence (Kerr 1971 

b). 

 

 Subsequent investigators have found the relationships to be less clear-cut than Ivlev 

assumed.  For yearling sockeye salmon (Oncorhynchus nerka), Brett (1970, 1976a, b) recorded 

that the energy of standard metabolism amounts to about two-thirds that of the maintenance 

requirement at 1.0° C, falling to one-third at 23° C.  Brett and Groves (1979) suggested that the 

figure of 4.5 times the standard level determined by Edwards et al (1972) for cod may not be 

correct, since the equations involved use of a constant slope.  Lately, a study of the energetic cost 

of activity using an 137Cs mass balance approach showed that mature fish may have a 2- to 4- 

fold higher activity rate than immature fish, and a 2- to 4- fold higher activity rate than if 

estimated based on swimming speed or integer multipliers (Rowan and Rasmussen 1996).  

Energy equations, by necessity, involve assumptions and simplifications.  The paucity of field 

measurements of the metabolic cost of activity remains a major problem (Boisclair and Leggett 

1989a, b; Ney 1993;  Boisclair and Sirois 1993;  Rowan and Rasmussen 1996).   

 

Worth noting here in a historical framework is the “scope for activity” concept of Fry 

(1947).  This was defined as the amount of energy available for activity over the tolerable range 

of temperatures.  When the maximum sustained swimming speed of fish was correlated with  

body weight, it appeared that in the case of the growth efficiency curves, and within the basic 

linear pattern, there is a considerable potential for differences.  From this, Paloheimo and Dickie 

reasoned: (i) the linear decrease in growth efficiency with increasing rations is not a simple result 

of changes in digestive efficiency of a given degree of stomach filling;  (ii) growth efficiency 

levels between species do not necessarily relate to caloric content of food;  and (iii) the influence 

of the metabolic cost of particular behavior patterns on the distribution of the energy intake 

within, and between, fishes of a feeding group is important.  They concluded that: “in general, in 

any life history phase and environmental situation in which fish characteristically select certain 

types of food, the physiological and behavioral processes underlying growth may find rather 

simple and stable expressions in growth efficiency curves" ("K-lines") (Paloheimo and Dickie 

1965, 1966a, b, c).  The “K-line” concept (see below) was to initiate thinking in energetics.  One 
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dimension is that ontogenetic changes in fish diets (progressive switches to larger sized prey) are 

of major physiological relevance in themselves. 

 

The “K line” model of Paloheimo and Dickie, was developed from experimental findings.  

Thus, they suggested that when aquarium fish are fed on one type of food, beginning with a 

maximum value at low feeding levels, the logarithm of the gross growth efficiency (log K) is 

adequately described by the linear equation:  

K1 = ΔW  = e-a – b R 

      RΔT 

 

where W is the growth, R the rations intake during the period of time T, and a and b are 

parameters fitted to the linear form of the equation.  The line shows that there is not a simple 

linear relation between food uptake and growth, but that beyond a certain level, conversion 

efficiency falls.  With a single food supply level, rations are highly correlated with body weight, 

so that either one may be used to predict the growth efficiency.  Changes in temperature, which 

influence all levels of metabolism, affect the value of R, but the parameters a and b remain the 

same. Temperature changes appear to affect only the energy turnover rate, not the distribution of 

energy in the fish.  The factor with the most important influence on the parameters, it seemed to 

these workers, was the type of food, especially size of food particles.  This simple effect on the 

linear equation is a characteristic expression of the complete integration of expenditures during 

searching and grazing with the success of this activity, the authors suggested.  However, in 

contrast with the stable slope of the metabolism curve, Condrey (1982), noting the Harris and 

Paffenhofer (1976) finding for copepods (and that the Paloheimo and Dickie equation fitted the 

data in only one of six cases), assessed the concept on the basis of subsequent experimental data 

on fish growth.  With temperature discounted, he found that in 13 of 15 research papers where 

growth or assimilation rate was measured, the data were consistent with the hypothesis of a 

simple linear relationship with growth. 

 

 In a subsequent paper on the K-line concept Kerr (1971c), noting that later work had 

either (a) confirmed the phenomenon as suggested or, (b) found that it represented a special case 

applicable only at high ration levels, reanalyzed it on the basis of later experiments.  He 
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confirmed its reality and praised it, the approach being directly observable rather than 

conceptual, he concluded, notwithstanding the difficulty of resolving its properties. 

 

 Some writers subsequently found that the K-line concept does not live up to expectations.  

Kelso (1972), noting that the Paloheimo and Dickie equation was developed from published 

work, not their own, used it in a series of studies on conversion, maintenance, and assimilation 

and in the walleye (Stizostedion vitreum vitreum).  He failed to substantiate the existence of an 

optimum ration.  Moreover, conversion rates differed only slightly at high and low rations.  In 

this, his results differed from subsequent ones for brown trout (Elliott 1976 a, b), and yellow 

perch (Kitchell et al 1977).  In both these species, the highest gross conversion efficiency was 

found to occur at maximum rations (and intermediate temperatures).  Kelso found that in the 

walleye, gross and net conversion (K1 and K2) were affected by neither ration size nor 

temperature, but decreased with increasing fish size.  Assimilation efficiency was, however, 

dependent on diet type, being 82.1% for amphipods and 83.5% for crayfish, but greatest for fish 

prey(96.9% for age 0 perch, and 97.9 for emerald shiners Notropis atherinoides).  With 

metabolic scope, not active metabolic rate, the relationship had been particularly apparent at high 

temperatures (Fry 1971).  Warren and Davis (1967) took this rationalization further to develop a 

“scope for growth” concept: defined as the difference between the energy of the food consumed, 

and all other energy utilizations and losses (fecal losses, starving metabolic rate), relative to 

temperature.  Brett (1976a) subsequently pointed out that, by contrast, these variables do not, by 

themselves, involve a calculated “scope by difference" such as Fry applied to metabolic rates. 

 

 The determination of the relation of energy input to growth involves both practical and 

theoretical problems.  The unit of measure in the assessment has been controversial (Kelso 

1972).  Gerking (1952, 1955) used protein as a unit of measure, and although this is undoubtedly 

an excellent index of growth alone, nutritional analysis must be in a form that considers all 

energy sources.  The common unit of rate of energy exchange for metabolism and growth in 

most studies is kcal/kg per hour.  Because of a nondigestible fraction and an excreted fraction, a 

physiological value of 80% of the total energy has been used for assessing net energy (for 

example, Winberg 1956).  Brett (1976a) questioned the use of this ratio when a diet, for example 

an artificial one, has a high carbohydrate level. 
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 Peripheral, but meriting mention here, are a range of minor factors that, under certain 

circumstances, may affect the metabolic rates of fish and, hence, energy input and output 

relationships.  Fish may be subject to oscillations in the efficiency of utilization of food for 

weight growth, which may relate to earlier weight and body condition (Brown 1946).  Because 

of differences in voluntary activity, routine energy expenditure may be quite different at different 

levels of starvation (Beamish 1964).  Compensatory increases in growth following starvation due 

to deficient diet or injury have long been recognized (McCay et al 1929; Weiss and Kavanau 

1957).  Such immeasurables could result in large errors in calculated net efficiency that cannot 

be detected (Paloheimo and Dickie 1965, 1966a, b).  

 

 The bioenergetics model of Kitchell et al (1977) and its variations, designed to simulate 

fish growth, has lately been widely used. Parameters for the model were developed from the 

literature on yellow perch and walleye (Stizostedion vitreum vitreum).  Simulations are presented 

that demonstrate model output as functions of body size, activity level, ration level, food quality, 

and environmental temperature.  The species were chosen because they are tolerant of a wide 

array of environmental conditions.  On the basis of temperature conditions in specific lakes, and 

specified feeding levels, simulations were developed to quantify the importance of year-to-year 

temperature variations on growth.  The model showed that for walleye on fixed rations, annual 

growth can vary from zero to twofold increments due entirely to temperature differences: but 

variation in food quality had lesser effects.  The critical role of temperature on perch growth had 

been documented in detail early by LeCren (1958).  Kitchell et al (1977) saw the model as best 

applied in attempts to evaluate growth responses of an average or typical member of the 

population under the average environmental conditions.  They suggest that growth and 

temperature data are sufficient to estimate consumption.  This model has been used with effect in 

percid species (Hewett and Johnson 1987; Fox 1989). 

 

 Considerations of bioenergetic models and growth in fishes have more recently been 

explored by Ney (1993) and Boisclair and Sirois (1993).  A new twist to energy growth measures 

has been the use of 137Cs as a monitor of fish activity (Rowan and Rasmussen 1996). The basic 

theory is that the radioisotope is ingested only as integral part of its food items.  The amount of 
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food consumed is estimated by measuring the concentration of the substance in the food items 

relative to that in the fish.  The turnover rates within the fish provide a precise measure of food 

uptake.  The method, hence, also has relevance to growth studies (Carlsson 1978).  Rowan and 

Rasmusseum (1996) successfully used it on twenty species of fish from the Ottawa River, and 

elsewhere.  They found that mature fish have a 2- to 4-fold higher activity than immature fish, 

and a 2- to 4-fold higher activity than estimates based on swimming speed or integer multipliers. 

(The difference was attributed to reproductive activity).  The 137Cs method warrants fuller 

exploration.  The substance is unique in its bioconcentration in the phytoplankton (10- to 1000-

fold over environmental concentrations, Rowan and Rasmussen 1996). 

 

Use of the universally distributed radioactive tracer 137Cs as a monitor of biological 

activity goes back to Davis and Foster (1958).  Kevern (1966) used it to estimate the feeding rate 

of carp, Kolehmainen (1964) for bluegill, and Carlsson (1978) for pike.  The effects of 

temperature and body size on radiocesium retention in the brown trout (Salmo trutta) was 

considered by Ugedal et al (1992).  

 

This incursion into the energetics and modeling of growth factors is included here to 

illustrate the innate complex physiological and energetics component to high growth, and the 

multiple components involved.  Workers have emphasized the dominant role of food as the 

important biological variable.  Any attempt to develop an ecological correlation must allow for 

the energy in body maintenance and hunting.   

 

The cost of activity may, of course, vary considerably between lineages, species and 

populations.  In their field studies, Boisclair and Leggett (1989a, b) have suggested that activity 

costs may account for up to 40% of the energy budget in many fishes.  Temperature and other 

environmental factors affect processing rate and energy loss in minimizing interference and 

competition.  Beyond noting that fish prey (with its large body size) is optimally energy 

rewarding, whereas small-bodied zooplankton is less so, investigators have shown little interest 
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in the taxonomic group to which the prey belongs.  The need for prey of increasingly large size 

with growth, is repeatedly highlighted as a critical variable.  Later ecological data confirms this. 

 

The measurement of two very important factors in the growth equation, it should be 

noted, remain elusive: determining the amount of food being eaten (daily ration) and monitoring 

activity costs (see, for example, Kerr 1982; and Boisclair and Manchand 1993). 

 

7.5 Factors influencing annual growth in fishes 

 

 The literature provides numerous lists of factors assumed to be important in the seasonal 

growth of fishes.  Both abiotic and biotic factors are involved. 

 

7.5.1 The latitudinal factor 

 

 On a wider scale, there is a strong latitudinal factor in fish growth.  However, some fish 

species compensate for the constraints of a short growing season (Bullock 1955;  Levinton 1983;  

Levinton and Monahan 1983;  Conover and Present 1990).  The closer to the Equator, the longer 

the growing season (Carlander 1969, 1982, 1997; Colby et al 1979;  Boehlert and Kapperman 

1980;  Edwards 1984; Williamson 1986;  Modde and Scalet 1986;  Isely et al 1987;  Weatherley 

and Gill 1987;  Shuter and Post 1990).  In the north, poikilotherms have only a relatively short 

season in which to grow (Dehnel 1955; Tanabe and Oba 1988; Lonsdale and Levinton 1985).  

Across the Holarctic region, perch may vary markedly in growth rate (Thorpe 1977a, b, c; 

Persson 1983a).  Conover (1990) found for the American shad (Alosa sapidissima), striped bass 

(Morone saxatilis), and mummichog (Fundulus heteroclitus), species with wide latitudinal 

ranges in North America (29-46° N), the length of the first growing season decreased by a factor 

of about 2.5 with increasing latitude within the species’ range.   

 

A genetic component in latitudinal effects has been recognized when populations of the 

Atlantic silverside (Menidia menidia) are brought together in aquaria and subjected to common 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

sets of temperature and other conditions.  The northern fish grew faster than the southern ones at 

all the temperatures studied, but differences were most pronounced at higher temperatures 

(Conover and Present 1990; Conover et al 1997).  The estuarine breeding striped bass (Morone 

saxatilis), a much-studied commercially important species with a wide south-north breeding 

range, provides a further example.  In this species, growth ceases annually in Canadian 

populations in September, but continues through December in southern populations.  Brown et al 

(1998) raised larvae of four stocks (from New York, Maryland, South Carolina and Florida) in 

tanks.  Two temperatures were used, 17°C, and 21°C.  The New York and Maryland stocks 

achieved the highest growth rates, and the South Carolina ones the lowest.  At 17°C there was a 

significant difference in the growth rate of Maryland and South Carolina and Florida stocks.  

Southern stocks grew more slowly.  Brown et al concluded that, in these cases, northern stocks 

are adapted for optimizing growth during the brief northern summer. 

 

 A geographical pattern in which features co-vary inversely with environmental factors 

has been called countergradient variation (Levins 1968; Conover and Schultz 1995).  In 

discussing this relative to their striped bass stocks, Brown et al (1998) review other literature on 

the subject.  Countergradient variation has also been documented in the largemouth bass (Philipp 

and Whitt 1991; and others).  It does not, however, occur in the northern pike Esox lucius (Raat 

1988), walleye Stizostedion vitreum (Colby and Nepszy 1981), and some marine species. 

 

Countergradient variation means, in effect, that northern fish stocks are adapted for 

optimizing amount of growth during the brief northern summer (Brown et al 1998).  An 

alternative hypothesis has been raised by Conover and Schultz (1997) that latitudinal variation in 

growth responses is an indirect response to some alternative life history trait.  This could 

theoretically be so.  The capacity to compensate for the shorter season by growing more rapidly 

in high latitudes may also serve to minimize size-selective winter mortality (Hunt 1969; Toneys 

and Coble 1979; Oliver et al 1979; Shuter et al 1980; Sullivan 1986; Post and Evans 1989; 

Chapter 3). 

 

7.5.2 Temperature 
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 Because it is such a fundamental factor for poikilotherms, temperature has been the most 

studied of the growth-influencing factors (Chapter 3). 

 

In the North Temperate regions, temperature alone is the ultimate or dominant arbiter of 

amount of annual growth.  It operates through the length of the growing season (Hile 1941; 

LeCren 1958;  Elliott 1975, 1976a;  Jobling 1983;  Henderson and Brown 1985;  Cuenco et al 

1985;  Chapter 3).  A genetic factor to temperature response has been recorded (Allendorf and 

Utter 1979; Kirpichnikov 1981).  Temperature effects may relate additionally to body size and 

growth rate (Larkin et al 1957).  It may also influence growth through reduction of the prey 

resource base (Anderson et al 1978).  Size selective mortality could change competitive 

interactions (Post and Prankevicius 1987).  

 

 A powerful case for the influence of temperature on growth, jointly with other variables, 

was made early by LeCren (1958), and LeCren et al (1977).  This followed 22 years of study of 

the Lake Windemere population of Perca fluviatilis. Noting, however, that temperature would 

not affect the abundances (availability) of all prey types simultaneously, he argued for a 

dominant temperature effect through the metabolism of the fish. Coble (1966) has suggested that, 

indeed, whilst growth in perch is dependent on temperature, other factors might mask the 

relationship (see Weatherley 1972). 

 

7.5.3 Amount of food and growth 

 

 Food is clearly the most important biotic factor in growth.  A direct relationship between 

amount of food consumed and somatic growth is basic (Paloheimo and Dickie 1966a, b; Brett 

and Groves 1979; Elliott 1979; Condry 1982; Soofiani and Hawkins 1985).  Laboratory studies 

have confirmed this positive correlation (Palohoimo and Dickie 1966a; Brett and Groves 1979; 

Elliott 1979;  Condrey 1982;  Soofiani and Hawkins 1985).  A relationship between food 

consumption and other physiological processes has likewise been documented (Muir and Niini 

1972; Beamish 1974;  Elliott 1976b;  Weisberg and Lotrich 1982). 
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 In extreme food shortages, stunting of the fish population results (Eschmeyer 1937;  Alm 

1946;  Burrough and Kennedy 1979;  Linfield 1979;  Sandheinrich and Hubert 1984;  Diana 

1987;  Jansen and Mackay 1991).  When such stunted individuals are removed to areas of 

abundant food, or are provided with food in the laboratory, normal growth rate has resulted (Alm 

1946;  Heath and Roff 1987). 

 

Determining the food intake (daily ration) of fish is difficult and time consuming (see 

Appendix).  A common method is to develop a ratio of weight of stomach contents relative to 

body weight (calculate a stomach fullness factor).  Minimally, the calculation must be 

developed at a time of day when the stomach is fullest.  Characteristically, workers infer food 

uptake from an equation and remain satisfied with this.  To some extent, a condition factor 

correlation indicates whether a fish's food uptake rate is adequate. 

 

 The close relationship between amount of food eaten and growth was formularized in the 

balanced energy equation of Winberg (1956).  The equation has, since been used in developing 

laboratory derived values of food uptake rates, relative to growth efficiency (Brocksen et al 

1969; Elliott 1975; Allen and Wootton 1982;  Pauly 1986;  Boisclair and Leggett 1989a, b). 

 

 The basic objective of growth equations is to understand the energetics of growth in wild 

populations of fish. There are, as inferred, few reliable estimates of in situ food consumption by 

fishes (Allen and Wootton 1982; Naesje et al 1987;  Weatherley 1987), which is a prerequisite to 

understanding energetic in wild fish.  Earlier, Mann (1978) emphasized the danger of 

extrapolating aquarium results under controlled conditions of energy exchange to field 

populations.  

 

Of interest, of course, is the efficiency of the fish to gain maximum energy and growth.  

This varies with the particular fish species, metabolic factors, and temperature.  Metabolic 

efficiency of conversion in the different fish groups has received minimal attention.  The subject, 

however, has been studied in birds (Castro et al 1989; Bairlein 1999). 

 

7.5.4 Calorific quality of different food types 
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Calorific values for different invertebrates (cal/g wet weight) have been determined by 

Cummins and Wuycheck (1971) as follows: Copepoda, 550; Cladocera, 256; Ostracoda, 393; 

Amphipoda, 934; Isopoda, 880; Decapoda, 1077; chironomid larvae and pupae, 549; 

Trichoptera, 700; Ephemeroptera nymphs, 1124; Anisoptera and Zygoptera, 1100; Gastropoda, 

480; Lamellibrachiata, 505; fish, 1493; filamentous algae, 847; and organic detritus, 6243.  

Using dry weights for Crustacea, by contrast, Comita and Schindler (1963) found a fair degree of 

equivalence between the groups: 4427 calories per gram for immature crayfish, 4059-5643 for 

Dioptomus, 5478 for Mesocyclops, 4478 for Daphnia pulex, and 5232 for Calanus in August, 

and 6626 in October.  These data do not, of course, take into account the proportion of non-

digestible structural elements.  Hence, the higher figures for Ephemeroptera and odonate nymphs 

may be of less relevance.  Many of the common dietary items of freshwater fishes, it is seen, are 

in the general area of 500 cal/g wet weight. 

Cladocera seasonally increase energetic value with increased egg and fat content. Platt 

(1969) refers to a five-fold seasonal variation in calorific content per unit of dry weight of 

zooplankton.  Seasonal changes between calorific content of food and growth in fish, as this 

author can determine, remains unstudied. 

In some Ontario sites, brown bullhead eating detritus (a high nutrient food) grew 

materially better than insectivorous bluegill (Keast 1985a).  An innate metabolic difference 

between the two species may, however, have been involved. 

Because it is clearly over-shadowed by amount of food and particle size of prey items, 

the role of calorific content of food on fish growth has generated little interest. 
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7.5.5 Prey size and energy content 

The availability of prey of increasing size and energy content to growing fish is essential 

for growing fish (Chapter 6).  The reality of this has now been demonstrated again and again 

(Elton 1927; Ivlev 1961;  Alm 1946;  Mills and Forney 1981;  Mousseau 1983;  Rask and 

Hiisivuori 1985).  Large-sized food is favorable to fish.  On the other hand when fish are forced 

to eat small, sub-sized prey, the growth rate slows (Alm 1946, 1952;  Keast and Eadie 1985;  

Ridgway and Chapleau 1996).   

 

Many examples of the optimization of large prey size on growth are discussed in this 

book.  It is a tenet of optimal foraging theory that, given the choice, fish will tend to select larger 

bodied prey – see Chapter 4, and Hrbacek (1962), Brooks and Dodson (1965), Wells (1970), and 

Hutchinson (1971). 

 

7.5.6 Utilization fish efficiency and fish growth 

 

 Of importance in the link between food intake and growth is utilization efficiency within 

the fish body.  The subject invites attention at the inter-group level but remains largely 

unstudied.  Recent bird comparative studies merit noting.  Avian workers have related utilization 

efficiencies to a multiplicity of factors.  These include taxon, body size (metabolic rate), food 

type, nutrient composition of food, feeding specialization, mode of feeding, temporal feeding 

patterns, environmental temperature, and photoperiod, plus the specific requirements related to 

physiological state (reproduction, migration), and growth and development. Castro et al (1989) 

compiled about 150 single cases of energy utilization coefficients. Karasov (1990) carried out 

200 digestion trials, and Bairlein (1999) reviewed more than one thousand cases of assimilation 

processes from the literature on birds.  Utilization efficiency was found not to involve simple 

correlations.  Variation ranged from less than 20% in some herbivores to almost 100% in 

nectarivores.  Bairlein has concluded that: (i) most of the variation in assimilation efficiency of 

food in birds relates to kind of food and its properties; (ii) nutrients and other food constituents 

must be considered to learn more about variable assimilation efficiency; (iii) digestive 
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efficiencies are determined by complex features like gut anatomy and its functional properties; 

(iv) digestive efficiency may be linked to different capabilities to process food, physiological 

requirements, and feeding habits; (v) a greater variance in digestive efficiencies could 

characterize generalist feeders than ones with narrower dietary habits; (vi) digestive flexibility 

could be a pre-requisite to overcoming digestive bottlenecks when the animal is involved in 

extremely high energy expenditures such as egg-formation or migratory fattening; and (vii) 

knowing digestibility coefficients is essential for calculating energy budgets.  The subject is 

complex. 

 

 The link between fish energy budgets and prey size choice (Chapter 6) has recently 

reviewed again by Sherwood et al (2002).  Amount of time spent actively searching will vary 

with prey size.  In fish that do not make diet shifts among planktivory, benthivory, and piscivory, 

scaling coefficients and adjusted r2 values of muscle lactate dehydogenase versus body size 

relationships varied threefold.  The authors argue that fish activity and related glycolytic 

potential are reset to lower values whenever fish are able to switch diet to larger prey during 

growth.  On this basis, anaerobic power requirements in fish are highly plastic and adapted to 

local and recent food web conditions (Sherwood et al 2002). Such metabolic components are of 

inherent interest to growth rates. 

 

7.5.7 Crowding or high density as a growth inhibitor 

 

 It is generally accepted that crowding and, hence, restricted food availability, limits 

survival and growth.  Logical though this observation is, much of the supporting evidence is 

anecdotal.  

 

In fish, the greatest mortality occurs during the larval stage (Letcher and Bengston 1993), 

and a food deficiency component has been postulated relative to this.  Feeding features 

seemingly explain the divergent growth that occurs in many larval and early juvenile fish 

populations (Post et al 1997).  Food acquisition ability and growth rate are probably involved 

(Koebele 1985).  Dominant individuals may deny food to others (Wankowski and Thorpe 1979; 
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Jobling 1985).  Amount of food indirectly influences year class strength (Aggus and Elliott 

1975). 

 

A significant negative correlation between fish population density and growth has 

variously been documented (Peterman 1984; Zalewski et al 1985;  Backiel and Le Cren 1978; 

Brett 1979; Pagel et al 1991).  Supportive data on this is persuasive.  Reduction in prey 

abundance or quality, plus a stress factor, have been invoked as explanations (Alm 1946, 1952; 

LeCren 1958;  Nilsson 1972;  MacLean and Magnuson 1977; Hansson 1985;  Hanson and 

Leggett 1986).  Competitors have been shown to influence growth, by confining smaller fish to 

suboptimal habitat, as in Lepomis (Werner and Hall 1988).  

 

 Arguments that population density and “interspecific competition” influence fish growth 

go back many years (Beckman 1941; LeCren 1958; Backiel and LeCren 1967; Larkin and Smith 

1954; and Post et al 1997).  They are supported by data that growth increases follow reductions 

in population size. However, it is not clear how important overcrowding and the resultant stress 

factor are under natural conditions.  Carl (1983) failed to find a density effect on salmonid 

growth and after a review of a variety of taxa, concluded that no consistent link between 

population density and growth could be found.  Fox (1989) found that when food (chironomid) 

levels were high enough, high fish densities did not restrict growth.  Simulated growth rates at 

maximum feeding levels, using the Kitchell et al (1977) model, produced body weights 

comparable to those attained in ponds with the lowest fish densities and high prey availability.  

 

 Movement to alternative habitats to escape or, mitigate, density effects have been well 

documented (Nilsson 1960;  Keast 1977a, b, 1978a;  Werner 1977;  Keast and Harker 1977;  

Werner et al 1977;  George and Hadley 1979;  Wankowski and Thorpe 1979;  Laughlin and 

Werner 1980;  Brandt 1980;  Sandheinrich and Hubert 1984).  This illustrates that fish can 

potentially avoid physical competition. 

 

 That one species can influence the growth of a cohabitor indirectly and jointly with the 

occurrence of multiple variables, has also been suggested.  There is evidence that fish may affect 

the density of their prey (Crowder and Cooper 1982; Post and Cucin 1984;  Hall et al 1970).  The 
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successful introduction of a new species into a water-body may lead to a reduction in the total 

biomass of the original species, presumably by pre-empting resources (Stewart et al 1981; 

Waters 1983; Inskip and Mahnuson 1983; Tonn 1983).  

 

 Studies of perch have suggested that "interspecific competition" may indirectly lead to a 

reduction in food available and, sometimes, dietary changes and growth  (Persson 1983a, b, c, 

1986; Hanson and Leggett 1985, 1986).  In small homogeneous Lake Sovdeborn in southern 

Sweden (surface area 0.11 km2 and maximum depth 3.5m), eight fish species co-occurred in the 

single habitat type and had high diet overlaps.  Initially perch accounted for 7% of the total fish, 

whilst the roach Rutilus rutilus was dominant, making up 90% of all fish.  The perch were short-

lived and somewhat stunted.  The bulk of individuals were aged years II and III, and had mean 

lengths of 97 and 108 mm.  The amount of food eaten by perch was low compared to that in 

other lakes (Thorpe 1977a, b, c;  Craig 1978), and well below the maximum food intake rates 

calculated by Kitchell et al (1977) and Schneider (1973), but were comparable to that of other 

slow-growing populations (Nyberg 1979).  The fish fed almost entirely on zoobenthic organisms, 

and the virtual absence of zooplankton from the diets, even in year 0 fish, contrasted to other 

lakes (Gumaá 1978d; Thorpe 1977a, b, c).  The perch diet was attributed to heavy utilization of 

this resource by roach.  Experimental reduction of roach numbers by 70%, and biomass by 40%, 

led to the following observations: (i) an increase in perch biomass by 140%;  (ii) year 0 fish did 

not switch to consuming zoobenthos in August, thereby reducing potential competition with 

older age classes, and zooplankton became an important diet item of the older fish; (iii) there 

was, however, no measurable increase in “unharvested” zoobenthic organisms.   

 

Hanson and Leggett (1985) studied the interactions of yellow perch and pumpkinseed in 

the littoral shallows of Lake Memphramagog, Quebec.  Members of the two species were 

confined in enclosures, separately and in combination, at densities equal to half, the same, and 

double those occurring naturally along the shoreline.  Competition was assessed relative to levels 

of naturally produced food in fish-free enclosures. Findings of the intraspecific experiments 

were: (i)  at high densities, the amount of food eaten by perch was significantly depressed;  and 

(ii) there was no difference in the amounts eaten by the pumpkinseed at high densities.  

However, their guts then included a “nonfood” item, macrophytes.  In the interspecific 
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competition experiments: (i) the gut fullness of perch and pumpkinseed did not differ from that 

of the species reared alone at low natural densities;  (ii) the perch shifted in diet to a 30-50% 

reliance on microcrustaceans, energetically inferior to benthic invertebrates;  (iii) the total 

macroinvertebrate biomass and abundance in the enclosures were unaffected by differences in 

fish biomass; (iv) when perch and pumpkinseed were raised together, the growth of the perch 

was depressed to a significantly greater degree than that of the pumpkinseed.  This was 

interpreted by the authors to be a result of being competitively forced to take prey of an 

energetically inferior size, with weight loss due to increased foraging costs (and in the light of 

findings that fish require food of increasing size as they grow Kerr 1971a, b, c;  Wankowski 

1979;  Wankowski and Thorpe 1979;  Timmons et al 1980; Chapter 6).  The existence of 

interspecific competition was thus demonstrated, it was suggested, with perch being the inferior 

competitor.  Failure to find changes in the zoobenthic invertebrate biomass was ascribed to the 

resources being available at a level where daily food consumption had little impact on it.  

However, the experiments were limited to only 14 days, too short a period to produce 

meaningful results.  This potentially undermined the interspecific competition hypothesis: the 

perch could have taken longer to settle down to captivity than the pumpkinseed.  The authors did 

not address an effect on the growth component.  It is not clear how such findings relate to natural 

system with abundant space. 

 

Data that interspecies fish competition can limit feeding and reduce growth and 

abundance is both persuasive and equivocal. 

 

7.6 Growth rates in contrasting systems: Ontario lake studies on four species 

 

 The study of growth rates in lake fishes has a long history.  Length and age relationships 

have been graphed for many species (Beckman 1949; Gerking 1966; Grimaldi and Leduc 1973; 

Nakashima and Leggett 1975).  Documentation of past growth in fishes can readily be 

determined by examining scales.  Fish growth is highly plastic.  Whenever different populations 

have been studied, between-population differences in growth have been found.  Rarely, however, 

have authors investigated growth rate in co-occurring species in contrasting environments. 
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 In the following section, the growth of four ecologically contrasting species (yellow 

perch, pumpkinseed, golden shiner, and eastern banded killifish) is examined relative to the 

variables in 12 Ontario study lakes. 

 

7.6.1 Yellow perch  

 

 Perch occurred in seven of the 12 lakes.  Measurements (total body length) were made in 

September-October after cessation of the annual growth. 

 

 Year I (end of first summer) mean lengths of the perch in the different lakes were 62-75 

mm, a variation of 20%.  Year III fish were 95-118 mm (24% variation), and Year V fish were 

145-210 mm, a variation of 40% (Fig. 7.9).  These patterns are representative of other 

populations:  Swedish lakes (Hansson 1985) and Lake Windermere in Britain (Le Cren 1951, 

1955, 1958, 1992; Le Cren et al 1977).  The figures are somewhat less than those for cool-

temperature populations (Nakashima and Leggett 1975) which are:  Year I, mean of 64-78 mm; 

Year III, 110-160 mm; Year V, 135-237 mm.  Conclusions from these studies include: 

(1) Excellent growth occurred in Lake Ontario (large and deep lake), Cataraqui Estuary 

(large lake and productive), Gould Lake (deep and cool), and Atkins Lake.  Atkins Lake lacked 

the bluegill and rock bass competitors of the smaller perch (see Chapters 4, 6) and piscivores 

(largemouth bass were rare), although water temperatures were average for small lakes in the 

area. 

 

(2) Cool adapted fish grow better at lower temperature than warmer adapted species (Chapter 

3).  The aggregations of perch are mobile, moving widely offshore to feed in the late afternoon 

(when they also take advantage of improved temperatures).  This is characteristic of deep Lake 

Ontario and Mendota.  Such movement is possible in small lakes. 

 

(3) The outstanding growth in Atkins Lakes can be related to precocious piscivory.  The fish 

became piscivorous in Year I-II, not at age  IV-Vas in some other populations.  Populations of 

small prey in the littoral zone of Atkins were very high.  Populations of Years 0-I golden shiner 

(in May) averaged 145/100 m2; blacknose shiner (Notropis heterolepis) 402/100 m2; and killifish 
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26/100 m2, increasing in July with breeding, to 47 individuals/100 m2.  Pumpkinseed averaged 

18, 16, and 79 individuals/100 m2, in May, July, and September, respectively (see Appendix 2). 

 

(4) The Sydenham Lake perch were the slowest growing in the series (particularly Years II-

III fish, which showed marked deceleration).  The lake was deficient in the larger-bodied insect 

prey (Ephemeroptera and odonate nymphs) necessary for fish of these ages (Appendix 7.1, and 

see discussion later).  The fish ate chironomid larvae, a sub-sized prey.  The deleterious effect of 

small prey on predator growth has been widely recognized. 

 

(5) Gould Lake perch showed accelerated growth in Years II and III.  Large-bodied insects 

were abundant in this lake. 

 

(6) The Sunfish Lake population, alone in the lake series, was zooplanktiferous.  The 

populations subsisted on the high populations of the large-bodied Daphnia dubia.  The 

population selected for the largest individual prey (Fig. 7.7; Nishi 1982).  Perch are known to be 

zooplanktivores in other lakes (Peters 1983; Werner and Gilliam 1984; Persson et al 1998; 

Persson and Bronmark 2002).  

 

7.6.2 Temperature and perch growth 

 

 Yellow perch, in contrast to the other three species considered here, are "cool water" 

fishes (Chapter 3).  Hokanson (1977) found the optimum temperature for growth in the perch to 

be 16-22° C, whereas in the centrarchids (pumpkinseed) and banded killifish (Chapter 2) it is 22-

24° C.  Spawning temperatures for perch are given in the literature (for example, Scott and 

Crossman 1973) as 8.9-12.2° C.  For most of the other species, the spawning temperature is in 

excess of 15° C (bluegill usually in excess of 18° C).  

 

 On this basis, perch should grow optimally in deeper lakes where a range of temperatures 

are available (temperatures are lower with depth).  In an effort to examine temperature 

differences between lakes relative to perch and warmer-adapted centrarchids, for summer 

durations of sub-surface temperatures in excess of 20°C and 23°C.  Results were:  Opinicon, 96 
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and 84 days (average of three years); Gould and Sydenham, 76 and 55; Cataraqui Estuary 60 and 

35; Atkins Lake 84 and 75, and Sunfish Lake, 82 and 70 days.  Lake Ontario which deep in 

water through summer is flushed by cold water from Lake Superior it was 40 (above 20°) and nil 

days for above 28°.  It is doubtful if these differences were of significance for the perch except 

for Lake Ontario.  In the latter, the centrarchids seemed to keep into the weedbed shallows with 

their warmer temperatures. 

7.6.3 Ontogenetic diet shifts in yellow perch, importance 

 Yellow perch show a progressive switch from smaller body prey in Year I to large insects 

(Odonates, Zygoptera) in mid-age, and fish in later years:  (Parsons 1950; Kutkun 1955; Pycha 

and Smith 1955; Tharratt 1959) - and documentation for Lake Opinicon in Keast (1977a). 

The sequence has been "formalized" as being characteristic of “diversified” lakes 

(Schneider 1973; Hayes and Taylor 1990).  The three shifts occur at more or less occur at 

roughly equivalent sizes in the different populations.  The change from planktivory to 

zoobenthos occurs at about 30-35 mm (Forney 1971), which is also the case in Perca fluviatilis 

(Gum’a 1978a), and from zoobenthos to fish at 150-200 mm (Elrod et al 1981).  In Opinicon the 

major shifts occur at 45-55 mm, and 140-160 mm.  Collette and Banarescu (1977) quote various 

sources in stating that the length at which fishes become prominent in the diet varies from 100-

250 mm.  Such an ontogenic diet sequence, achieved through the capacity of the habitat to 

supply such a spectrum of prey organisms, has been held to be important to optimum growth (for 

example, Paloheimo and Dickie 1966a, b).  The importance of proper timing in beginning of 

piscivory, though little studied, is obviously important to piscivorous fishes.  In Ontario lake 

trout (Salvelinus namaycush) nonpiscivorous populations, eating 89% of zooplankton and 

invertebrates reach a much smaller size and grow at a much slower rate than piscivorous ones 

(Oazzia et al 2002).  It was suggested by the author that much of the difference was related to 

higher foraging costs. 

The importance of availability of alternative prey types during growth has been 

experimentally proven by Hayes and Taylor (1990).  They variously fed groups of aquarium fish 

on three diets: zooplankton alone; zooplankton plus zoobenthos; and fish.  When all three diets 

were available the fish were able to choose prey of the most energetically advantageous size as 
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they grew.  Growth rates and the time of development of sexual maturity, was delayed beyond 

Year II, fewer eggs were produced.  A pure zooplankton diet could not meet the necessary 

energy demands for full reproductive development at age III, it was found. 

 

7.6.4 Pumpkinseed  

 

 Between-lake variations in the gibbose-shaped pumpkinseed was comparable to that in 

the yellow perch (Fig. 7.10).  At the end of the first summer growth (Year I fish) total body 

lengths averaged Cataraqui Estuary fish, 50 mm; Atkins Lake, 60; Lower Poole beaver pond, 50; 

Opinicon, 42;  Little Round Lake, 37; and Jones Creek 32 mm.  There was thus more variation 

than in the perch.  By Year V in the Cataraqui Estuary mean lengths ranged from an average of 

178 mm, down to 83 mm in the depauperate Little Round population, a difference of over 100%.  

Small-bodied populations are characteristic of small lakes.  

 

 Varying growth rates in the pumpkinseed were potentially linked to factors as follows: 

(1) Cataraqui Estuary, best growing population; average length at Year V, 178 mm - 

benefit of big water body and productivity of a estuary, high invertebrate populations (Appendix 

7.1), mollusks (the major prey of larger fish) abundant, good population of large trichopterans, 

extensive littoral zone with average temperatures. 

 

(2) Upper Beverley Lake, warmer, shallower lake; (average length at Year V and VII fish, 

138 and 166 mm, high invertebrate populations and high mollusk numbers compared to Lower 

Beverley where fish of this age varied (112 and 130 mm), with lower invertebrate populations 

and especially in mollusks (Appendix 7.1; Deacon 1984; and Deacon and Keast 1987). 

 

(3) Atkins Lake, length 138 mm at Year V and hence with an average growth rate (rich 

littoral zone, absence of potential competitor bluegill and crappie but killifish abundant). 

 

(4) Little Round Lake, population stunted, only averaging 83 mm at Year V.  Very limited 

littoral zone, deep and with steep sides, macrophyte development minimal, unproductive cool.  
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Of major fish prey chironomids were in common in July, mollusk biomass average but dominate 

by larger-bodied individuals that small pumpkinseed could not harvest (Appendix 7.1). 

 

(5) Little Cataraqui Pond (and Little Poole Pond)- Relatively short-lived populations of 

pumpkinseed averaged 116-117 mm at Year IV.  These are shallow water bodies with possibly 

occasional winter kill.  Most resource types were modestly consumed (Appendix 7.1).  However, 

bluegill and crappie, possible competitors, were absent.  Mollusk populations are present in 

moderate numbers but most individuals are too large to be harvested by the smaller bodied 

pumpkinseeds. 

 

 Much discussion on the diet of the pumpkinseed has focused on mollusks as the most 

important type type (Deacon 1984; Keast and Deacon 1987).  The mollusk-crushing dentition is 

functional from Year II-III onwards (Chapters 4, 6).  In the Cataraqui Estuary and Atkins 

mollusks were the second and third most diet in May, and most abundant in July (when soft-

bodied small young-of-year mollusks became very abundant).  In Sydenham they were the 

second and third most important item in the diet in both months.  In Little Round they were the 

second and third most important item, respectively.  In Sunfish mollusks were not used by Years 

I-II, fish and only made up 20% of the annual diet of the large (Fig. 7.4).  Growth rate was 

average.  In these lakes a potential link between growth and mollusks available is less clear.  In 

Little Round the alternate major pumpkinseed prey, chironomids, had low populations (Figure 

7.5). 

 

 Upper Beverley Lake, and Lower Beverley Lake, with high and low mollusks 

populations, respectively, differed significantly in growth (Deacon 1984; Deacon and Keast 

1987).  Initially good growths there was in both.  Years III lengths were comparable.  Beyond 

Year II the Upper Beverley population became strongly molluskivores.  Mean lengths at age V 

were 121 and 117 mm.  Such larger fish can utilize VII fish the figures were 164, and 138 mm.  

Mollusks were abundant in the former few in Lower Beverley Lake.  Larger pumpkinseeds, 

moreover can harvest mollusks of up to 5.0 mm (Chapter 4). Upper Beverley also had a much 

higher population of other benthic invertebrates.  Zoobenthic invertebrates of 6-14 mm (May and 
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July) averaged 1400 compared to 600 individuals/100 mg.  Those averaged larger than 10 mm, 

550 and 180. 

 

 Finally, the shallower, slightly warmer of Upper Beverley (no thermocline) and 

differences in morphoedaphic indices; 78.2 compared to 19.2 in Lower Beverley (Chapter 2) 

confirm a high productivity of Upper Beverley. 

 

 Younger pumpkinseed crop chironomids and other small invertebrate prey, a diet shared 

with bluegills and other species.  They initially thrive and grow well on this diet.  Smaller lakes, 

are, however populated by smaller-bodied fish.  They lack bigger, longed-lived individuals.  

Here pumpkinseed are also shorter-lived.  In Lower Poole Pond and Little Cataraqui Pond the 

very rare five year old fish averaged 116 and 117 mm. 

 

 A series of factors obviously influenced growth rate in the pumpkinseed.  There is a 

marked difference in body sizes, and longevities, between the larger and smaller lakes.  A "large 

lake" factor here might include a range of water depths, potential of wider movement, and 

productivity associated with an extensive shoreline (or being an estuary). 

 

7.6.5 Golden shiner  

 

 The golden shiner, one of the most adaptive of the cyprinids, occurs in streams, small 

lakes, and in the fringes of large lakes.  In diversified lakes like Opinicon Year 0 fish occur in the 

inshore macrophyte beds, those of II and older offshore as mobile, sometimes roving, 

aggregations, presumably concentrating in areas of zooplankton.  In creeks like Jones Creek they 

are confined to disjunction ponds along the stream.  In shallow well-vegetated Little Cataraqui 

Pond the small fish inhabitat the dense macrophytes but the larger fish sections of open water.  

Here their only potential competitor is the pumpkinseed. 

 

 Between lake differences in growth rate can presumably be partly related to these 

differences.  Growth was best in the Cataraqui Estuary (Fig. 7.10), good in Opinicon, and very 

poor in depauperate, macrophyte limited (and cool) Kearney Lake.  Ages also varied.  In Little 
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Cataraqui Pond, with no predators fish of 6 and 7 age were abundant.  Elsewhere the populations 

were mostly made up by Years II-V fish. 

 

 Features of golden shiner were: 

(1) At the end of Year I mean (Fig. 7.10) lengths varied downwards from 95 mm in the 

Cataraqui Estuary to 40 mm in depauperate Fish Lake and 35 mm in Kearney Lake (Doug 

Sheppard, personal communication).  (Resource bases documented in Appendix 7.3.)  The Jones 

Creek stream-dwelling population was also stunted.  Difference in length between smaller and 

larger Year I fish was 140%. 

 

(2) Subsequently, a huge size disparity developed.  In Year III the Cataraqui population 

averaged 180 mm, the Fish Lake one 85 mm.  The Year III population of Opinicon and Little 

Round averaged 143 mm, that of Atkins Lake and Little Cataraqui Pond 125 mm.  Differences 

between smallest and largest was again over 100%. 

 

 The major foods of golden shiner were zooplankton, adult insects picked up from the 

surface (seasonally) and, in the larger fish filamentous algae.  Lesser items also, eaten (see 

earlier).  The species thus feeds from different resource strata.  Such is very rare in northern lake 

fishes. 

 

 In the Cataraqui smaller and larger (Years II-IV) took zooplankton in May.  In summer 

diets were diversified.  The small fish ate zooplankton.  The large fish insects from the surface.  

There was some filamentous eating.  This diet was obviously favorable.  In Little Cataraqui Pond 

(long-lowing fish) in May the small fish ate chironomids, the larger plant material; in summer 

both were zooplanktivorous. 

 

 In Atkins Lake (average growth) the population (all sizes) were largely zooplankton 

eaters. 

 

 In Fish Lake (depauperate) all size groups and both in May and July consumed a wide 

range of prey types in small amounts.  Stomachs content volumes were sometimes low.  
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Mollusks a marginal prey type and for which shiner dentition is unsuitable.  This could be 

interpreted because of shortage, having to take subtype food.  Growth rate was very poor.  Both 

appeal to the Kearney Fish. 

 

 Jones Creek fish (Keast 1966, 1996), with poor growth rate, also took many (up to ten) 

prey types, including some that could be regarded as sub-optimal: Coleoptera, zygoptera and 

plant seeds in May, and, some ostracods in July.  Experimentation is needed to test these 

suggestions. 

 

7.6.6 Eastern banded killifish  

 

 This short-lived species was included in the series to assess variable growth rates is small 

fish.  It also showed striking growth differences between lakes (Fig. 7.9).  Size spread was 

already marked by the end of Year I.  The smallest fish (mean length) were:  Lower Beverley, 34 

mm; Lower Poole Pond, 37 mm; and Little Cataraqui Pond, 40 mm.  In the Cataraqui River and 

Atkins Lake it was 65 mm, twice the size. 

 

 Difference in sizes continued at the same rate into the second year with populations that 

were made up of large-bodied individuals earlier retaining their size advantage.  The Cataraqui 

Estuary and Atkins populations now averaged 80 mm.  In Lower Poole and Little Cataraqui they 

were 52 and 54 mm. 

 

 The diversified diet of killifish consist of chironomids, Cladocera, amphipods, ostracods, 

and small Ephemeroptera nymphs (Appendix 7.4).  Proportions of these types eaten varied with 

the lake.  The large-bodied Atkins Lake population, alone in the water-bodies, cropped larval 

fish. 

 

 It is difficult, in the absence of better interpretation, to relate growth and diet in the 

different killifish populations.  The fast-growing Cataraqui Estuary fish were generalist taking 

Cladocera, ostracods and amphipods when young, then switching mainly to chironomids.  Atkins 

Lake fish were also generalists.  Poor growing Lower Poole fish shared some emphasis on 
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chironomids, ostracods, the Cladocera Eurycercus and Chydorus, and mollusks. Poor growing 

Upper Beverley fish took chironomids and Cladocera, and poor-growing Little Cataraqui fish 

ostracods, chironomids, mollusks, and Cladocera. 

 

 Theoretically a generalist feeder should grow well on a series of alternative prey types.  

That this did not apply would show than another factor, like adequate food, may have occurred.  

This could not be demonstrated.  Noted that the Cataraqui Estuary growth was outstanding not 

only in the killifish but in all species.  Possibly here a high productivity of an estuary applied.  In 

Atkins growth was high in the killifish and yellow perch but only average in the pumpkinseed 

and golden shiner.  This supports the obvious conclusion that, because of differing needs, lakes 

differ in their quality for individual fish species. 

 

7.6.7 Growth and environmental factors 

 

 Because of close link between growth and body size on ecology those factors influencing 

growth rates assume great importance.  Between lake, and between-systems studies show that 

fish species in general show growth variation.  In this such factors as the local environment 

(particularly temperature) and biotic factors (total food, right kinds of food at different growth 

stages) are preeminent.  These are superimposed on innate (phylogenetic) factors that relate to 

metabolism and physiology. 

 

 Differences in "terminal sizes" achieved, may be considerable.  The studies indicate that 

differences are commonly introduced in the first summer.  This is despite Year 0-I members fo 

different species tending to have a common diet.  Given the limited time for growth in the first 

months that differences may be minor is not surprising.  On the other hand, in a few species, 

between-lake size differences may be considerable (see discussion of this in Chapter 6). 

 

 Differences may accelerate in subsequent years, reaching to 100%, or more (using body 

length as the measure).  Growth acceleration of deceleration may occur in subsequently.  A 

dietary basis of this is supported. 
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 When growth rates in the different species and in different lakes are analyzed it is found 

that equally between-lake variation may occur in contrasting "ecological types" of fishes (in this 

core insectivore-piscivore, zooplanktivore-algivore, small short-lived and large long-lived, 

species). 

 

 The review provides document of cases of how the multiple factors, abiotic and biotic, 

individuals and severally may influence growth.  Feeding and dietary data support this.  In the 

yellow perch, a cool-adapted species a temperature-important factor seemed to be significant.  

Certainly towards the northern range with short growing periods "stunting".  (It is, however, 

difficult to separate this from a food-limitation component.)  Determining food availability and 

total food being eaten relative to growth is difficult.  Not so, however, relative to the basic 

ontogenetic diet needs.  The need for prey of increasing size then types (Chapter 6) is important. 

 

 The importance of availability of specific "preferred" types of food (see Chapter 4) or of 

the calorific value of different foods.  Calorific values is not explored of the alternative types 

may not, however, be very different.  It is likely that this is of minor importance compared to 

having "enough" food. 

 

 Analysis of factors known to be important to fish indicates that most of the variation can 

be (apparently) linked to the three variables of temperature, availability of ample food, and of 

foods that are apparently critical at specific stages in growth.  No evidence is produced that 

crowding and interspecific competition were important in the systems studied.  Note here that 

most species were present in small numbers.  The subject of crowding effects can only be studied 

experimentally. 

 

 In conclusion the existence of varying lake "qualities", as indicated by all of the 

inhabiting fish species showing good growth can be noted.  Putting this into precise terms is 

difficult.  The excellent growth in Cataraqui Estuary is an example.  Esturaries are particularly 

productive and rich systems (Nedwell et al 1999).  This applies particularly to man-modified 

systems where drainage is through agricultural landscape.  "Pristine" watersheds may export 

100-200 kg nitrogen km-2 year -1; agricultural and urbanized watersheds may export 6,000 km 
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nitrogen km-2 year-1 (Hesson 1999).  Phosporous pristine systems may produce less than 4 kg 

km-2 year-1: in anthropogenic modified systems the figure may be 1000 kg of phosporous km-2 

year-1.  On this basis, the exceptional growth of the fishes studied here is not a natural 

phenomenon. 

 

7.7 The adaptive importance of diet plasticity and growth rate variability, a synthesis 

 

 Exploration of the distinct, but related, subject of diet plasticity and growth variation has 

formed the basis of this chapter.  Both are obviously important in freshwater fishes, living in an 

unpredictable and strongly seasonal component.  Diet plasticity has been studied in a range of 

"ecological types" of species, using a series of contrasting lake types.  Species populations living 

in "equivalent" lakes, that is one with similarly environments, invertebrate faunas, and fish 

species representations, were comparable.  In contrasting lake types however much variation was 

found.  Lake Opinicon system (Chapter 4) fish tended to use a small number of "preferred" or 

basic resource types. Other types were taken regularly in small numbers.  Others again were 

eaten erratically and when eaten, a lesser-used food type became abundant.  In contrasting lake 

types the basic types used often changed.  There was a tendency of a food that was formerly 

second, third, or fourth dominant prey to become dominant.  Availability was the dictator of this, 

not interspecific competition.  On this basis, diet shifts were "easily" made.  Occasionally 

juvenile diets persisted as "mature" fish ones.  This is to be expected in stunted populations.  Diet 

plasticity if obviously important in a fish occupying a wider range of circumstances and habitats. 

 

 Environmentally influenced growth, of great adaptive importance, is much more 

complex.  Rather than being a superficial phenotopical expression it has implications extending 

through the species basic organization.  The endpoint of some populations growing large, and 

others remaining small, has important implications in growth rates.  Thus, growth-rated 

differences, and terminal sizes, are of great importance in defining ecological roles. 

 

 Diet variability and growth variations have basic implications for between fish 

interrelations and, especially, for food web systems.  Writings on the mechanisms of phenotopic 
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changes occuring in natural systems (see Via et al 1995, discussed later) could advantageously 

be considered relative to this theory. 
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Table 7.1  Consumers of the major food types in the 12 study lakes in order of importance (wet weight of prey in stomachs in excess of 10%.  Where an item exceeds 50% it is 

underlined.  A rating between 15 and 10% is shown in brackets. Key:  BG - Bluegill; PS - Pumpkinseed;  RB - Rock bass;  LMB - Largemouth bass;  SMB - Smallmouth bass;  Cr 

- Black crappie;  YP - Yellow perch;  Dtr - Darter;  K - Eastern killifish;  BlN - Blacknose shiner;  BCh - Blackchin shiner;  BtN - Bluntnose minnow;  GS - Golden shiner;  FH - 

Fathead minnow;  RBD - Red-bellied dace;  St - Brook stickleback;  MM - Mud minnow;  BBH - Brown bullhead;  Al - Alewife;  P - Northern Pike;  Si - Brook silverside;  Sr - 

White sucker;  MT - Tadpole madtom; SS - Spot-tail shiner.  In order of importance.  Brackets mean 10-15%. 
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Table 7.2  Diets of pumpkinseed, golden shiner, yellow perch and banded killifish, the four most widespread and ecologically plastic 

species in eastern Ontario lakes, major food types listed in order of importance, % weights of different prey types in stomachs, May 

and July compared, listed down to the 15% level.  Where an item exceeds 50% of total diet it is underlined; items between 15 and 

10% are shown in brackets.  
 
SPECIES AND 

AGE CLASS 

 
MAY 

 
JULY 

 
MAY 

 
JULY 

 
YELLOW PERCH 

 
BANDED KILLIFISH 

 
O - I 

 
II - III 

 
O - I 

 
II - III 

 
O - I 

 
II 

 
O - I 

 
II 

 
Cataraqui 

Estuary 

 
Zoo, Ch, Mol, F, 

Tri 

 
F, Mol, Od, Ch 

 
Am, Mol, Od, 

Ch, Tri 

 
F, Tri, Od, Mol 

 
Cl, Ost, Cop 

 
Am, Ost, Cl, Ch 

 
Ch, Am, Eph, 

Zy, Plant 

 
Am, Ch, Zy, Pl 

 
Opinicon 

 
Ch, Zy, Cl, Iso 

 
Ch, Iso, Zy, Ani, 

Am 

 
Cl, Eph, An, Zy, 

Am 

 
Zy, Dec, Ch, 

Am 

 
Ch, Cl, Ost 

 
Ch, Cl, Cop 

 
Cl, Ch, Am 

 
Ch, Cl, Ost, 

Turb 
 
Lower Beverley 

 
Am, Ch 

 
Am, Eph, Ch 

 
Am, Ch 

 
A, Iso, Eph, F 

 
Cl 

 
Cl, Ost, Ch 

 
Ost, Ch, Am 

 
Ch, Am, Ost 

 
Upper Beverley 

 
Ch, Am 

 
Od, Ch, Am 

 
Ch, Am 

 
Od, Am 

 
Ch, Cl 

 
Ch, Cl 

 
Ch, Ost, Hyd 

 
Ch, Cl, Ost 

 
Sydenham 

 
Am, Ch, Tri, 

Eph, F 

 
Am, F, Ch, Ded, 

Od 

 
Am, Tri, Iso, 

Eph, Ch 

 
Dec, F, Am, Iso 

 
Cl, Ost, Ch 

 
Ost, Am, Mol 

 
Ost, Cl, Ch 

 
Ost, Ch, Mol, 

Am 
 
Gould 

 
Am, Ch, Col, 

Zoo 

 
Zy, Ani, Am, 

Eph 

 
Zy, Ch, Am 

 
Zy, Am, Dec, 

Tri 

 
Ch, Cl 

 
Ch, T ins 

 
Ch, Am 

 
Am, Ch 

 
Atkins 

 
Fish, Tri, Am 

 
Fish, Mol, Tri, 

Eph 

 
Fish, Mol, Ch 

 
Fish, Mol, Ch 

 
Eph, Ch 

 
Eph, Ch 

 
Eph, Ch 

 
Ch, Eph, Tri 

 
Fish 

 
absent 

 
Ch, Cl, Ost 

 
Cl, Eph, Ch 

 
Ch, Am 

 
Col, Eph, Ch, 

Mol 
 
Sunfish 

 
Zoo, Ch, F 

 
Zoo, Dec, Ch 

 
Zoo, F, (Od) 

 
Zoo, Ch, Mol 

 
absent 

 
Little Round 

 
Cop, Cl 

 
Cop, Cl, F, Tri 

 
Cl 

 
Cl, F 

 
Ch, Eph, Cop 

 
Ch, Eph, Mol 

 
Cop, Cl, Am 

 
Mol, Ch, Pl 

 
Little Cataraqui 

P. 

 
absent 

 
Cl, Ost 

 
Ost, Ch, Mol, Cl 

 
Cl, Ch, (Ost) 

 
Pl, Mol, Ch 

Lower Poole 

Beaver Pond 

 
absent 

 
Ch, Ost 

 
Ch, Mol, Cl, Col 

 
Cl, Ost, Ch 

 
Ch, Pl, Mol, Cl 
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 PUMPKINSEED GOLDEN SHINER 
 
 

 
II - III 

 
IV pl 

 
II - III 

 
IV pl 

 
O - I 

 
II pl 

 
O - I 

 
II pl 

 
Cataraqui R 

 
Ch, Od, Mol, 

(Eph) 

 
Od, Mol, Ch, 

(Tri) 

 
Mol, Tri, Am, 

(Ch) 

 
Mol, Tri, Am 

 
Zoo, Ch, Tri 

 
Zoo, Ost, Tri, 

Ch 

 
Zoo, Pl, Ch, Am 

 
T Ins, Pl, Zoo, 

Ch 
 
Opinicon 

 
Ch, Iso, Mol 

 
Iso, Mol, Ch 

 
Ch, Mol, Eph 

 
Mol, Ch 

 
Zoo, Ch, Pl 

 
Zoo, T Ins 

 
Zoo, Ch 

 
Zoo, Ch, Pl 

 
Lower Beverley 

 
Ch, Mol, Eph, 

Tri 

 
Ch, Mol, Am 

 
Ch, Am, Mol 

 
Ch, Mol, Tri, 

Am 

 
absent from littoral zone 

 
Upper Beverley 

 
Mol, Ch, Od, 

Am 

 
Mol, Od, Ch, Tri 

 
Mol, Ch, Tri 

 
Mol, Od, Ch 

 
absent from littoral zone 

 
Sydenham 

 
Ch, Mol, Tri 

 
Mol, Ch, Eph, 

Tri 

 
Mol, Am, Zy, 

Tri 

 
Mol, Zy, Am, 

Tri 

 
absent from littoral zone 

 
Gould 

 
Ch, Zy, Mol, 

Am 

 
Mol, Ani, Tri, 

Ch 

 
Mol, Am, Zy, 

Tri 

 
Mol, Zy, Am, 

Tri 

 
absent from littoral zone 

 
Atkins 

 
Tri, Eph, Ch 

 
Tri, Od, Mol, 

T.Ins 

 
Mol, Od, Eph, 

Ch 

 
Mol, Ch, T.Ins 

 
Zoo 

 
Zoo, T.Ins, Pl, 

Ch 

 
Zoo, T.Ins, Ch 

 
T.Ins 

 
Fish 

 
absent 

 
Zoo, Ch, Pl, 

Hydr 

 
P, Ch, Mol 

 
Zoo, T.Ins, Pl, 

Mol 

 
Zoo, Pl, Mol, Ch 

 
Sunfish 

 
Chi, Ani, Cl, Pl 

 
Ost, Chi 

 
Ch, Cl, Ani, Am 

 
Ost, Tri, Mol, 

Ani 

 
Cl, Pl, Ch, Ani 

 
Pl, Cl 

 
Cl, T.Ins, Pl 

 
T.Ins, Pl 

 
Little Round 

 
Ch, Eph, Zoo 

 
Ch, Mol, Eph, 

Tri 

 
Zoo, Ch 

 
Zoo, Ch, Mol F. 

 
Cl 

 
Cl, Pl, Ost 

 
Cop, T.Ins, Cl 

 
Cop, Cl, Pl 

 
Little Cataraqui 

P 

 
Ch, Mol, Col, 

Zy 

 
absent 

 
Col, Ch, Mol, 

Hyd 

 
absent 

 
Ch, Zoo, Ost 

 
Pl, Cl, Zoo 

 
Zoo 

 
Zoo, Pl, Ost 

 
Lower Poole P. 

 
Ch, Eph, Col, 

Hyd 

 
absent 

 
Ch, T.Ins, Ost 

 
absent 

 
rare 

Key: Zoo - zooplankton;  Cl - Cladocera;  Ost - Ostracoda;  Am - Amphipoda;  Iso - Isopoda;  Od - Odonata;  Zy - Zygoptera;  Ani - Anisoptera;  Eph - 

Ephemeroptera;  Ch - Chironomids;  Tri - Trichoptera;  Mol - Mollusks;  Hyd - Hydracarina;  Col - Coleoptera;  T.Ins - Terrestrial insects;  F - Fish;  Pl - plant 

material, Algae;  Turb - Turbellaria. 
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Figure 7.1  Diet of bluegill % weight relative to prey May and July resource bases, Years II-III fish, five 

"comparable" lakes. 
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Figure 7.2  Diet of pumpkinseed, May and July relative to prey resource, % weight, years II-III fish five 

"comparable" lakes. 
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Figure 7.3  Diets of members of the community, Cataraqui Estuary, and Fish Lake, May-August data integrated, % 

weight. 
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Figure 7.4  Diets of Sunfish Lake and Little Cataraqui Pond communities, May-August data integrated, % weights. 
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Figure 7.5  Pumpkinseed (ages II-III and IV plus fish), for four contrasting lakes, May and July data compared and 

relative to prey resource base, % weights. 
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Figure 7.6  Yellow perch (ages II-III and IV plus), for four contrasting lakes, May and July compared and relative to 

prey resource base, % weights. 
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Figure 7.7  Size of Daphnia dubia in stomachs relative to that in the water column, Sunfish Lake, summer data 

integrated. 
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Figure 7.8  Cluster diagrams to show dietary relationships, species and their age (year) classes, in three contrasting 

lakes (Cataraqui Estuary, Little Round Lake, and Atkin Lake) (derived from Complak  1982) May-August data 

integrated. 
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Figure 7.9  Lengths (mean) to age September after completion of the summer growth period, seven study lakes: a) 

yellow perch, b) banded killifish. 
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Figure 7.10  Lengths (mean) to age, in September at termination of the summer growth period, contrasting water 

bodies: a) golden shiner, b) pumpkinseed. 
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Appendix 7.1  The prey resource base, weights and mean numbers (with standard deviations) for nine different 

Ontario lakes, May and July. 
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Appendix 7.2  Diets of yellow perch in five "equivalent" lakes, % weight in fish stomachs and in the zoobenthos, five 

"similar" lakes, May and July contrasted. 
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Appendix 7.3 Diet of golden shiner, May and July, four contrasting lakes, % weights in stomachs and in the 

zoobenthos, and of numbers of cladocera in the water column, for two age clases. 
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Appendix 7.4  Diet of banded killifish, May and July, four contrasting lake types, relative to prey availability. 
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Chapter 8 

STREAM FISHES, HABITAT FEATURES, RESOURCE DIVISION, AND DIETS 

Keywords: Drift, Morphology, Rivers, Invertebrates 

 

8.1 Characteristics of streams 

 

 What are the attributes of stream faunas?  How do space use, habitat and diets compare in 

stream and lakes?  No recent comparison of trophic dynamics stream verses lake faunas is 

available.   

 

Streams and rivers, in their linear orientation, narrowness with length, undirectional water 

movement, commonly high flow rates, brief water residence times, and changing physical 

characteristics along their courses, provide contrasting life support systems to lakes.  Streams are 

conduit systems conveying nutrients downstream and often into lakes.  In multiple tributaries, 

converging to form a single main stream, considerable habitat diversity is created. The features 

of streams and rivers are dictated by the geology, physical environment, chemistry of the 

drainage basins, and terrain through which they flow (Rodriguez-Iturbe and Rinaldo 1997).  

Much of the variation in their physiography and water chemistry is accounted for in this way.  

 

Rivers have complex internal structures (Vannote et al 1980) and annual dynamics of 

freshwater flow (Junk et al 1988), that have no counterpart in the more benign lakes. 

 

Rivers constitute about 0.1% of the Earth's land surface, but only 0.0001% of the total 

freshwater occurs in river channels (Wetzel 2001).  Ultimately, of course, part of the interest and 

biological importance of streams lies not in the great rivers but in the endless diversity of creeks 

that pattern all sections of the globe.  Here, river features are reflected only in modest dimension.   

 

This Chapter explores the fishes, and fish compositions, of streams.  Large river systems, 

of which the writer has little experience will be covered in a few comparative statements.  Efforts 

to classify stream types will be covered. 
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For data on space use and habitat in stream fishes I draw liberally on the now 

comprehensive published literature.  Much of this data has been developed in the southwest and 

central sections of North America where streams are the major fish habitat.  Habitat use by fish 

in streams has been relatively well studied.  Streams are more accessible to direct observation 

that lakes and lend themselves better to quantification. 

 

The diets of stream fishes relative to composition, the prey resource base species 

interactions and seasonal factors will be explored in our Ontario data sets. 

 

Questions that pose themselves relative to stream fish ecologies might include:  (i) How, 

and why, do the fish taxonomic species compositions and community structures of lakes 

compare to those in (adjacent) small lakes;  (ii) How do stream fishes relate to the attributes of 

the stream environment; how does this compare with the adaptations of lake fishes;  (iii) What is 

the basis of successional species replacement along streams;  and  (iv) How do stream fishes 

relate to the seasonal change in habitat and resource? 

 

Relative to diets questions of interest might be:  (v) What are the diets of stream fishes in 

the light of the limited resource bases available; how do these compare to those of lake fishes;  

(vi) What are the patterns of resource division and diet structuring;  (vii)  How do resource use 

patterns relate to the well documented invertebrate composition changes along a stream 

(Mouthon 1999; Kim and Joo 2000);  (viii) How does fish seasonal feeding vary with fluctuating 

prey type availabilities; (ix) Does the small size of stream fishes and, hence, with all being forced 

to use the smaller organisms lead to great diet overlaps; how is such increased interspecific 

competition overcome;  and  (x) What are the implications of small body size and short longevity 

(which is characteristic of small fishes) mean to the ontogenetic niche shifts so characteristic of 

larger-bodies lake fishes. 

 

8.2 Streams as environments for fish 

 

Streams initiate as gatherings of melt water, rainfall and, spring waters.  Water volume, 

siltation, and other variables change along the course of streams.  Flow rates vary.  Seasonal 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

variation in water movement may be marked.  Moving water, applied as energy, influences 

stream morphology, substrates, and nutrient status.  Streams are characterized by series of 

definable habitats along their course. Headwaters are demanding habitats.  Their features 

(amounts of water, depth, and flow rates) vary seasonally.  Uppermost sections may dry up 

before the end of summer.  Successive convergences of channels result in increasing amounts of 

water downstream.  The physical, chemical, and biological, characteristics change markedly but 

predictably (Minshall et al 1983, 1985; Ward and Stanford 1983; and Meyer et al 1988).  

Contrasting fish habitats are represented by initiating drainage channels, then ponds of increasing 

size, swift-running and sluggish sections, gravel riffles, and at the mouth, estuaries.  Predictable 

patterns of channel morphology are followed (Schlosser 1982; Leopold et al 1964). Near the 

mouth flow becomes sluggish (Beecher et al 1988). Level of nutrient enrichment usually, it has 

been suggested, increases progressively downstream. 

 

 A variety of physical, chemical, and biological parameters are involved in the habitat 

changes along streams.  Geography of the drainage basin, gradient, extent of total flow and flow 

variation, are influenced by geology and age of the basin (Behrendt and Opitz 2000).  Slope, 

riparian vegetation and, lately, degree of urbanization influence occurrence, distribution, and 

abundance of lotic organisms (Matthews 1985; Naiman et al 1987).  Shared between streams and 

lakes are, of course, latitudinal and area effects, and eutrophical features (Kelly and Whitton 

1998; Bandigo and Lawrence 2000). 

 

The linkage between downstream community structure and function and upstream 

processes is marked (Cummins 1974; Vannote et al 1980; Minshall et al 1985; Minshall 1988; 

Osborne and Wiley 1992).  Associated with increased water ponding, increased nutrients 

(Kuehne 1962; Harrel et al 1967; Whiteside and McNutt 1972; Lotrich 1973; Evans and Noble 

1979; Matthews 1998), less seasonal habitat variation (Schlosser 1982), and greater habitat 

diversity (Beecher et al 1988), fish species richness may, increase downstream.  (This latter is 

now known to be true only in the most general way (Matthews 1998).)  No such upstream-

downstream pattern, could be found by Tramer and Rogers (1973).  Sheldon (1968) found water 

depth to be more important in fish species richness than position in the longitudinal succession.  

This habitat factor was thus dominant. 
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8.3 Classification of streams and rivers 

 

 Just as early workers tried to classify lake types so attention was given to conceptualizing 

and categorizing the nature and features of rivers and creeks.  Generally, successive authors used 

different criteria.  These included geological and physical features, use of a broader regional or 

landscape approach, and biological features.  The alternative classification often bore little 

relationship to each other.  Stream systems cannot be readily depicted as "oligotrophic" and 

"eutrophic" systems.   

 

Authors have noted that streams vary in drainage area, numbers of tributaries, water 

chemistry, and intra-stream variation along their length.  Most "classifications", have, focussed 

on intra-system features and not between systems ones.  Jungwirth et al (2000) points out that 

streams are amongst the most distinctive of landscape elements because of the very intricate 

interrelationships with the surrounding environments, their high spatial-temporal heterogeneity, 

and the great diversity of complex habitats and ecotones in successional stages. 

 

 Early attempts to classify stream types have been reviewed by Kuene (1962).  Use of 

geological age (into old, middle-aged, and recent) as a basis was rejected when it was realized 

that multiple ages might be represented in an individual stream; moreover, such lacked biological 

reality.  Biologists endeavoured to classify stream systems in terms of community use patterns, 

or as dynamic energy use systems (Shelford 1911; Leopold and Maddock 1953).  Such thinking 

was ahead of time.  Welch (1952) listed the various stream categorizations that had been 

advanced up to that time and found them inadequate.  He did not come down in support of any 

one.   

 

  Intra-stream sequential based classifications were found to be more realistic. Shelford 

(1911) discussed this. Ruttner (1953) emphasized the basic differences between swift and 

sluggish streams.  He related this also to smaller parts of streams.  Odum (1959) saw pools and 

rapids, with their different faunas and differently adapted organisms, as representing basic 

contrasting biological divisions. 
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 The "stream order" classification of Horton (1945) has had a lasting career.  In this 

scheme headwaters represent an Order 1 stream, and successive convergences Orders 2, 3, 4, and 

so on.  The orders are characterized by increased water volume, increased habitat diversity, and 

commonly increased numbers of fish species.  

 

 Amongst the later intra-system classifications of stream features, are three very different 

ones.  These are the "river continuum" concept of Vannote et al (1980), credited with being a 

good starting basis for the consideration of river systems (Kalff 2002), the "extended 

discontinuity" model of Ward and Stanford (1983), and the "flood pulse" concept of Junk et al 

(1989) that sees the dynamism of river systems being controlled by annual flooding. 

 

 The river continuum concept was advanced by its authors (Vannote et al 1980) as ".... a 

framework for integrating predictable and observable biological features of lotic systems".  Its 

significance was argued on the following grounds:  (i) from headwaters to the mouth the 

variables within a river system present a continuous gradient of physical conditions:  these, in 

turn, demand a continuum of biotic adjustments from the organisms;  (ii) the producer and 

consumer communities of a given river reach should become established in harmony with the 

dynamic physical conditions; (iii) continuous replacement serves to distribute energy inputs over 

time; (iv) biological systems move towards a balance between tendency for efficient use of 

energy inputs through resource partitioning (food, substrate, etc), and the opposing tendency for 

a uniform rate of energy processing year-round; (v) downstream communities are fashioned to 

capitalize on upstream processing inefficiencies.  Thus reasoned, energy and organic matter 

transport, storage, and use of macroinvertebrates would be regulated largely by fluviatile 

geomorphic processes.  Invertebrate and fish communities, then, can be thought of as continua 

consisting of mosaics of integrating population aggregates (McIntosh 1967; Mills 1969).  

Vannote et al note that various workers have visualized streams as possessing assemblages of 

species responding by their occurrence and relative abundances to physical gradients.  The 

influences on organisms of variations in flow rate, sediment load, and changing space are 

incorporated in the stream continuum model (Hart and Finelli 1999). 
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 Some anticipatory support for aspects of the stream order concept from the earlier studies 

of Kuehne (1962) on the fishes of Buckhorn Creek, a tributary of the Kentucky River.  Although 

some fish species occurred in several stream orders, others were more specific in their 

occurrence.  Thus, the stoneroller, Campostoma anomalus, occurred in every Order 2, 3, and 4 

collection, but the creek chub (Semotilus atromaculatus) was an Order 1 fish.  The arrow darter 

(Etheostoma sagitta) was typical of Order 2 but occurred to a lesser extent in Order 3.  

Centrarchids were present in Order 3 streams but were more common in Order 4 ones.  Seven of 

the 28 fish species in the creek occurred only in Order 4 collections, and 16 in Order 4 plus 3, 

streams.  Kuehne also observed, however, that the occurrence of some fish species was explained 

by adaptations to local conditions.  Indeed far from being a continuum some streams were 

broken up into a multitude of small habitats and communities.  He emphasized the existence of 

factors other than stream order.   

 

 A quite different conceptualization of river systems relative to fish use is represented by 

the "serial discontinuity" model of Ward and Stanford (1983) and Jungwirth et al (2000).  Here 

space use opportunities are conceptualized in terms of four dimensions: (i) longitudinal, that is 

relative to the upstream-downstream dimension; (ii) lateral; and (iii) vertical linkages; plus (iv) 

time dictated interactions and exchange processes that occur at different scales.  Relative to the 

last feature, fish have to respond to temporal fluid changes and disturbance, succession, and 

ecotone features. 

 

 The relevance, to fish, of the serial discontinuity concept has been considered for fish by 

Jungwirth et al (2000).  The European brown trout (Salmo trutta), and bullhead (Cottus gobio) 

were used.  The species showed, in the course of their life cycles, responses to the four 

parameters of the model.  The longitudinal dimension of habitat use was involved in spawning 

migrations, and the dispersal of yolk sac fry into the substrate and emergence of young from the 

gravel bed was seen as demonstrating the eminent significance of the vertical connectivity 

component.  In turn, the grayling (Thymallus thymallus), the dominant species of the upper 

braided river zone, reflected the importance of the longitudinal connectivity component in its 

long spawning migrations, and adult migrations between summer and winter habitats.  The 

distinctive shifts of the larvae and juveniles at the micro- and meso-habitat scale represented a 
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lateral component to stream system usage.  The vertical component was illustrated by descending 

to the substratum to lay eggs and the subsequent rising of the larvae. 

 

 From individual species examples, Jungwirth et al (2002) have argued that the 

dimensions of the serial disconnected habitat also apply to stream systems as a whole.  Vertical 

interactions reach their maximum in the braided middle course or in the riverine backwaters of 

meandering streams (Amoros and Roux 1988).  Lateral conductivity, in turn, plays a major role 

in alluvial floodplain rivers (Jungwirth et al 2000).  The high instability and regular disturbances 

that characterize streams relate to the concept in the diversity of transitional and border zones 

which have wide implications for communities (Junk et al 1989, Naiman and Decamps 1990). 

 

 It is difficult to relate fish distribution and spatial use patterns of fish to the serial 

discontinuity model.  It has limited relevance to them. 

 

 The "flood pulse" concept in streams has created more interest amongst fish biologists 

because it deals with productivity and dynamic features.  Regular and predictable flooding is a 

basic feature of streams, especially in the tropics, (Junk et al 1989).  Annual inundation is seen as 

the principal force responsible for productivity and biological interactions.  Gutreuter et al 

(1999), in seeking to test the productivity aspect in a northern system found that the growth of 

largemouth bass and bluegill increased during a year with a warm season flood in the Upper 

Mississippi and was reduced in low water years.  White bass (Morone chrysops) and black 

crappie, however, showed no such response. 

 

 In wider view annual flood pulses both increase living space and ecological opportunities 

for fish (as in the tropical food plains of the Amazon and African rivers), but also constrain them.  

"Flood pulses" are obviously of less importance to North Temperate fishes.  Here there is the 

early spring snow melt factor. 

 

 In a later paper, Naiman et al (2000) argue that biotic feedbacks are an important feature 

of the structure and dynamics of stream ecosystems.  They pointed out the dynamic features of 

the riparian forest (including input of material), routing of sediment and detritus, and biological 
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processes within the stream itself interact in heirarchical fashion with local geomorphology, 

climate, and natural disturbance, serve to create the high diversity of stream systems.  Medway 

Creek, Ontario, to be discussed later, provides a nice example of this. 

 

 The various models of stream features advanced by authors are of interest in focussing on 

the features and variables of the system.  However, where fish distributions are concerned the 

classifications are somewhat tangential.  There has, as yet, been no major effort to interpret fish 

occurrences within the narrower framework of the alternative schemes.  Only the river 

continuum model would seem to represent a good framework for considering both the structure 

and function of stream systems.  I agree with Kalff that it forms a potential basis from which to 

enter into review of the aspects of river systems. 

 

8.4 River versus small streams as fish habitats 

 

 Flowing water systems can be thought of in the artificial division terms of rivers (large) 

verses creeks (small).  The two represent the ends of a continuum.  The term "stream" is non-

committal and bridges both.  "Large" and "small" streams represent contrasting systems as do 

large and small lakes.  In terms of being physical and biotic environments, the attributes of rivers 

have been defined by limnologists (Wetzel 2001; Kalff 2002; Rodrigues-Iturbe and Rinaldo 

1997; and others).  Rivers contrasts with small streams on size, drainage sizes, degree of annual 

water movement, volume of water, and hence potential habitat diversity. Just as large lakes have 

more fish species than small ones, and bigger forms so do rivers verses streams.  

 

Within rivers primary and secondary channels provide different ecological opportunities 

and necessitate different space use patterns, (Gido et al 1997).  The deep main stream, with good 

water flow, contrasts with backwater and channel border habitats with only sluggish water 

movement.  Snags in rivers provide good cover for fish and influence seasonal occurrence 

patterns (Lehtinen et al 1997).  (See Chapter 11 for a review of habitats in tropical fishes.) 

 

 River fish may be categorized as rheolitic, eurytopic and limnophilic or open water 

dwelling (Schiemer and Waidbacher 1992).  The proportion of limnophilic to rheophilic species 
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increases downstream (Belliard et al 1997).  The young of most river species, predation-prone as 

they are, live in the macrophytes of the edge shallows or smaller headwaters streams. 

 

 River and small stream fish share, of course, common features.  Geological, physical and 

biotic environments dictate attributes of both systems.  Latitudinal and temperature influences 

are the same.  The opportunities and constraints of moving water, flow rates, sediment 

fluctuations, habitat factors, substrate types, and dispersal opportunities are comparable. 

 

 At the broader level river and creek fish are somewhat differently adapted. Compared to 

the latter those of rivers tend to be large, late maturing, long lived, are more mobile, and have 

larger numbers of small eggs (Mahon 1984).  River and stream systems are now receiving much 

needed attention from biologists and symposia, multi-authored books, and major research papers, 

have been directed at them (for example, Tochner et al 1998; Schiemer 2000).  This stems 

largely from interest in anthropomorphic degradation relative to the continued need for high 

quality freshwater.  Rivers are being considered in terms of being integrated drainage systems 

(Muhar et al 2000; Wiens 2002; Ward et al 2002), the so-called "landscape" approach.  The 

central theme here is the influence of spatial pattern on ecological process with consideration of 

the consequences of "where things are located in space, where they are relative to other things, 

and how these relationships are contingent on the characteristics of the surrounding landscape 

mosaic at multiple scales in time and space" (Wiens 2002). 

 

 In recent years the distribution of benthic invertebrates and fish species compositions as 

monitors of anthropogenic change.  Better understanding on the relationship of these organisms 

with habitat has emerged.  The "index of biotic integrity" of Karr (1981) measures current 

occurrences and abundances of invertebrates and fish against what species were there in former 

times, or in pristine examples of the particular stream type (Belpaire et al 2000; Schmutz et al 

2000).  The concept is sometimes used as a standard for anthropogenic change. 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

8.5 Stream types and attributes in a regional context 

 

 Later years have seen a focus on stream attributes and fish faunas in a regional or 

"landscape" context (see Chapter 2).  Some of the variables are comparable with those in lakes 

(Chapter 2). The biogeographic groupings that have emerged from these studies invite summary. 

 

For Kansas, Hawkes et al (1986) identified "ecoregions" using presence/absence data for 

39 common species and 410 study sites.  Canonical discriminant analysis identified mean annual 

runoff, mean annual growing season, and discharge as the most likely basis of these.  Mean 

width, mean depth, chloride concentration, water temperature, substrate type, gradient, and 

percent of pool habitat were less important.  Correspondence existed between the fish ecoregions 

and the patterns of physiographic regions, river basins, soils, and natural vegetation, it was 

found. 

 

 For Massachusetts five fish associations that seem to reflect shared preferences for stream 

size, current velocity, and temperature, have been documented by Halliwell (1989).  These were:  

(i) small, upland, coldwater fishes, including naturally reproducing brook trout; (ii) a marginal 

"trout" community consisting of blacknose dace, long-nose dace, and some large trout; (iii) a 

cool water group with small-mouth bass, rock bass, and darters;  (iv) a warm-water lake group 

with sunfishes and bullheads;  and (v) a lowland assemblage containing pickerel and 

chubsuckers.   

 

 For Minnesota Aadland (1993) was able to relate stream fish habitat use patterns to depth 

and current velocity which correlated, in turn, with river size and hydrology. 

 

 The functional organization of stream fish assemblages in relation to hydrological 

variability for 34 sites in Wisconsin and Minnesota was analysed by Poff and Allan (1995).  The 

fish data was obtained from archived sources and related to long-term hydrological 

measurements.  For the 106 fish species in the data set, six categories of species traints were used 

related to habitat, trophic, morphological, and tolerance characteristics.  The hydrological data 

set separated two ecologically defined groups of assemblages.  These were associated either with 
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(i) variable streams (high coefficient of variation of daily flows, moderate frequency of spates) 

or, (ii) stable streams.  The latter were characterized by high daily flow predictability and stable 

baseflow conditions.  The fish assemblages fitted into the divisions with 85% accuracy. There 

were also strong geographic patterns in species compositions.  There were also strong geographic 

patterns in species compositions. 

 

 In a study of Wisconsin stream fishes Lyons (1996), again using correspondence analysis, 

identified stream gradient, substrate composition, water temperature, and shoreline vegetation, as 

being important in determining species associations.  He identified trout-dace-sculpin, northern 

redbelly dace and brook stickleback, and sunfish-bullhead, associations. 

 

 Habitat use studies in a Virginia stream using multivariate mesohabitat analysis revealed 

seven habitat-use guilds (Vadas and Orth 2000).  Represented were three limnophilic "guilds", 

pool/run, open-pool, and pool-cover, and four rheophilic ones.  The latter were related to fast-

riffle, riffle/run, fast/generalised, and shallow-rheophilic categories.  Overall simple-hydraulic, 

bottom-topographic, and turbulence variables, separated fish habitat guilds but turbulence 

variables proved to be redundant.  At the family level minnows, suckers and darters belonged to 

several habitat-use guilds:  they were habitat generalists. 

 

 Michigan has tremendous heterogeneity in landform and hydrology which leads to large 

local variation in fish assembly composition.  Accordingly, Zorn et al (2002) explored fish 

occurrence relative to stream size and hydrology in multiple streams.  Sixty-nine species and 226 

sites were used.  Catchment area and low flow yield 90% exceedance flow divided by catchment 

area, were used for plotting fish distributions and rivers.  These variables linked catchment-scale 

features of the landscape to multiple, site-scale characteristics of stream habitat including 

temperature, velocity, and depth.  Low flow yield was, in turn, a measure of groundwater loading 

to streams, integrating geological, landform, and soil characteristics of the catchment.  Highest 

values occurred in basin characterized by highly permeable soils and relatively steep topography.  

Seventeen fish clusters were identified relative to catchment area which explained about 39% of 

the variation in species abundances among stream sites.  The clusters were distributed in a 

meaningful fashion pattern that reflected stream size and temperature preferences of constituent 
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species.  It was suggested that known ecological differences among species should not alone be 

used to predict the abundances of the species.   

 

 Stream fish associations identify with regions and that clusters of species can be linked 

with definable environmental factors, as in lakes.  Linkage of species with factors like landform 

temperature, and water velocity, are supported by a number of independent data.  From the 

viewpoint of "explanation" individual species biological are invited. 

 

 Concerns with anthropogenic impairment of streams and their fish populations, have led 

to studies in which fish distributions are studied in a heirarchical framework to watershed, within 

river (reach), and riparian (immediate environment) scales.  Sampling techniques have been 

introduced to test this kind of framework (Plafkin et al 1989; Simons et al 1991).  Environmental 

variables are variously related to presence/absence of fish species, fish biomass, and fish 

assemblage characteristics (Fausch et al 1984, 1990; Raher and Hubert 1991).  

Acknowledgement of the idea that "in every respect, the valley rules the stream" (Hynes 1975) 

multiple variables, have been measured in the search for correlations.  It is widely appreciated 

topography and gradient, geological features of the terrain, and localized physical and chemical 

factors have a role in setting stream environments - see discussions of these in Richards et al 

(1996), and Wiley et al (1997).  Seen as basic also are water quality, nature of substrate, channel 

morphology, flow energetics, land cover, and climate.  Many of the within-river characteristics 

are expressions of these wider factors. 

 

 Stemming from these observations, Wang et al (2203) initiated a survey that incorporated 

watershed level, stream discharge, channel morphology, bedrock and surficial geology landcover 

and landscape slope in their analyses.  The last expresses groundwater input (Baker et al 2001).  

Riparian land-cover plus the watershed factors influence hydrological and thermal regimes 

(Johnson et al 1997).  Also covered were summer water-temperature, stream size, gradient, pond 

sizes, depths, distance between ponds, presence of riffles, dissolved oxygen concentration, 

degree of sunken log cover, turbidity, abundance of macrophytes, conductivity, alkalinity, and 

water hardness.  Each of these limnological features varied widely through the 79 study sites.  
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 The combined watershed, reach, and riparian factors arraigned the fish assemblages along 

a triangular continuum.  Three fish assemblages were indicated, one dominated by salmonids 

(local and introduced), cottids, and other cool-water species were associated with relatively 

narrow, deep, forested high gradient streams that had cold summer temperatures, high dissolved 

oxygen, strong groundwater inputs and carbonates bed-rock geology.  Representative species 

were: slimy sculpin (Cottus bognatus), mottled sculpin (C. bairdi), brook lamprey (Lampetra 

planeri), brown trout (Salma trutta), rainbow trout (Oncorhynclaus mykiss), and brook trout 

(Salvelinus fontinalis). 

 

 A second fish-environment association was composed of "tolerant" cyprinids.  These 

occurred in small streams with low goundwater input, low dissolved oxygen, and abundant 

macrophytes.  The species included northern red-bellied dace, finescale dace, fathead minnow, 

brassy minnow, golden shiner, and brook stickleback.  

 

 A third fish-environment association, made up a diversified assemblage of cyprinids, 

catostomids, centrarchids, and percids (for example, smallmouth bass, logperch, stoneroller, 

hornyhead cub) existed in warm, wide, streams in watersheds dominated by lacustrine sand and 

gravel geology, and abundant wetlands and lakes. 

 

 The authors concluded that, overall, reach-scale variable explained distribution most, 

watershed-scale variables less, and riparian-scale variables the least in fish community attributes.  

This contrasts with the situation in anthropogenically-degraded systems where riparian-scale 

(especially land-use) are important.  Many species were found by Wang et al to require 

intermediate-type conditions.  The Wang et al analysis represents a good starting point for 

considering or defining fish faunas at the "landscape" level.  Some of the limitations spelled out 

for regional "assemblages" in the last section also apply here.  Controls and influences of 

distribution can be compared with those in lake fishes in Chapter 2.  Potential insights are lost by 

incorporating too many variables and too many levels.  The survey seeks to define a common set 

of influential factors for all fish.  What is import of course, partly varies with the fish group.  The 

defined species groupings are not "natural" units.  One of the categories "tolerant cyprinids" 
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cannot be defined.  These concerns do not, it must be stressed, distract from this very important 

basic synthesis. 

 

 The divisions, to some extent, have a historic and physiological basis to them - see 

category 1.  The category 1 group can be considered to be of "northern" origin (Chapter 2).  It 

includes introduced species that in their home range are also adapted to cold water conditions.  

The observation that some of the species occupy the same habitat throughout their range suggests 

recent range spread (Chapter 2).  Some of the species clusters (for example, that of sticklebacks, 

dace, golden shiner) have been recognized by other authors on general grounds - see below, and 

also Medway Creek, Ontario studies in the next section. 

 

 For whatever their basic value, as noted, all those classifications are very deficient in 

biological explanation. 

 

8.6 Space and habitat use in stream fishes 

 

There is now a huge and increasing literature on the ecology of stream fish faunas - see 

Larimore et al (1959), Sheldon (1968) , Mendelson (1975), Horwich (1978), Gorman and Karr 

(1978), Payson (1982), Matthews (1982, 1985), Miller (1984), Moyle and Vondracek (1985), 

Moyle and Baltz (1985), Grosman et al (1985), Moyle and Herbold (1987), Matthews and Heins 

(1987), Ross et al (1987), Gorman (1987, 1988), Schlosser (1987, 1988), Power et al (1989), 

Goto (1989), Harvey (1991), Capone and Kushlan (1991), Sheldon and Meffe (1993, 1995), 

Maret et al (1997), Matthews and Robison (1998), and Matthews (1998).  The works explore 

distribution patterns, composition of associations, habitat use, and adaptations.  Gorman (1988) 

and Matthews (1998) provide major summaries of this material.   

 

On the basis of this literature the major features of small stream fish faunas are: 

(1) Streams have fish faunas distinct from those of lakes.  In north-eastern North America 

streams a few hundred metres from a lake may be 70% different in species (writer's Ontario 

data). 
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(2) Small streams are populated by small-bodied fish species.  Evans and Noble (1979) found 

that sizes in seven sites along a Texas river ranged from 20-60 mm, except for rare individuals of 

up to 140 mm.  Almost all fish netted in Medway Creek, Ontario (Payson 1982, Fig. 8.2) were 

less than 80 mm in length.  Space availability is the major limitation. 

 

(3) Cyprinids and darters are dominant in North American streams.  Of 25 species in 

Buckhorn Creek, Kentucky, Huehne (1962) found 12 to be cyprinids and 8 darters.  Payson's 

Medway Creek composition is comparable. 

 

(4) Fish species composition changes along the length of streams (Huet 1959; Angermeier 

and Karr 1983; Balon and Stewart 1983; Carmona et al 1999). Life history traits and mode of 

reproduction can show change (Holčik 1989; Penczak and Mann 1990; Belliard et al 1997). 

 

(5) It has long been accepted that the number of fish species increases from the headwaters 

downstream.  Kuehne (1962) lists early writings on the subject.  Traditionally the numerical 

change can be linked to "stream order".  Entrant waters always have few species.  For Buckhorn 

Creek, Kuehne found that of a total fauna of 25 species only one (the Creek Chub) occurred in 

Order 1 tributaries.  His figure for Order 2 tributaries (the first convergence) ranged from 3-11 

(depending on the site), Order 3, 9-17, and Order 4, 12-25.  Numerical increases stem from 

supplementations species.  Whiteside and McNutt (1972) in the Plum Creek basin found that 

Order 1 streams had 6 species; Order 2, 10; Order 3, 19; Order 4, 19; and Order 5, 12.  The Order 

1 species in this case occurred throughout the system.  Ten occurred in Order 3 but not 2, and 4 

in Order 4 but not 3.  The lower Order 5 figures they suggested were due to fish leaving this site 

to spawn.  In Clemens Fork, Kentucky, Horwitz (1978) found one species in Order 1 streams, 8 

at Order 2, 15 in Order 3.  In the last site, fish species additions were bluntnose minnow, rock 

bass, and small-mouth bass.   

 

 Comparable links between invertebrate faunas and stream morphology and physico-

chemical characteristics are marked (Harrel et al 1967).  The main link in all these cases, of 

course, is with habitat type. 
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(6) Within streams individual fish species relate to depth of water, current speed, pond size, 

degree of cover, substrate size, lateral distance from stream edge, vertical position in the water 

column, and presence of pool, riffle, or raceway;  presence/absence of vegetation overhanging 

the stream, and seasonal factors. In his analysis of Ozark stream fishes Gorman (1988) found the 

greatest single segregation of species was by vertical position in the water-column.  Subsets of 

species occupied deeper and shallower zones: these being homogeneous with respect to all 

variables except vertical position.  A second segregation of species occurred in the horizontal 

dimension.  These habitat features remain little studied in Ontario streams. 

 

(7) Predation can be an important factor in controlling finer occurrence pattern in streams.  

Only 20-40% of the potential pool space was used by the cyprinids studied by Gorman.  This he 

equated with the presence of piscivores.  Power et al (1988) reinforce the argument that 

predation is a major modifying influence on fish distributions in streams.  Gorman suggests that 

species clustering in streams may be both an anti-predator tactic and to facilitate opportunistic 

feeding.  (Many of the Ontario streams studied by us lack piscivores in their upper reaches.) 

 

(8) Smaller fish species and younger age classes of species commonly keep to the shallow 

edge zones where there is better protection and stream flow is less (Power 1987; Power et al 

1988; Greenberg 1991; Hestragen et al 1995).  

 

(9) A relationship exists between pool depth and size of the largest fish in the pool:  the 

former can be used as a predictor of the latter (Harvey and Stewart 1991).  Individual fish 

colonizing newly-created, and larger pools along streams are larger than the colonizers of 

shallow pools.  Not space use factors but predation is was again suggested as the reason (Harvey 

and Stewart).  Large fish in shallow water are vulnerable to predation by wading birds and small 

fish in deep water to attack by piscivorous fish (Power 1987).  Minnows in shallow experimental 

streams selected habitat with the lowest mortality to foraging rate (Gilliam and Fraser 1987).  

Swift flowing streams appear to have weaker fish size - habitat depth relationships than those 

dominated by pool habitats (Moyle and Baltz 1985; Grossman and Freman 1987; Harvey and 

Stewart 1991). 
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 One of the better examples of how fish species, in their occurrence relate to microhabitat 

within streams, is provided by Greenberg (1991).  For thirteen species of benthic fish at three 

locations along the Little River, Tennessee, he found that (i) species of small size (Etheostoma, 

Percina, Cottus) concentrated in the shallows, whereas larger species (Percina) were more 

abundant in deeper water;  (ii) in the darters (Etheostoma) substrate composition appeared to be 

the major factor influencing distribution;  (iii) as measured by the orientation of the body the 

fishes separated into bottom and horizontal feeders;  (iv) Percina spent most time on the bottom, 

moving about rapidly;  by contrast, the Etheostoma species varied in time spent above the 

bottom, and exhibited a low level of swimming activity;  (v) nearly all species sought cover at 

night;  (vi) Cottus, alone of the species studied, was nocturnal. 

 

(10) Local occurrence may relate to water temperatures and oxygen levels (Cech et al 1990). 

 

(11) Some species cluster relative to measurable habitat variables.  Such associations if has 

been argued can be thought of as "habitat guilds" (Schlosser 1982; Bart 1989; Gelwick 1990; 

Taylor 1996, 2000). The term 'guild' has been defined by Polis et al (1989) as "all taxa in a 

community that use similar resources (food or space) and thus may compete, regardless of 

differences in tactics of resource acquisition" (Polis et al 1989) - see Chapter 6.  The concept of 

"habitat guild" has been challenged by Anderson (1985) and Bart (1989), and vigorously 

criticized by Gerking (1994) (Chapter 6).  The reason is that many stream fishes are versatile in 

habitat use and that species composition may change seasonally (Strange et al 1992; Shirvell 

1994).  The guild concept extended to fish habitat associations conveys little. "Guilds" relative to 

diet were discussed in Chapter 6. 

 

(12) Whilst clusters of fish species relate positively to combinations of features in the 

environment.  Each species has its own ecological needs.  

 

(13) Plants are a component of stream habitat. Water velocity and flow dynamics, together 

with the nature of the substratum, control plant distributions (Pardo and Armitage 1997).   
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(14) Fish distributions and those of other organisms in streams is commonly thought of in 

terms of contrasting riffle and pool communities.  Taylor (2000) explored this using elevation, 

stream gradient, and stream size.  Seventy-four upland localies in the Little River system of 

Oklahoma and Arkansas were used.  Riffle and pool communities are fish showed marked 

differences when ordinated in multivariate space defined by species abundance patterns.  The 

two responded to environmental gradients differently.  Stream size was the best predictor of 

riffle communities and elevation of pool communities.  Riffle habitats had fewer species than 

pools, two verses 14.  

 

(15) Where there are wide seasonal variations in stream flow with seasonal habitat shrinkage 

fish associations must be plastic in habitat use.   

 

(16) Habitat associations of fish species vary between different reaches of a stream, and vary 

between streams of different drainages (Angermeier and Schlosser 1989).   

 

(17) Seasonal abundances of species from year to year may vary.  Six species of cyprinids 

inhabiting Gould Creek, a first-order tributary of the Mississippi River near Lake Itaska, 

Minnesota, fluctuated in abundance 7-10 times between a dry and a succeeding wet year.  The 

density of benthic and drift invertebrates that formed the fishes food varied ten-fold (Fraser and 

Cerri 1982; Fraser and Emmons 1984).  The influx of fish in high water years is linked to 

increased discharge, food availability, habitat space and volume, and ease of colonization.  

Recolonization represented a situation-specific interaction between density-independent and 

density-dependent processes Strange et al (1992) suggested.  Shelter Valley Creek provides an 

Ontario example of this - see Bankey (1979).   

 

 In a study of spatial and temporal variation of fish communities in secondary channels of 

the San Juan River, New Mexico, Gido et al (1997) found marked spatial and temporal variation.  

The former was greatest during low flow periods.  Spring runoff had the greatest temporal effect.  

In appeared to "reset" the communities by displacing those species that were less resistant to 

increased current velocities. 
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Habitat segregation patterns in the Ozarks are highly variable seasonally (Gorman 1988).  

In certain seasonal streams, Felley and Felley (1987) found that fish used "preferred" habitats 

more during the dry than wet season.  This they regarded, possibly correctly, as an example of 

"ecological release". 

 

 Many authors have found stream fishes to change distributions seasonally.  Seasonal 

movements in stream fishes of Poxbury Creek, southern Wisconsin, with 27 fish species, was 

studied by Mendelson (1975) using trapping.  There was much seasonal population 

differentiation including to and from movements from the main river.  Significant upstream 

movements occurred in fall and spring.  Fraser and Sise (1980) found that the dace Rhinichtlys 

stratulus executed quite complex annual movement patterns. 

 

(18) Many stream fish communities are by contrast relatively stable from year to year - see 

discussions in Richardson et al (2000) on the fishes of the Fraser River and the results of 

marking experiments in various streams by Munther (1970).  In Ontario heavily weeded Jones 

Creek has repetitive year to year fish communities but Shelter Valley Creek does not - see later.  

Stability of habitat positively influences the constancy of fish communities (Gido et al 1997; 

Gaines and Bertness 1993; Okubo and Levin 2001).  Distributional features in streams also 

influence occurrence and age segregation (Schlosser 1995; Hughes 1998; Lonzarich et al 1998). 

 

 "The restricted movement paradigm" for stream fishes, advanced by Gerking (1959) 

argues that stream fish are largely sedentary once established in situ for the season:  they spend 

most of their time within 20-50 m sections of the stream.  Support for the idea comes from 

sculpins in Japanese streams (Goto 1998), and tagging results with smallmouth bass in Ontario 

systems (Munther 1970).  The observation does not have generality.  The brook trout in 

Colorado mountain streams move over kilometres in the course of a year (Riley et al 1992; 

Gowan et al 1994; Gowan and Fausch 1996). Rodriguez (2002) points out that investigations are 

unable to discriminate between fish that move only a few metres outside of the survey area, and 

those that swim long distances. Some fish species might contain both migratory and resident 

individuals (Rodriguez), as do some stream insects (Inoue 1978). 
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 Seasonal shifts in abundance in some species along the streams are widely accepted 

(Mathews) - and see Ontario example in Fig. 8.3.  However, in the absence of extensive tagging 

it is unclear which movements are habitat shifts. 

 

(19) Physical structuring variation within streams may influence fish movement.  Length of 

riffles between pools may influence migration and species interchange rates.  Migrations 

between pools connected short riffles were found to be three times higher than when long riffles 

were long in Arkansas streams (Lonzarich et al 2000). 

 

(20) Home range dimensions only contrast between lakes and streams.  They are 19-23 times 

larger in the former in some species (Minns 1995). 

 

(21) Common in the north of the continent is a pre-winter shift to "thermal refuges", that is 

sections of stream where the water does not freeze (Cunjak and Power 1987; Hillman et al 1987; 

Riehle and Griffith 1993); and where moving water ensures good winter oxygenation.  

Springtime upstream spawning and, later a downstream return occur in many fish species (much 

data including Matthews (1998)). 

 

(22) Streams, like lakes, have both diurnal and nocturnal feeding fish species (Grabe 1996). 

 

(23) Species richness - area curves for rivers and streams (Chapter 2) show a relationship to 

area of drainage basin and productivity.  In a comparative survey of ichthyofaunal richness in 

132 West European and North American rivers, eleven variables related to contemporary 

ecology and two to history were quantified using simple and stepwise multiple regression 

procedures (Oberdorff et al 1995).  Ecological factors statistically explained most of the 

variation.  Of great importance were surface area of drainage and mean annual discharge.  The 

latter accounted for 63% of the variance, total surface areas of drainage basin 52%.  

(Temperature range was less important.)  There was a significant and positive relationship 

between species richness and river size.  The highest fish species richness was found in 

tributaries.  Energy-related factors explaining species richness within regions or continents 
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(Turner et al 1988; Currie 1991) are likely to be invalid when the spatial scale is broadened in 

order to allow intercontinental comparisons. 

 

(24) Species composition across the interface between streams and lakes is characteristically 

marked.  In twelve systems studied by Willis and Magnuson (1999) the junction areas had richer 

faunas than the stream proper, lakes adjacent to streams, and lakes proper.  Species densities 

were also greater.  It was concluded that differences in the hydrological and geomorphology of 

the streams played a role in the patterns. 

 

(25) A link between fish body morphology and distribution in streams may occur (Chapters 

9).  Stream fishes characteristically have fusiform bodies, this being the most efficient body form 

for life in moving water.  Several authors (Gatz 1979a, b, 1981; Matthews 1982; Mahon 1984; 

Miller 1984; Sheldon and Meffe 1995) have endeavoured to relate minor morphological features 

of stream fishes to microhabitat, ecological role, and diet.  No clearcut correlations emerged.  

 

 However, in a subsequent study using 15 warm water fish species and 21 morphometric 

measurements, Wood and Bain (1995) using the "truss" method that brings out subtle differences 

in body shape (Strauss and Bookstein 1982) and with digitation of the results (Winans 1984), 

found that:  (i)  intraspecific morphological variation occurred within 14 of 15 species thus 

providing a potential basis for evolution to work differentially;  (ii) in the Cyprinidae and 

Percidae, regression analysis showed a relationship between morphology and microhabitat 

variables;  (iii) this did not apply, in the Centrarchidae;  (iv) morphological differences among 

species occurred along gradients that were similar to those of habitat utilization; and, (v) within 

families, species using similar microhabitats were similar in morphology.  These interesting 

conclusions invite reworking. 

 

(26) A spatial segregation of congeners within streams has been suggested, on the basis that 

structurally closely related species cannot co-occur (Daniels 1987).  This is quite untrue.  Given 

as the example by Daniels were the three species of co-occurring Cottus (Cottidae) in California 

streams. They related to water-flow and temperature conditions, as well as habitat. One species 

had a wide distribution inhabited flowing shallow water with course substrates.   A second 
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utilized deep, slow-moving, often spring fed, streams with fine substrates.  The third, which was 

uncommon, occupied slow, relatively shallow water with course substrates and where vegetation 

was abundant.  The three species also differed in spawning seasons.   

 

 Daniels case of species replacement is a classic of species relating to individual needs, 

not interspecific competition.  Different temperature optima delimiting occurrence are well 

known.  This has been described for the brook trout (Salvelinus fontinalis), introduced brown 

trout (Salmo trutta), and creek chub (Semotilus atromaculatus) in Rocky Mountain streams - see 

Taniguchi et al (1998). 

 

(27) Potential growth rate differences between upstream and downstream have been suggested 

on the basis of productivity differences.  This is conceivable but like suggestion is irrelevant 

unless thoroughly demonstrated.  Differences in maximum summer temperatures and per cent 

pool areas, of course, could possibly underlie differences in body and population size in 

largemouth and smallmouth bass in Missouri streams Sowa and Rabeni (1995) suggest. 

 

(28) Anthropogenic changes to streams lead to changes in habitat use and distributional 

patterns.  This is predictable.  Thus differences between the communities of riffle, run, and pool 

communities become less apparent with silting.  In riffle habitats the abundance of two feeding 

guilds of benthic insects and herbivores were reduced (Berkman and Rabeni 1987). 

 

 The above literature summary, and quoted data sets, answers many of the questions about 

habitat use in stream fishes posed at the beginning of the Chapter.  Manipulative and 

experimental exploration is necessary for improving understanding. 

 

8.7 The food resource base of fish in streams 

 

8.7.1 Detritus as a food for invertebrates and fish 

 

 Dead water zones in streams (Bond et al 2000) and woody debris (Lemly and 

Hilderbrand 2000) trap the allochtonous leaves and other materials that fall in autumn (Minshall 
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1967; Flecker 1984).  Resulting from this food resource standing crops of invertebrates in leaf 

debris may be two  orders of magnitude higher than in forest (Anderson et al 1978). The benthic 

invertebrates of the upper regions of streams are entirely supported in this way. The diets of 

stream-dwelling caddis fly larvae, many ephemeropterans, and chironomids, consist of 

allochthonous organic materials derived from fallen leaves and comparable terrestrial material 

(Mackay and Kalff 1973).  The relationship of the diets of invertebrates with availability of 

suspended particles, attached particulate and allochtonous leaf materials were investigated by 

Minshall (1967) in Oklahoma.  He found that of 27 categories studied 24 were herbivores, 5 

omnivores, and 8 carnivores. Detritus made up from 50-100% of materials ingested by both the 

herbivores and omnivores.  The amphipod Gammarus minus, a detritivore, was singly the most 

important member of the fauna, comprising 81% of the total number of invertebrates. Detrital 

material, in turn, is directly harvested by fish (see later). 

 

8.7.2 Features of the zoobenthic invertebrate base 

 

 As will be discussed, the invertebrates of streams tend to be a subset of those available in 

freshwater systems generally.  They include ones also important in lakes (chironomids, 

Trichoptera, Ephemeroptera). 

 

Invertebrate communities in streams relate to longitudinal position in the stream - see 

discussions of linear compositional change in Illies and Botosaneanu (1963), Hynes (1970), 

Townsend and Hildrew (1994), Wu and Levin (1994), and Gílason et al (2001).  Downstream 

trends in invertebrate community structure and are a function of habitat change (Botosaneau 

1979; Naiman et al 1987; Statzner and Borchardt 1994).  Inlet tributaries may be important in 

causing community discontinua (Vannote et al 1980; Minshall et al 1983; Rice et al 2001).  

Through effects on channel dimensions and slope, on substrate structure, near-bed hydraulics, 

and water chemistry such disequilibria produce a "stepped" system of invertebrate distribution 

(Bravard and Gilvear 1996). 

 

 The structure of macrobenthic community in six first- through fourth-order streams in 

northern France were analyzed by Beisel et al (1998, 2000).  Indices of the distribution of 
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individuals among taxa (evenness, richness, and other factors) were related to seven 

environmental variables using multivariate analysis. Substrate type not stream order or flow, 

emerged as being of primary importance in community structure, with current velocity and 

water-depth being major secondary factors.  Trends were closely related to the spatial 

distribution of habitats.  Invertebrate species richness increased with habitat heterogeneity, and 

total abundance increased with potential food availability. 

 

 In summary, distributions and occurrences of the invertebrates are determined by 

physical structure (microtypography, water flow), distribution of food supplies, biological 

interactions, and age effects (Cummins et al 1984; Ward and Palmer 1994; Beisel et al 1998).  

Physical environmental affects and constraints have an influence (Rabini and Minshall 1977; 

Brussock and Brown 1991), as do hydraulic conditions (Quinn and Hickey 1990).  Of particular 

importance are kinds of substrate, particularly stone verses sediment and vegetation.  A study of 

species replacement patterns of 52 species of mollusks based on 272 stations showed the 

existence of nine "malacotypes" (Bravard and Gilvear 1996). 

 

 Few studies, however, have properly quantified invertebrate community structure in 

terms of habitat characteristics - see Sagova and Adams (1983), Beisel et al (1998).  Many 

invertebrates operate at a fine microhabitat level.  Some groups like Ephemeroptera are linked to 

specific substrates.  Knowledge of habitat distributions links in streams, thus remains rather 

generalized. 

 

8.7.3 Drift organisms as a food of stream fishes 

 

Drift organisms, a relatively insignificant resource in lakes are, by contrast, often a major 

feature (Waters 1965; Brittain and Eikeland 1988; Tyler 1993) of stream fish diets.  Patterns of 

concentration of drift organisms vary with flow velocity, turbulence, and channel depth 

(Lancaster et al 1994).  Fish must adjust to this (Young et al 1997).  Trout and salmon are a 

major user of drift organisms (Elliott 1973, 1975; Allan 1978, 1982; Lillehammer and Saltveit 

1980). 
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 Drift occurrence in streams has been labelled as behavioural, active, distributional and 

constant, and catastrophic, depending on whether their presence in the drift is deliberate (for 

example, associated with diel of seasonal substrate change), and are predictably members of the 

stream assemblage, or there by chance.  There is, hence, both pulsing and unpredictable peaking. 

 

 The downstream transport of organisms, a basic feature of many invertebrates, has long 

interested invertebrate biologists (Needham 1928).  Muller (1954) recognized it as a significant 

feature in zoobenthic density.  He suggested that it has a population regulation function. Waters 

(1965) found drift to have a distinct diel regularity.  In the North Temperate zone drift increases 

during the night, especially just after sunset and just before sunrise. 

 

The most comprehensive review of the biology of drift organisms is that of Brittain and 

Eikeland (1988).  Most stream invertebrates have a drift phase related variously to time of day, 

season, or life history stage.  The drift community is fairly defined and predictable (Bournaud et 

al 1983) but drift organisms may be there for different reasons.  Drift distance is a function of the 

species, light intensity, current velocity, substrate, season, and presence of pools (Elliott 1971).  

Under conditions of low current velocities, Townsend (1976, 1994) found that 85% of 

invertebrates originated less than 2 m upstream.  However, drifts of several hundred metres at 

low velocities have been described, presumable relative to obtaining improved substrates.  Major 

displacement may occur after severe storms.  In the zooplankton, size seems to be a major factor 

influencing drift distances (Ward 1975).  Settling capacities of different species vary 

considerably. 

 

 Much of the timing of entry of invertebrates into the drift is under photoperiodic control.  

Major predators of drift organisms, besides fish include net-spinning caddisflies.  Time of 

occurrence in the drift varies with the group.  Chironomids show little diel variation.  Some 

species have a maximum drift when light intensity peaks, others drift at night.  Species differ in 

their diurnal rhythms.  Aquatic Coleoptera may drift at any time.  Ephemeroptera, Plecoptera, 

simuliids and Gammarus have their maximum drift at night, as do most Trichoptera.  Some 

organisms have two peaks of occurrence in the drift. 
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 The organisms of greatest numerical importance in the drift of swift-flowing temperate 

streams are Ephemeroptera, simuliid Diptera, Trichoptera and Plecoptera, chironomids, and 

amphipods (Gammarus).  Zooplankton are, at times, important (Brittain and Eikeland 1988).  

Dixids, aquatic Coleoptera, and Hydracarina may be prominant.  Mollusks and Hirudinea, 

occasionally occur.  The pupae and pre-emergent adult insects, and invertebrate eggs are present.  

A study by Pearson and Kramer (1972) showed that for a caddis fly, Oligophlebodes sigma 26% 

of adults taken in drift samples were emerging, 40% were mature adults returning to drink, and 

34% spent females.  The number of animals constituting the drift varies widely seasonally, from 

stream to stream, and with hour of day.  Abundances of organisms in the drift vary from day to 

day. 

 

 Diel availability of drift organisms dictates much of the feeding times of the fishes of 

streams that would crop this resource.  Documentary of drift organism biology provide a good 

understnading of the nature of factors controlling fish feeding. 

 

8.7.4 The sustainability of the prey resource base 

 

 A potential challenging to stream fishes with a reduced major taxonomic prey types 

diversity is the need for summer-long food.  Seasonal invertebrates have seasonal cycles which 

mean there are periods of non-availability.  In the lake fishes discussed in Chapter 4 the problem 

was minimized by switching resources.  How is the problem handled by stream fishes? 

 

 Different species within genera and families are available at different times.  In  

chironomid and Ephemeroptera genera varying seasonalities and life histories ensure this.  

Bivoltine species, producing crops of young twice in summer are common.  No comprehensive 

study of seasonal abundances of chironomid larvae species has been made.  Such data is, 

however, available for Ephemeroptera species in Ontario streams (Coleman and Hynes 1970; 

Noel and Hynes, personal communication). 

 

 In the Medway (see later) and associated creeks, 12 Ephemeroptera species in 5 genera 

occur (Coleman and Hynes 1970). Batis vagan and Boherodes produce crops of small-bodied 
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individuals, important to the small-gaped Etheostoma, twice in a summer.  Flying adults of the 

latter occurred in late April and late July.  Of the species common in drift and in fish diets the 

flight period of the abundant Leptophlebia cupida was from the end of April until mid-June and 

for Paroleptophlebia mollis it was from mid-May to mid-August (Coleman and Hynes 1970).  

Ephemerella excrucians could be taken as an adult through July and August, whilst Stenomema 

sp appeared in mid-July. In Leptophlebia cupida with an "average" life history, hatching 

extended from mid July until mid-September: with body growth being rapid from mid-

September to January.  Full size was reached in mid-February, with most emergence in May. 

 

The nymphs of the different ephemeropterans were found by Coleman and Hynes also to 

vary in growth rates.  In the slower species the available of the small-bodied individuals needed 

by the smaller fish species obviously persisted longer, important to fish harvesting this resource. 

 

 The inference is that although the resource base in streams may be less diverse in major 

prey is taxonic categories some indeed reasonably abundant all summer. 

 

8.8 Previous studies on the diets of stream fishes 

 

 A few studies in the feeding and diets of streams fishes, with simultaneous attention to 

the resource base have been made (Hartley 1948; Starrett 1950; Mendelson 1975; Schlosser and 

Tooth 1984; McNeely 1987; Gray et al 1997). 

 

 In a study of feeding in 8 species along the Iowa River, with extensive sections of gravel 

and sand-silt bottom, Starrett (1950) found that terrestrial and emerging insects formed a basic 

food source.  Two fish species proved to be insectivorous: others were partly so.  The insect 

eaters took the larvae of Diptera, Ephemeroptera, and Trichoptera.  Drift organisms eaten 

included representatives of 19 families.  Both generalist and specialist feeders occurred with the 

former taking whatever was the abundant at the time, and readily switching with availability.  

Zooplankton were unavailable and were hence not used.  Fish occurred sparingly in the diets of 

three species.  Four species fed almost exclusively on bottom ooze which was composed largely 

of diatoms.  Phytoplankton was of negligible importance. 
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 In Roxbury Creek, southern Wisconsin, Mendelson (1975) considered the feeding of four 

species of Notropis.  The prey resource base consisted mainly of chironomid larvae, Trichoptera 

larvae, and oligochaetes.  Ephemeroptera were not a feature.  There was a significant correlation 

between what was eaten and availability.  All four species took a wide range of prey types.  N. 

atherinioides was diet specialist subsisting on larval chironomids, copepods, and terrestrial 

insects.  N. spilopterus was a diet generalist.  It took Orthoptera, chironomids, terrestrial insects, 

Gammarus, and some oligochaetes. 

 

 In an eastern Kentucky stream Horwitz (1978) found that a few prey types featured 

disproportionately in the feeding.  There were differences in diet breadth.  Etheostoma flabellare 

subsisted on chironomids and Ephemeroptera.  E. sagittata ate these, plus Plecoptera.  E. 

caeruleum ate Ephemeroptera and chironomids.  E. nigraum had a more diverse diet of 

Ephemeroptera nymphs, chironomids, Plecoptera, copepods but it also took some Trichoptera, 

odonates and Hydracarinae.  The cyprinid creek chub Semotilus atromaculata had a very 

diversified diet. 

 

 Contrasting with the previous consumption patterns Ozark stream fishes were found by 

McNeely (1987) to be relatively omnivorous.  Most species took multiple types in differing 

percentages.  Of the 7 cyprinids present three were carnivores, three herbivores, and one an 

omnivore.  In the herbivorous stone roller (Campostoma anomalum) detritus made up over 38% 

of the diet; non filamentous algae, 19; filamentous algae, 8; and invertebrates (which included 22 

categories) only 6% of the diet.  In its mouth and dentition the stone roller is a highly specialist 

herbivore.  Within both the herbivores and insectivores the species varied in proportions of 

different prey types eaten.  In Notropis nubilus percentages of different foods in the stomach 

here:  non-filamentous algae, 26; detritus, 21; and filamentous algae, 8.  In N. pilsbryi, vascular 

plant parts accounted for 15%; filamentous algae, 14; beetle larvae (Psephenus), 12; detritus, 7; 

snails, 6; and non-filamentus algae, 5.  In N. rubellus, almost entirely carnivorous, percentages of 

items in the diet are: non-aquatic insects, or aerial stages of aquatic insects, 61; ants, 24; adult 

flies, 8; adult beetles, 7; and adult trichopterans, 6.  Nocomis asper stomachs contained 95% 

animal materials.  Of these, 43 were of the snail Goniobasis; 18, Trichoptera larvae; 11, crayfish; 
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4, Psephenus; and 3% chironomids.  The creek chub Semotilus atricapillus diet consisted of the 

mollusk Goniobasis, 16%; adult beetles, 15; adult flies, 14; and ants, 9. 

 

 The previous feeding data (admittedly incomplete and sparse) is reproduced because it 

gives an initial picture of stream fish diets, and given the resources available, how they are 

divided out within the species.  It also gives some initial impression of how diet overlap occurs.  

A few basic prey types are pre-eminent.  The diets are structured in the absence of some 

dominant lake prey types (for example, Cladocera).   

 

 By contrast, there is a disproportionate importance of chironomids, Trichoptera, 

Ephemeroptera, drift organisms, and the insignificance of Cladocera as a food resource.  Diet 

generalists and specialists co-occur.  An importance of detritivory in stream fishes is identified. 

 

8.9 Ontario studies contrasting stream types, faunas and diets 

 

 In the absence of data on diets in contrasting stream types and of successive associations 

along individual streams, comparative data were developed for four contrasting Ontario stream 

systems (Keast 1966, 1996; Payson 1982, and subsequent work; Bankey 1979; Keast and Fox 

1992; Fox and Keast 1992).  (The Medway and Shelter Creek diet data have unfortunately not 

yet been subject to peer review or published.)  See locations of sites in map at beginning of the 

book.  Studies extended over 2-year periods with subsequent additional supplementation. For 

simplified presentation here, data from different years are integrated. 

 

 The streams and their features were: 

(1) Medway Creek, near London, Ontario is over 40 km long, diversified, highland initiated, 

with highland and lowland sections considered relatively pristine, and much habitat diversity 

along the length.  Habitats included shallow entrant post-melt depressions; ponds of increasing 

size; gravel riffles, and near the mouth, wider expanses.  There were extensive continuously 

flowing sections.  There was marked longitudinal fish species replacement and a rich fauna of 32 

species. 
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(2) Jones Creek, a sluggish, lowland, silted, heavily vegetated, partly ponded stream with 

narrow connecting sections, partly agricultural, enters St. Lawrence River near Brockville, 

Ontario.  It has a high biomass of 12 species of small bodied fishes with some large breeding 

individuals.  

 

(3) Shelter Valley Creek, an unproductive, 10 km long plateau edge stream has gravel and 

clay substratum, but little macrophyte development.  It has been designated a "potential trout 

stream" category by Ontario Natural Resources because of having cooler flow.  It enters Lake 

Ontario near Bellevue, Ontario.  Seven species are present, including the introduced rainbow 

trout. 

 

(4) Lower Poole Creek is very small, gains identity from shallow, very homogenous, beaver 

ponds; has a potentially stressed environment (in some years) with winter ice cover, and late 

summer warming; and eventually enters Lake Opinicon.  Five very small bodied fish species are 

present with high biomasses.  (Fish diets of the ponds are also referred to in Chapter 7). 

 

 Studies focussed on the fish assemblages, resources bases, species diets and seasonal 

factors in five segments and habitats along 30 km of the stream's length. 

 

 The  four creek studies followed our standardized study and sampling methods 

(see details of methods in Appendix).  Fish were sampled and quantified by enclosed 

seine netting by blocking off sections (for example, at entrance and exit of ponds), and 

electrofishing.  The latter was particularly important in gravelly substrate like Shelter 

Valley Creek.  Studies were conducted over 2-2 ½ week periods in late May (spring), late 

July (summer), and early September (autumn).  Samplings were made towards the end of 

optimal feeding times to the extent that this could be determined.  Invertebrates were 

sampled by (i) modified Ekman dredge for the zoobenthos;  (ii) gravel-boulder lifting, 

washing, and counting as appropriate;  (iii) Surber device for sampling drift organisms;  

and (iv) Schindler zooplankton trap for zooplankton - see Appendix 8.1.  The Ekman is 

appropriate for the normal substratum (sand, silt) but was of limited accuracy in fine 

gravel areas.  Results for Ekman, gravel-boulder sampling, the surber, and zooplankton 
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trap are mutually exclusive and were treated independently. The objectives were to 

document the invertebrate fauna at each site, including biomasses and abundances in a 

proportionate framework, and to quantify sizes of the groups relative to fish feeding.  As 

appropriate, the invertebrate data is superimposed on the fish feeding. 

 

8.10 Features of the Ontario stream systems, the Medway Creek system: contrasting 

habitat, fish faunas and diets 

 

8.10.1 Medway Creek 

 

 A series of sections at five sites were studied along 40 km of the creek (Peyson 1982 and 

subsequent work).  There was much fish species replacement between sites (Fig. 8.1).  The fauna 

was made up of small-bodied fishes (fig. 8.2).  The five sites studied were located:  (i) 

headwaters;  (ii) 10 km downstream;  and subsequent sites at (iii) 15 km;  (iv) 9 km;  and  (v) 4.5 

km, the last converging towards the Thames River. 

 

Site 1. This site had temporary post snow-melt ponds, isolated in July and reduced by autumn to 

a few small shrunken ponds.  May water depth was 0.2-0.5m, level terrain with gradient 1.7 

m/km; flow averaging 0.4 m/sec.  There was an abundance of detrital material following 

flooding.  Chironomids were significantly higher than at downstream sites (Fig. 8.4).  Hylallela 

azteca prominent; Ephemeroptera and odonate nymphs, and Trichoptera larvae were uncommon.  

No drift insects were present. Six fish species were present, redbelly dace and brook stickleback 

were very common (more than 100 individuals/100 m2 (Fig. 8.1). 

 

Site 2. This site consisted of small, expanded, permanent ponds (depth 0.4 - 1.0 m), with an 

overall depth to 0.14-0.8 m, and area up to 3.0 m. The May-June flow rate was 0.6 + 0.8/sec with 

a gradient of 0.7 m/km.  Bottom was comprised of silt with some macrophytes.  The site is 

isolated after July.  Some mollusks and Coleoptera were present in fauna, no drift insects, no 

zooplankton.  Seventeen fish species were present, with five "common" species (10-99 

individuals/100 m2); five at densities of 1.0-9.9/100 m2; and two rare (Fig. 8.1). 
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Site 3. This site had larger permanent ponds plus extensive riffle beds with rubble and rock 

substrate.  The latter supported a series of darter species located on plateau slope with gradient of 

2.7 m/km, May and June flow rates 0.45+ 0.22 m/sec, with some ponds occurring all summer.   

 

The prey resource base was more diversified with chironomids, Trichoptera larvae, 

Ephemeroptera nymphs, Coleoptera.  Mollusks, amphipods and odonates were rare (Fig. 8.5).  

Gravel fauna were added.  Drift insects were a feature. 13 fish species were present, one very 

common, four common, seven uncommon, one less than 0.1 individuals/100 m2. 

 

Sites 4 and 5.  These sites had ponds of increasing size (Site 4, width, 10-20 m, depths 0.5-2.5 

m), but still shallow.  Site 5 had stretches of ponding.  Site 4 had riffles with rock bottom in 

addition to ponds of softer material.  June flow rates were 0.34 + 0.18, and 0.31 - 0.18 m/sec.  

The same range of prey types were available to fish as from upstream sites, but in different 

abundances.  At these sites, no odonate nymphs or amphipods; mollusks were very rare.  

Cladocera were insignificant and limited to some peripheral still ponds.  Drift insects were 

abundant.  Gravel fauna were present.  Eleven fish species were present at site 4, fifteen species 

were present at site 5. With more area (open water) and no more habitat diversity, most species 

occurred at densities below 0.1 individuals/100 m2 (Figs. 8.1, 8.3). 

 

8.10.2 The fish species fauna of the Medway Creek 

 

 The total number of fish species regularly occurring in the Medway was 35 but much 

species replacement along the length of the stream kept the number of co-occurring species at 

any site down to 8-12 species. 

 

 As is characteristic of small streams cyprinid species made up the highest percentage 

(42), followed Percidae 23, including 6 species of etheostomine darters; Centrarchidae, 13; 

Catostomidae, 8.  There were single species (3% each) of sticklebacks, ictalurid catfish, 

mudminnow, and pike.  Two of the catostomids and the northern pike were represented only by 

rare individuals at the furthest downstream sites. 
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 Species distributions as a whole followed the characteristic bell-shaped curve (see 

Matthews 1994) for freshwater fish in ponds, with a few common species and a very attenuated 

tail of rare species. 

 

 Small-bodied species, or the youngest age classes of species, made up the fauna (Fig. 

8.2), as is characteristic.  Bluntnose minnow, fathead minnow, redbelly dace, brook stickleback, 

hornyhead chub, and the darters, were all in the 20-60 mm length category.  In the pumpkinseed 

and longear sunfish there were rare individuals of 80-110 mm in the larger ponds, which made 

up the breeding stock, but individuals of 20-60 mm made up the bulk of the population.  In these 

species virtual absence of Year 0-1 at the beginning of the year suggested poor over-wintering 

survival of the smaller fish, with annual regeneration of the population in spring by reproduction. 

In the highly successful and widely distributed common shiner and creek chub, there was a 

concentration of mid- to large-sized individuals towards the headwaters at the beginning of the 

year, with some subsequent withdrawal downstream. 

 

 Species replacement was marked (Fig. 8.1).  Between Sites 1 and 2, ignoring rarities that 

displaced individuals, only 29% of species were shared (33% if rarities are included).  At Sites 2 

and 3 sharing was 36% (56); at Sites 3 and 4 it was 65 (65) ; at sites 4 and 5, 80% (90).  Between 

Sites 1 and 3 only 35% (25) were shared, and between Sites 1 and 5, 20% (17).  This was, thus, a 

relatively high species replacement (with habitat) rate.  Only 2% of species occurred at all five 

sites, 19% at four, 19% at three, 39% at two, and 21% at only a single site. 

 

 The pattern of increase in numbers of species downstream, described by some (but not all 

authors) was not shown in the few sites studied.  Site 2 had greater habitat diversity.  The 

occurrences of the various species upstream-downstream (Figs. 8.1, 8.3) shows distinctive 

headwaters and downstream species, with others occurring more generally. 

 

8.10.3 Habitat occurrence and seasonal movements, Medway 

 

 Individual species related to specific sites, in occurrence and seasonally.  At Site 1, creek 

chub were present all year and were prominent following breeding in July.  Sticklebacks (Culaea 
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inconstans) were present all year; common shiner (Notropis cornutus); bluntnose and fathead 

minnows (P. promelas) in May and July; brassy minnows (Hybognathus hankinsoni) only in 

May.  The site supported seven species in May following early spring upstream movement into 

this newly flooded space.  With late flow summer shrinking and withdrawing downstream there 

were only five (creek chub, common shiner, brook stickleback, face, and fathead minnow).  By 

September, the brook stickleback and redbellied dace persisted.  Site 1 was very attractive to 

fishes in spring with colonization.  Red-belly dace and brook stickleback were very abundant, 

other species being common shiner, fathead minnow, and creek chub. 

 

 

 In Site 2 the longear sunfish was represented by a few mature breeders in May, high 

populations of young-of-year in July and September.  Centrarchids, absent from the uppermost 

regions, were prominent at Sites 2, 4, and 5, particularly following reproduction in July.  Riffle 

areas were avoided.   Rarity in May and greater numbers later also characterized the white sucker 

(Catostomus commersoni), Johnny darter (Etheostoma nigrum), hornyhead chub (Nocomis 

biguttatus), Blacknose shiner (Notropis heterolepis) were netted commonly in May than June, 

and were absent in September.  Yellow perch (Perca flavescens), brown bullhead (Ictalurus 

nebulosus), mudminnow (Umbra limi) and green sunfish (Lepomis cyanellus) occurred rarely.  

Stickleback and dace were represented by only a few individuals: presumably displaced fish 

from further up stream or marginal weeded peripheral areas. 

 

 The riffle areas (Sites 3 and 4) were the major habitat of rainbow (Etheostoma 

caeruleum), fantail (E. flabellare), blacksided (Percina maculata), and greenside darters 

(Etheostoma blenniodes).  The blacksided darter, a rare species, was netted only in May and 

July, the equally rare greenside darter only in May.  They never made up a significant amount of 

the biomass.  The white sucker was taken in June; as an early spawner the occurrence might have 

had a reproductive basis.  Three species of fish central stoneroller, spotfin shiner (Notropis 

spilopterus), and golden redhorse sucker (Moxostoma erythrurum) were only taken at Site 5, and 

smallmouth bass (Micropterus dolomieui) and northern hogsucker (Hypentelium nigricans) at 

Sites 4 and 5. 
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 Breeding in the fish occurred at all sites but was unevenly distributed.  Numbers of 

breeding species at sites 1-5 were, respectively:  2, 7, 3, 5, and 7.  The impact of larval fish on 

the sites' resource base thus varied. 

 

8.10.4 The impact of Medway stream on the resource bases, resource division, relative to 

individual diets 

 

 Relative to space and resource use, the Medway thus proves to be a complex and 

dynamic system.  Species respond as groups to site characteristics and species differ in habitat 

and time dimensions.  The faunas is highly biased to small-bodied individuals and, hence to 

associated resource cropping of small organisms (in contrast with lakes where there are also 

large individuals).  There is a seasonal factor, including availability of prey types.  But the most 

confusing factor of the system is the great number of the component associations of fish species 

and their biomasses. 

 

 Any interpretative of diets and impacts on the prey resource base must take their 

variables into account. 

 

8.11 The Jones Creek fauna 

 

 Jones creek passes through agricultural land that is anthropogenically modified.  The 

bottom is largely of silt, expanded sections have depths of 1.0-3.0 m (Keast 1966, 1996) there is 

temporary significant water movement in April-May following snow-melt and little after.  The 

nutrient load is high Jones Creek thus is strongly contrasting to Medway Creek.  The type is 

characteristic of lowland agricultural areas. 

 

 A rich and diverse prey resource base has Cladocera, Ostracoda, Amphipoda, Isopoda, 

Diptera (mainly chironomid) larvae and pupae, abundant Ephemeroptera nymphs, and 

gastropods, copepods, Trichoptera, Zygoptera, oligochaetes, lamellibranchs, and Hydracarina 

being well represented for full details on fauna and feeding (Keast 1966, 1996).  Filamentous 

algae and detrital material were abundant. 
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 All 12 co-occurring fish species (represented by 7 families, with five of the species 

cyprinids) were relatively common.  There were no "rare" species as in the Medway.  Grouping 

data from the different ponds studied provided average abundance and biomass figures for mid-

summer (July) of 256 individuals and 486 g per 100 m2.  Those for individual species were:  

stickleback, 147 and 81 g; white sucker, 25 and 206 g; mud minnow, 15 and 60 g; brown 

bullhead 31 and 19 g; creek chub, 16 and 83 g; redbelly and finescale dace, 14 and 21 g; fathead 

minnow, 3 and 7; and common shiner, 5 and 9.  These figures are amongst the highest obtained 

for any Ontario creek system (Keast and Fox 1990). 

 

8.12 Shelter Valley stream 

 

 This is a 5-10 km long, short, cool-water, swift-running, unproductive stream with 

minimal macrophyte development (partly due to the continuing flow).  It initiates on a low 

plateau and produces cool water before entering Lake Ontario. 

 

 Two expanded sections were sampled 7.2 and 0.6 km upstream from the mouth, mean 

depths 1.0 and 1.2 m, the upper site characterized by running water and both with substrates of 

rocks, gravel, and clay, with clay and seasonal scouring of latter being a feature. 

 

 Chironomid larvae, Ephemeroptera nymphs, and trichopteran larvae were found by 

Bankey to be the major prey resource groups.  Chironomids maintained relatively stable number 

trhoughout the summer, Ephemeroptera had a numerical peak in July, whilst trichopteran larvae 

increased from mid-summer to a peak in autumn. 

 

 Catches of drift insects by surber sampling over 2-week periods of Ephemeroptera, 

Trichoptera, chironomid pupae, and non-chironomid Diptera for two sites in may averaged 1.6 

and 0.2 individuals - m3 an hour and for Ephemeroptera and Trichoptera 4.3 and 1.6.  Drift 

catches in September were of Ephemeroptera and Trichoptera.  At the time of the original diet 

study by Bankey (1979, data supplemented) only five fish species occurred although there had 

been an intermittent occurring of 3-4 others.  Over a 9 year study, numbers of species varied 
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widely (38-119), as did weights of fish (2.71 to 21.5 g/m2).  Numbers of fantail darter varied by 4 

times, long-nose dace, 8 times, and mottled sculpin, 3 times.  Such variations have been found to 

be typical of depauperate or environmentally variable systems (Holčik 1996). 

 

 Numbers (average/m2) for the two-year study were fantail darter, 0.09; Johnny darter, 

0.28; longnose dace, 0.19; mottled sculpin, 0.08; and rainbow trout, 0.03.  Biomasses averaged 

fantail darter, 0.14; Johnny darter, 0.27; longnose dace, 0.14; mottled sculpin, 0.42; and rainbow 

trout, 1.16.  Most species were in the 30-80 mm length (longnose dace up to 120 mm).  The 

introduced rainbow trout (Salmo gairdneri) reached 170 mm. 

 

8.13 Lower Poole Creek 

 

 This very small 3 km long creek consists of a narrow channel that in low areas has been 

dammed by beaver to give it expanded fish species rich empoundments of depth (0.5 to 2.0 m) 

sections (the latter in the central channel and behind the beaver dam) (Keast and Fox 1992; Fox 

and Keast 1992).  The substratum is largely muddy to sand and there is a continuing species-rich 

flora of low macrophytes, with cattail fringes.  The fauna is potentially stressed in winter by ice 

cover and in late summer by warming. 

 

 The ponds have typical characteristics of beaver ponds, including high nitrogen levels 

resulting from the settling of sediment behind the dam (Naiman and Melillo 1984;  Francis et al 

1985;  Naiman et al 1986;  Snodgrass and Meffe 1998).  The creeks are low gradient with 

sluggish water. 

 

 Despite the structural homogeneity of the pond, individual species were not uniformly 

distributed. A microhabitat factor in fish occurrence was operative (Keast and Fox 1990).   

 

 There is a diversity resource base, inlcuding high populations of chironomid larvae, 

Coleoptera, Ephemeroptera nymphs, gastropods, Zygoptera and Anisoptera nymphs, 

Hydracarina, some ostracods, plus the cladocerans Chydorus sphaericus and Eurycercus sp. 

(Keast and Fox 1990; Fox and Keast 1990).  There was abundant detrital and algal material.  
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Mollusks and odonate nymphs, though available, were mostly too large and, the Coleoptera too 

hard-bodied, for the small-bodied fish to eat.  They remained uncropped.  Ephemeroptera 

nymphs utilized only by pumpkinseed. 

 

 The fish fauna of Poole Creek consisted of cyprinids, a killifish, the pumpkinseed, brown 

bullhead, a gasterosteid, and an umbrid.  The largest species, the pumpkinseed, was represented 

by individuals of only 40-90 mm with rare individuals reaching 120 mm.  The restriction of the 

community to small-bodied fish is characteristic of small creeks and beaver ponds in eastern 

Ontario. 

 

Biomasses and numbers of fish/100 m2 of area for the study sites were very high 

reflecting the high productivity.  In May they averaged 195 g (343 individuals) and 970 g (1527 

individuals) in July-August, following annual reproduction.  In order of abundance the blackchin 

shiner averaged 62 g and 157 individuals in May and 192 g and 1198 individuals in August; 

killifish 26 g and 55 and 57 g and 69; redbelly dace 22 g, and 46 and 112 g and 136 individuals 

(see above papers).  For pumpkinseed it was 72 g and 81 individuals in May, and 192 g and 72 in 

July-August.  Iowa darter, brook stickleback, fat head minnow were less abundant.  Number of 

fish species, 7, all very small-bodied.   

 

Beaver ponds as ecosystems have received little study.  The published papers focus on 

species composition, not diet.  In Missouri Hanson and Campbell (1963) found beaver ponds to 

have greater fish species richness than equivalent pool habitats.  In 31 South Carolina ponds 

(Snodgrass and Meff 1998) found a relationship between pond age and type and fish faunal 

richness.  In headwater impoundments they found that species richness per pond increased to a 

high in ponds 9-17 years of age, then decreased.  Further downstream species richness showed 

little change with pond age.  Assemblage age structure was related to history, whether a pond 

was unimpounded, impounded, or had been previously impounded and with diversity of physical 

habitats available.  Species turnover was high.  In large ponds there was a longterm shift from 

lotic to lentic species: small-bodied species were replaced by larger predators as ponds aged.  

Three fish species were beaver pond specialists, being found only in impounded, or previously 

impounded, ponds. 
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8.14 Diets in the contrasting systems: Medway Creek fish  

 

 The invertebrate fauna of the Medway is characteristic of that of creeks with a good 

water flow (Hynes 1970; Andrews 1972).  As in all creeks, diversity is limited (Appendix 8.1).  

Drift organisms were available, Cladocera largely absent, and mollusks rare.  Chironomids, 

Trichoptera, and Ephemeroptera were important. 

 

 The fauna was composed almost entirely of small-bodied fishes (Fig. 8.2).  There was a 

great disparity in individual species abundances and biomasses (Fig. 8.3) and this applied 

seasonally and year-round (Payson 1982). 

 

8.14.1 Medway diets, the five sites (May, July, September) 

 

Site 1 (Fig. 8.4).  Of the seven small-bodies fish species present in May three (stickleback, young 

redbelly dace, year 1 common shiner) were specialist chironomid larvae eaters, and the creek 

chub was a generalist insect-eater, taking nine prey types (Payson 1982).  The larger common 

shiner was an omnivore eating both insect and plant material.  Dendritivory/algivory was 

dominant food of three species (bluntnose minnow, fathead minnow, brassy minnow, plus larger 

redbelly dace.   

 

In July the same feeding pattern applied with changed proportions.  The insectivorous 

diets of the larger common shiner and creek chub were diversified.  The two remaining species at 

the site in September were a detritus feeder (dace) whilst the stickleback was a generalized 

insect-eater, taking eight prey types.  Here (as in subsequent sites) there was a good correlation 

between insect availability and consumption (Appendix 8.1, Fig. 8.4). 

 

 The detritivorous - algivores took small numbers of chironomids in spring.  This is 

presumably a response for animal protein after winter starvation (Keast 1966). 
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Site 2. In May creek chub, blacknose shiner, and common shiner were generalist insectivores, 

the least darter a chironomid specialist, and bluntnose minnow and fathead minnow algivore - 

detritivores.   

 

Payson found by July, feeding of the species had consolidated into six chironomid 

specialists, four herbivore specialists, one insect specialist (creek chub), and two that supplement 

herbivory with some insect feeding.  Chironomid larvae were again by far the commonest 

resource in the zoobenthos.   

 

The September feeding reiterated these divisions.  Six species were detritivore/diatom 

eaters (bluntnose minnow, fathead minnow, hornyhead chub, common shiner (all ages), and 

white sucker.  The Johnny darter and stickleback were near-exclusive chironomid eaters.  Least 

darter and year 0 pumpkinseed were zooplanktivorous.  Creek chub, Year I pumpkinseed, and 

carp were generalist insect-eaters. 

 

Site 3 (Fig. 8.5).  A comparable range of diet patterns occurred at Site 3.  In May, four darters 

and Year 0 hornyhead chub were specialist chironomid feeders. Years 0 and I common shiner ate 

both chironomids and filamentous algae.  The rock bass and creek chub were diversified insect 

eaters.  The bluntnose minnow and larger common shiner were herbivorous.   

 

July cropping patterns were equivalent with five categories being chironomid specialists, 

two insect generalists and three herbivories.  As at Site 1, a much wider range of food types were 

eaten in September, the darters being insect generalists and six species taking both insect and 

algae and detritus.   

 

Sites 4 and 5. Insect-eating fish dominated in this mid-length site in all seasons (Payson 1982).  

The only detritivores/algivores were the adaptable bluntnose minnow and common shiner.  The 

rock-scraping central stoneroller joined the herbivore assemblage. 
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 Chironomid larvae continued to be the major insect prey of the darters, the northern 

hogsucker, roseface and small common shiners the latter took taking mainly adults from the 

water surface rather than larvae from the bottom.  Three species took some larval fish. 

 

Site 5 (Fig. 8.6).  Chironomid specialists were Johnny darter (May), three darter species and 

Year 0 rock bass in July.  The category was absent in September.  In May, there were four insect 

generalists, July 6, and 7 in September.  In September, the stoneroller was the only herbivore.  

For the first time a Cladocera specialist (golden redhorse sucker) occurred.  Insectivores made up 

50% of species compared to 20% at the headwaters site.  The reverse applied to the detritivores 

that were dominant in the headwaters.  The etheostomine darters as a group included both 

chironomid specialists (most species) and more diversified insect feeders (Payson). 

 

8.14.2 Dietary changes along the length of the Medway, widespread and plastic species 

 

 The diets of these Medway Creek fishes were similar to those documented for lakes 

(Chapters 4, 7).  Differences include the prominence of detritivore herbivory and use of drift 

sinects, and absence of zooplanktivory.  Detritory was prominent in the upper section along with 

chironomid feeding.  There was a shift away from detritivory to a dominance of insectivory 

downstream.  Trichoptera were downstream diet feature.  However, only hornyhead chub and 

fantail darter utilized them significantly.  Mollusks and Cladocera were little utilized in accord 

with the near-absence of these resources.  Omnivory was minor, and limited mainly to common 

shiner.  In Ozark streams, omnivory was, however, a prominent category (McNeely 1987).  The 

increase in insectivorous fish downstream described for Oklahoma and West Virginia streams 

(Matthews 1998) is supported.  Small body size restricted the fish to small organisms and 

numbers eaten at any time by the individuals. 

 

 Few fish species occurred throughout the stream.  Hence, for me, a chance to explore the 

extent that diets changed with site was limited.  In the most widespread and successful common 

shiner, drift insects were singly the most important prey item at Site 1; organic debris at Site 2; 

chironomid larvae and pupae at Site 3; and Diptera adults and organic debris at Sites 4 and 5 

(Figs. 8.4, 8.5, 8.6).  The least darter at Site 2 ate mainly copepods and Cladocera; at Site 3, with 
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gravel riffles it was chironomid larvae, Ephemeroptera, and Zygoptera nymphs.  The blackside 

darter at site 2 utilized copepods, chironomid larvae, and Ephemeroptera nymphs in that order.  

At Site 3 Ephemeroptera nymphs were the dominant item eaten.  By contrast, the Johnny darter 

was a chironomid larva specialist everywhere.  There was consistent harvesting of those diet 

categories but with some differences in species present.  Some changing in category occurred.  

September diets were more generalized. 

 

8.14.3 Diet overlap levels in Medway fishes 

 

 As would be predicted with the resource base limited and, because of small body size, all 

fish having to take small prey, diet overlap in the Medway Creek fishes was marked.  For the 

insectivorous species (avoiding the detritivorous ones) overlap ranged for 0.45 to 0.80 (on the 

scale of 0-1).  For Shelter Valley Creek fishes (see Bankey 1979) diet overlaps were equally 

marked, 0.4-0.9.  This compared with the Opinicon pairs (able to utilize a diversified prey 

resource base) of from almost nil to 0.70 (Keast 1978b).  Most figures were in the "median" 

range (0.4-0.6), and for one series of 20 pairs, two-thirds were less than 0.3.  High diet overlap 

levels may, of course, be due to species being attracted to a super-abundant resource of  species 

being forced, in the absence of alternatives, to crop common resources (Chapter 4).  Presumably 

food was not limiting.  Ultimately just how important overlap data is in estimating interspecific 

competition has been debated (Chapter 4). 

 

8.14.4 Morphology as channelling species to different resources 

 

 How important was morphological specialization in ecological separation of species in 

the Medway?  Payson (1982) explored this and found it to be minor.  Mouth widths of the major 

fish were found to be: redbelly dace, 2.0 mm; hornyhead chub, 2.7; bluntnose and fathead 

minnows, 2.7 and 2.5; Johnny and fantail darters, 1.7 and 1.9 mm. The species with the largest 

mouths were:  rock bass Year 1, 5.6; creekchub and greenside darter, 5.3; and longear sunfish, 

4.6.  The longear sunfish and others were represented only by small individuals.  The bottom 

feeding detritivores had small mouths, and the generalist insectivores, as expected, larger 

mouths.  Subterminal mouths adaptation for bottom feeding characterized the brassy minnow, 
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bluntnose and fathead minnows, blacknose shiner and blacknose dace, the three catostomids and 

the greenside darter. The other species had terminal mouths, that is the mouth opened at the most 

forward part of the head.   

 

A long alimentary canal characterize detritivores and herbivores.  This applied in the 

bluntnose and fathead minnows.  Limited between-species morphological differences seemingly 

confounds accepted competition exclusion theory.   

 

8.15 Diets of the Jones Creek fishes  

 

 Diets of most of the species are expressed as pie diagrams in which the "slice" of the pie 

represents % weight of the prey type (as used in Birch Bay data in Chapter 4).  The diet data is 

given monthly from May to October (Fig. 8.7, 8.8).  For comparative invertebrate data see Keast 

(1966, 1996). 

 

(i) Diets in the Jones Creek fishes had many of the basic features of lakes (Chapter 4).  The 

diets contrasted with these of the Medway fishes.  Each species, and age class of species had a 

distinct diet.  Each subsisted on one or more dominant prey type.  Variously, a range of other 

types were important supplementary items. 

 

(ii) Generalist feeding (that is taking a great diversity of prey types) was prominent - see the 

brown bullhead, pumpkinseed, mudminnow, creek chub, common shiner, younger golden shiner.  

In any month such species took 5 to 8 prey types at the 5% biomass level, or above.  An 

additional 5 prey types were commonly taken at the 2-4% level.  The fathead minnow and 

finescale dace were herbivore specialists.  The grass pickerel and largest creek chub were 

piscivores.  The brook stickleback was a chironomid larva specialist. 

 

(iii) Diets of all species varied from month to month mainly in different proportions of a basic 

set of categories. 
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(iv) The number of species taking the specific prey types varied.  As in Opinicon and 

elsewhere chironomid larvae and Cladocera were taken by many species; other species took a 

small numbers.  Some species took a prey type only when young and small - see harvesting of 

decapods by creek chub in late summer and Coleoptera by the smaller common shiner in July.  

Cladocera were a prominent item of diet of a few species (small golden shiner, stickleback, small 

brown bullhead).  Terrestrial insects, picked up at the surface, formed an important seasonal 

component in a couple of species, for example, golden shiner and dace in May.  Pumpkinseed 

never became a significant molluskivore. 

 

(v) Ontogenetic diet shifts are marked between smaller and larger individuals (Year I-II 

compared to Year III and above).  Generally the former had complex diets, with 6-8 (usually 

invertebrate items) to 3-4 in the larger individuals - see transition to partial herbivory in the 

golden shiner and common shiner, and to piscivory in the creek chub. 

 

(vi) When many species extensively used a resource type this commonly, as in Opinicon, 

corresponded with a peak of abundance (diagram in Keast 1996).  Occasionally this did not 

apply.  

 

(vii) Within species age class diets varied often in differing proportions of prey types eaten, as 

in the brown bullhead, pumpkinseed.  Creek chub grew to a larger body size that recorded in the 

Medway, and became piscivores.  Adult golden shiner, were largely filamentous alga feeders. In 

the small common shiner were diet generalists, the larger individuals specialist herbivores. 

 

(viii) The general correlation between body size and prey size applied but it was sometimes 

vague. Brown bullhead fed on disproportionately small prey, as in Opinicon. 

 

(ix) Diet overlaps between species, and age classes, of species were usually in the 0.3-0.4 

range, on scale of less high that in the Medway (and Shelter Valley Creek) systems, where it was 

mostly 0.5-0.8. 
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8.16 Feeding Shelter Valley fish  

 

 The association was made up of small-bodied fish (Table 8.1).  Notable features 

included: 

(1) Diets of the fish were largely limited to chironomids, Trichoptera, and Ephemeroptera 

(Bankey 1979). 

 

(2) Proportions used differed between the species, and seasonally. 

 

(3) The mottled sculpin was a more generalist and opportunist than the other three species.  

The introduced rainbow trout was a generalist. 

 

(4) Ontogenetic diet shifts over the size ranges of fishes studied (35-120 mm) in longnose 

dace, mottle sculpin (30-95 mm) were minimal and limited to minor differences in proportions of 

the limited prey groups; this occurring seemingly without direction.  This observation also 

applied to the rainbow trout, despite its larger size range. 

 

(5) Diet overlaps were high, for example, between fantail darter and sculpin, 0.7-1.0; fantail 

darter on Johnny darter 0.4-0.9.  In the rainbow trout relative to other species, associated with the 

former's more diversified diets, overlaps were high, variable, and reciprocates varied, for 

example, between trout and fantail darter in May, 0.77 and 0.33 (reciprocal); July over 1.00 and 

0.12; and September 0.53 and above 1.00. 

 

 This small season-long flowing, unproductive, mainly gravel substrate stream, with low 

resource diversity and few fish species reflects what might be expected in a stream with such 

characteristics.  The fish community lacked major ecological component fishes (no 

zooplanktivore, detritritivore, and piscivorous species).  were generalists taking a wider range of 

insect types.  The mottled sculpin and introduced rainbow trout.  Diet overlaps were high.  
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8.17 Lower Poole stream fish diets  

 

1. As elsewhere, each species had a definable diet, characterized by a few dominant items 

(Fig. 8.9). 

2. Most species were rather generalist in their diets, taking a variety of organisms.  The 

redbelly dace was largely herbivorous. 

3. Zooplankton (Chydorus sphaericus and Eurycercus sp.) were major prey items, in 

contrast to flowing creek systems. 

4. Chironomid larvae were again a major prey item, figuring importantly in the diet of 5 of 

the 8 species.  They were the most abundant zoobenthic organisms. 

5. Diet overlaps between the species were high, that is commonly in excess of 0.4, on the 

scale of 0 to 1. 

 

8.18 Resource division and diets in stream fishes, a review of the literature 

 

 The four streams represented quite different systems.  The Medway can be thought of as 

a typical diversified stream with a range of habitats and fish species replacement.  Jones Creek is 

sluggish, weed-choked but productive.  Shelter Valley creek is a running system, with sections of 

the bottom scoured, relatively unproductive, and depauperate in both prey organisms, and fish 

species.  Lower Pool stream has shallow, expanded, homogeneous, and vegetation beaver-

generated ponds. 

 

 As a group the four show some common stream characteristics.  Cyprinids, small-bodied 

species and young age classes dominated the faunas. Medway Creek had much upstream-

downstream species succession.  Species clusters were linked to habitat features.  Diets reflect 

the prey diversities available.  

 

 Medway Creek sites had three basic feeding types: (i) detritous alga feeders (especially 

near the headwaters); (ii) chironomid specialists; and (iii) diversified feeders using a range of 

insects.  In the last group, used, drift insects.  Piscivory was absent (the fish are too small-

bodied): zooplanktivory were absent. Small-bodied prey was necessarily used.  Diet overlap 
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between species are necessarily high.  The many uncommon species obviously had only limited 

impact on each other and the prey resource base.  This major factor would have facilitated co-

occurrence of multiple species. 

 

 Impoverished Shelter Valley Creek, along with low fish species density was also an 

equally limited by the resource base.  Chironomids, Trichoptera, and Ephemeroptera nymphs, 

formed the bulk of insect organisms.  Again there were specialists taking mainly one prey type 

(especially chironomids) and others whose diet was more generalized.  Herbivores were absent.  

In Lower Poole Creek, a shallow productive beaver impoundment chironomids (larvae, pupae, 

emerging adults) were again the most important fish food.  However, Cladocera feeding occurred 

here (blackchin shiner), pumpkinseed, brook stickleback.  The killifish was a generalist feeder, 

the redbelly dace is detritivorous, particularly in summer.  Other available organisms 

(Coleoptera, mollusks, Ephemeroptera, ostracods were largely neglected, presumably being too 

large or hard-covered.  

 

 In Jones Creek cropping of 5-7 different prey types were often used. Specialist herbivores 

were prominent (daces, fathead minnow).  There were very generalized insectivores 

(pumpkinseed, mudminnow), chironomid-zooplankton feeder (brook stickleback) ,and specialist 

piscivores (grass pickerel, larger creek chub).  Along with the food diversity and occurrence of 

some larger fish ontogenetic diet shifts are marked in some species. 

 

 The stream fishes throughout showed a good correlation with diets and availability of 

specific diets. 

 

8.19 The feeding of the species darters (Etheostominae) a special stream group with 

many co-occurring species  

 

 Darters, Etheostominae, an endemic North American radiation are exceptional in that:  (i) 

many species (often 5-6) co-occur in a habitat; (ii) they are uniformly small; and (iii) commonly 

have comparable ecologies, mainly using chironomid larvae (also Medway data) - see Wynes 

and Wissing (1982), Gray et al (1997).  They would seem, hence, to confound the ecological 
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exclusion concept.  How do they separate out ecologically; what mechanisms allow co-

occurrence? 

 

 For three darter species in an Ohio stream, Wynes and Wissing (1992) found (i) there 

were few diet differences between the species; (ii) food was selected in the 1-5, 1-6, and 1-9 mm 

size ranges; (iii) diet overlap values were a high 0.41 to 0.75; but dropped to 0.41-0.44 during 

breeding;  (iv) proportions of different prey types in the diet changed in all the species as their 

abundance in the environment changed.  Darter numbers varied seasonally in their riffle habitat.  

Drift organisms did not contribute substantially to the diets of these bottom feeders. 

 

 In a southern Ontario stream with four darter species Paine et al (1982) found two were 

dominant in weedbeds.  One of these cropped prey on and around plants, the second utilized 

benthic organisms.  The two other species were mainly riffle dwellers.  Here one took food from 

rock surfaces, the other from between and beneath the rocks.  The diets were closely related to 

species body morphology.  Habitat utilization was not.  The authors suggested that in the plant 

surface feeding E. microperca the laterally compressed body, long caudal peduncle long pectoral 

fins, and terminal mouth opening anteriorly, were highly fitted for taking active prey such as 

bactid nymphs and Tanytarsus orthoclads.  E. nigrum, by contrast, with a more rounded, less 

manoeuverable body, subterminal mouth with protrusible premaxilla, which permits the upper 

jaw to be extended beyond the lower, was fitted to take "sprawler" chironomid larvae.  

Comparable conclusions of a link between form and function were also suggested for E. 

caeruleum and E. flabellare. 

 

 In a study of two darter species in the Tombigbee River, Mississippi, Miller (1983) made 

18 linear body measurements and calculated of diet diversities, niche overlaps, and competition 

coefficients.  It was found that the two species had similar diets: these corresponded closely to 

those of populations elsewhere.  Both used hydropsychid Trichoptera, simuliids, chironomids, 

and baetid Ephemeroptera.  There were small qualitative difference in diets.  The diets changed 

seasonally.  Percina sciera took larger prey than P. ouachitae in autumn which related to 

differences in body length of the two.  It was found, as in Weddle (1992), that males and females 
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differed in prey size selectivity.  They concluded, hence, that trophic competition was of minor 

importance. 

 

 In Etheostoma caeruleum and E. flabellare, in Rush Creek, Illinois, Schlosser and 

Toth(1984) found that: (i) the species exhibited considerable overlap in size and taxa of prey 

eaten; (ii) the number of prey types increased in summer during the period of reduced prey 

availability; (iii) fluctuating prey availabilities had no affect on overlaps in prey utilized; (iv) E. 

caeruleum foraged on the top surface of the substrate, E. flabellare from crevices between the 

rocks; (v) microhabitat use seemed constrained by morphological characteristics; but prey 

resources were not; (vi) there were some differences in sizes of prey and prey used; (vii) seasonal 

diets of the two species varied independently of each other.  The authors hypothesized that 

interspecific competition played a lesser role than physical factors in the environment in 

separating the species ecologically. 

 

 The occurrence of nine sympatric darter species in French Creek, Pennsylvania was 

related to seasonal prey availability, age, and sex by Gray et al (1997).  It was found that: (i) 

generally the darters fed opportunistically on immature insects; (ii) two species consumed only 

2-3, and the three most diverse feeders 7-10 taxa; (iii) few taxa were consumed in greater 

proportion than that found in the environment; (iv) four species consumed prey 1-13 mm in 

standard length; five prey rarely larger than 6 mm; (v) the largest species, Percina evides, took 

on larger prey, ate fewer chironomids, and more fish eggs than the Etheostoma species; (vi) 

feeding was opportunistic when prey was dense (July); there was most partitioning on prey size 

in April than when it was less abundant; (vii) juveniles consumed smaller prey and took more 

chironomids, than adults; (viii) females, presumably associated with egg production, consumed 

more prey than males and overlapped less in diet composition during the breeding season than 

afterwards. 

 

 A study of space use, in contrast to diet, was made on 11 darter species in the Alleghany 

River system using underwater observations by Stauffer et al (1996).  The findings were:  (i) the 

two largest species, Percina caprodes and P. copelandi consistently occupied the deeper water 

habitat; (ii) the smaller-bodied Etheostoma species related to substrate size, water depth, and 
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water velocity; (iii) habitat breadth values indicated that the species differed widely in degree of 

specialization in habitat use; (iv) habitat segregation appeared to be an important mechanism 

allowing coexistence; and (v) in July, when habitat heterogeneity was high due to increased 

water levels greater habitat segregation occurred. 

 

When the data sets on species co-occurrence are explored in detail it is found that: (i) the 

full ecology of separation devices dound in fish generally apply; (ii) niches might be divided 

very finely, sometimes more so than is usually found in fish; (iii) the species show series of 

lesser separation differences rather than one, or two, major ones; (iv) confirmation of a need for 

morphological and diet separation is supported by, sometimes, the sexes differing ecologically; 

and (v) the constrictions of small size and being limited to small prey are so sidelined.  The 

importance of small populations in successful co-occurrence invites study. 

 

8.20 Stream fishes, comparisons with lake fishes 

 

 The well-watered sections of the northern continents are patterned by a great diversity of 

streams and lakes.  They range from small to large, in characteristics and attributes.  A grouping 

of features discriminates streams (lineation, narrow, flowing water) from lakes (broad, stable).  

Associated with different kinds of habitats are distinct invertebrate and fish faunas.  Lakes are 

characterized by a major separation of a littoral zone (good oxygenation, good light penetrance 

and macrophyte growth) and a limnetic segment dominated by open water column.  Within 

streams there is a major (sequence) upstream-downstream of habitats.  This is particularly true of 

headwaters compared lower reaches.  Just as the environment between limnetic and littoral areas 

differ, so do successional segments of the stream.  Disentangling the influence of streams verses 

lakes clarifies the structure and ecology of fauna and fish. . 

 

 A summary of published and field material on space use in stream fishes produces a wide 

range of differences in habitat and fauna. Cyprinids are favored by their small size, high turnover 

rates and adaptability for life in streams.  Their fusiform body shapes are advantageous/necessary 

in running water.  In northern North America, where centrarchids are a dominant group the high, 
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narrow gibbose-forms of this group is disadvantageous in streams.  This group however, is 

marked in large lakes.  Adaptations of stream and lake demands are necessarily different. 

 

 Microhabitat species differences are found in both streams and lakes.  In streams 

substrate type is important.  There are water-column - surface and bottom feeders (as in lakes), 

edge and mid-pond dwellers, and diurnal and noctural feeders. 

 

 Stream fishes necessarily relate closely to their environment (sizes of ponds, fluctuating 

seasonal flow rates). There is also a dominant mobility-response factor (with breeding needs, 

availability of prey, etc.).  Lake fishes divide into littoral and limnetic zone species.  Season 

distributional shifts in lake fishes are less than in streams. 

 

 Comparing diets in stream and lake fishes produces both general, and species specific, 

difference and features.  In the Ontario lake studied diversified resource bases with full spectra of 

resources (filamentous algae, zooplankton, small and large invertebrates, fish prey) was reflected 

in diversified diets.  Sometimes up to 5-8 different types are being eaten.  Each fish species had 

one or two "preferred" prey types that formed a core to the diet.   A significant proportion 

however, was opportunistic.  The accessory items varied seasonally.  When a range of different 

lakes were surveyed dominant or core items varied somewhat.  The diversity of the prey resource 

base allowed a degree of "choice" in prey types.  Stream systems differ in limited availability of 

some prey components.  Zooplankton were rare, drift organisms were widely available.  

Chironomids, Ephemeroptera nymphs and trichopterans were of disproportionate importance as 

prey.  Mollusks were of negligible significance.  Piscivores may be absent, or largely absent, in 

small streams.  

 

 Detritivores (both invertebrate and vertebrate) were important in the upper reaches of 

Medway Creek; insectivory was dominant downstream.  The fish here fell into the categories of 

detrititores, specialized insect eaters (taking mainly chironomids), and generalist insect-eaters.  

Omnivores in contrast with some recorded systems were only a small component.  Small size 

played down any advantages of ontogenetic diet shifts in the fish species.  In the streams, as in 

lakes, there was a close link between diet and abundance of particular prey type. 
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 In the streams studied, small body size restricted the fish species to small prey.  Diet 

overlaps, hence, were high.  Limitation to small prey and limits to prey diversity would, 

potentially, exaggerate any problem of increased interspecific competition in the stream fishes.  

Published details on feeding in the similar-sized darters (Etheostominae), taking these as an 

example, showed the occurrence of some typical kinds of species "ecological separations" found 

in fish but still much diet overlap.  The "difference in abundance" factor was not studied. 
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Table 8.1 Diets of fishes of Shelter Valley Creek (% weight in stomachs), May, July, September (Bankey 1979, supplemented).  

Sample sizes: 50 individual species/month. 

 

Prey type 

species 

Chironom 

larv, pup 

Trichop 

larv 

Ephemop 

nymph 

Zygoptera Coleopt Plecop Molluska Amphipods Other 

Diptera 

Fish 

Fantail 

darter1 

 

26-10-12 

 

14-22-52 

 

38-62-20 

 

0-0-5 

     

10-4-8 

 

Johnny 

darter 

 

70-40-36 

 

10-20-40 

 

8-26-9 

      

12-14-10 

 

Longnose 

dace 

 

50-22-22 

 

32-24-54 

 

6-30-14 

      

10-20-8 

 

Mottled 

sculpin 

 

30-10-20 

 

38-28-40 

 

10-30-12 

  

0-5-0 

 

10-0-0 

  

5-3-20 

 

7-6-8 

 

0-18-0 

Rainbow 

trout2 

 

14-12-12 

 

22-16-48 

 

20-20-14 

 

12-0-0 

 

14-19-12 

  

0-20-0 

  

10-9-12 

 

 
1  Fantail darter, May fish eggs - 10. 
2  Rainbow trout, May Hemiptera - 6. 
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Figure 8.1  Medway Creek:  Relative abundances of 20 major fish species, sites 1-5, May, July, and September data 

incorporated. 
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Figure 8.2  Medway Creek:  Body size distributions of 11 fish species, September at end of annual growing period. 

 

 
 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

Figure 8.3  Seasonal abundance shifts at sites common cyprinids, five sites, Medway Creek.  The extent that there 

were longitudinal movements as compared to local habitat studies need exploratory study. 
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Figure 8.4  Medway Creek:  Site 1, diets of fish species, May, July, September. 
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Figure 8.5  Medway Creek:  Site 3, diets of major species, May, July, September (a and b). 
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Figure 8.6  Medway Creek:  Site 5, diets of fish species May and July. 
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Figure 8.7  Jones Creek:  Month to month diets of dace, fathead minnow, white sucker, pumpkinseed, grass 

pickerel, and golden shiner.  Modified from Keast (1966). 
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Figure 8.8  Jones Creek:  Month to month diets of common shiner, brown bullhead, mudminnow, and creek chub. 
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Figure 8.9  Lower Poole Creek:  Diets of six common species May and July-August compared and related to the 

prey resource base (% of weights). 
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Appendix 8.1  Prey organism representation, Medway Creek, Sites 1, 2, 3, 4, sampled by Ekman and pushnet 

(benthos), surber (drift organisms), and Schlinder zooplankton trap. 
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Chapter 9  

 

BODY MORPHOLOGY RELATIVE TO WAY OF LIFE AND FEEDING IN 

FRESHWATER FISH COMMUNITIES 

Keywords: Trophic, Structure, Physiology, Energetics, Function 

 

9.1 Introduction 

 

It has always been appreciated that there is a close relationship between body 

morphology and way of life in animals (Paley 1836).  The subject was a favorite for early 

writers.  Body morphology permits fish to optimize on the opportunities of the environment, 

habitat, prey (its catching and processing), and for maximizing energy relationships.  The 

vertebrate paleontologist G.G. Simpson (1953) used body features to classify vertebrates into 

basic “adaptive zones”.  There can hardly be any difficulty from relating a fossil horse (on its 

dentition and appendages) to an herbivorous savannah inhabitant, hummingbird with long 

decurved bill to nectivory, and heavily toothed, streamlined pike to piscivory. 

 

Co-occurring species necessarily differ morphologically, if sometimes only modestly.  

Morphological specialization is an important mechanism for channeling species into different 

roles and minimizing interspecific competition.  Attempts have been made (for example, 

Rickleffs and Travis 1980) to use morphological spacing (minimal species differences in 

measurements of feeding structures) to define just how quantitatively different two species must 

be in order to co-occur. (The results were interesting but only partly convincing!)  Since the 

objective of this Chapter is to treat functional and adaptive aspects of feeding and habitat use, the 

subject is treated in depth, not just deep enough to cover adaptation for life in the small lakes 

systems previously discussed. 

 

The first section of this Chapter reviews the major features of a fish’s life relative to 

water.  This is necessary to establish the basic morphology on which adaptive evaluation works.  

Fish morphologists of the 1960’s-80’s were liberal in their interpretations of this.  Comments 

were general and have rarely been tested experimentally.  Nevertheless, the rationalizations are 
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usually sound.  Attributes of the aquatic system and of the morphology and physiology of 

poikilothermic fishes ultimately control directions of evolution in fishes and in many ways 

contrast with those in terrestrial vertebrates.  Many fish attributes are complex and superb in 

adaptive responses to their environment and to other organisms. 

 

 A second section to the Chapter relates this morphological data to the component species 

of North Temperate lake systems.  In the case of more distinctive morphological types (chemo-

sensory catfishes, piscivorous pikes) close correlations between structure and way of life and 

strikingly illustrated.  A short series of reviews are then introduced dealing with theoretical 

issues such as phenotypic factors in fish morphology, temperature and vertebral numbers, control 

of gill raker numbers, predator induced changes in prey, and polymorphic species (sticklebacks, 

salmonids) with body shape evolution relative to littoral vs. limnetic forms constituting a 

particularly interesting subject.  Ecomorphic forms, strikingly developed in several of the lake 

fish forms of the North Temperate zone, are of great potential relevance in showing potential 

pathways to speciation. 

 

Introduction is by a review of the basic structure of fishes in their aquatic environment 

and ways of life.  The parts of the body are then explored in some detail, with emphasis on what 

is known about functional meaning and variability.  Covered are the biology of body shape, 

swimming and fin structure, mouth form and different mouth types, dentition, gill rakers, 

alimentary canal, and the sensory system (eyes and sight, hearing, lateral line).  The link of form 

and metabolism and energetics is noted.  An objective is to determine and delimit extremes of 

variation and structures available to evolution.  Structures do not, of course, function 

independently.  Features combine in achieving an adaptive end.  The taxonomic system is based 

on the multiple functional features of the organism. 

 

In a broader evolutionary framework, it is of particular interest to document how a range 

of structural fish types (species) combine in an assemblage, or community.  The Lake Opinicon 

fish fauna is introduced as an example of this.  It is stressed, of course, that the functions of 

structures can ultimately be resolved experimentally. 
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Convergent evolution, the repeated evolution of a specific set of adaptive structures, is a 

highly meaningful illustration in the structure/function area.  Here, interpretation is reinforced by 

repetition.  Sometimes there may be only one optimal function answer to a problem.  Many 

examples of this occur. 

 

The function/structure relationship has had a long history in human thought (see 

Aristotle).  Later workers like Dawkins and Lauder have developed the subject into a modern 

analytical framework.  This includes genetic, phylogenetic, and physiological components. 

   

9.2 Body structure, functional morphology, and way of life: the basic attributes of fish 

morphology 

 

The basic adaptive and functional features of fish morphology in their aquatic medium 

have been discussed by Gray (1933, 1960); Harris (1938); Nursall (1958); Bainbridge (1958, 

1960); Lagler et al  (1962); Young (1962); and Norman and Greenwood (1963); Wu et al  

(1975); Blake (1983), and others.  A detailed review of fish body form is appropriate.  Early 

papers on the structure of the fish skull go back to Gregory (1933) and Harrington (1955).  Body 

form in fishes relative to the axial skeleton has been explored by Alexander (1967), Gosline 

(1971), and Webb (especially Webb (1975)).  Matthews (1998) summarizes some of this 

information for stream fishes.  

 

9.3 Body form and swimming 

 

The vertebral column provides the rigid core to the fish body, withstanding compression 

and supporting moveable structures.  High lateral mobility is a feature.  A sheathed gelatinous 

notochord, characteristic of larval fishes and secondary boneless agnaths, is partly re-established 

in sturgeons (Romer 1962).  It permits undulatory swimming.  However, for propulsion from 

behind (tail swimming), compressive forces demand a bony axial skeleton (Gosline 1971).  

Lauder (1982, 1989) lays out some finer details about the axial skeleton, caudal fin, and tail 

function relative to the vertebral column.  
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The hydrodynamics of the fish body in terms of cross-section, degree of elongation, and 

streamlining has been documented by Aleev (1969), and Webb (1975).  Slim bodies are a feature 

of fishes inhabiting fast flowing waters (Hubbs 1941; Hora 1952).  Vogel (1981) relates body 

shape to fluid dynamics and Aleev (1969) provides a mathematical treatment of fin shapes and 

positions.  Weihs (1989), in a broadly based review, discusses basic principles of momentum 

transfer in water and how the various adaptations of body shape, fin shape, size, and positioning 

relate to this.   

 

The major features of fish body morphology are dictated by the characteristics of the 

aquatic medium.  Water has a high viscosity and is incompressible.  In locomotion friction and 

pressure drag (Alexander 1967) are the major restrictive forces.  A second constraint is the 

Bernoulli effect (Webb 1975), which creates lift.  Reduced pressure above the body (as in a 

hydrofoil) results in the more rapid movement of water molecules there compared to beneath the 

fish.  The fish must counteract this.  Bottom dwelling species do this by pressing the body, or 

extended lateral fins, into the substrate.  Accounts of how fish deal with friction and the 

Bernoulli effect are given by Aleev (1969), Alexander (1967), Gosline (1971), and Webb (1975).  

Drag pushes backward on the body of the swimming fish.  It is of two types, friction and 

pressure drag.  In friction drag the water molecules in immediate contact with the body and that 

form the boundary layer hold the fish back relative to the more distant ones where viscous forces 

are negligible.  Fish with a high surface area relative to volume, that is ones with very attenuate 

bodies, and those with laterally flattened bodies, have a relatively high friction drag.  Pressure 

drag results from turbulence eddies along and behind the body in the moving fluid and there is a 

separation of the laminar boundary layer from the body.  Because of the shape of the fish body, 

laminar flow is not ideal and there is turbulence.  The further posteriorly laminar flow is 

diverted, the further rearward is the onset of eddies and turbulence (Webb 1975).  This author 

provides a diagram of patterns of changeover from laminar to turbulent flow in terms of a critical 

Reynolds number (a function of inertial force divided by viscous force) for fishes of different 

sizes and relative to different swimming speeds. 

 

A shortened and rounded body, as in Lepomis, compared to a very elongate, or slab-sided 

one of pike and perch represents a tradeoff in terms of drag.  The latter shape has a high surface 
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to volume ratio, hence increased friction relative to muscle or internal organ mass.  By contrast, 

the decreased surface to volume ratio in the rounded body, whilst it decreases friction drag, 

increases the tendency for anterior separation of the boundary layer from the surface.  

Turbulence occurs hence further forward on the body, increasing the pressure drag (Alexander 

1967;  Webb 1975).  The compromise for minimum drag from both sources is a body with the 

greatest width or depth about one-third the distance to the tail, and a gradually tapering and 

elongate caudal peduncle (Webb 1975).  In a measure of body shape to drag in aquatic 

macroinvertebrates, Statzner and Holm (1988) concluded that many different factors were 

simultaneously operative and that no single body plan can accommodate all of these.  These 

factors apply also to small fishes. 

 

A fish swims by exerting thrust against the water with undulations of the body or fins.  Its 

motion is opposed by frictional drag resulting from the viscosity of the water (a layer of which is 

distorted and dragged along the body as the fish moves) and by inertial (pressure) forces ahead.  

Viscous force brings the fish to a stop when swimming ceases.  High inertial forces oppose 

sudden acceleration and turning.  Aspects of the fish body shape such as streamlining and some 

plasticity of form reduce inertial drag, permitting continued forward glide at the end of a 

swimming bout.  The complex and varied designs of fish bodies variously partly overcome some 

of the physical constraints of the water, according to whether emphasis is on prolonged cruising, 

rapid acceleration, or making sudden turns.  Locomotion in fishes has been the subject of major 

studies by of Webb (1975, 1978, 1982, 1984a, b, 1988) and Lindsey (1978).  Blake (1983) and 

Videler (1993) provide physiological data on fish locomotion and Brett and Sutherland (1965) on 

respiratory metabolism during swimming. 

 

Two principal modes of fish locomotion are recognized (Breder 1966;  Lindsey 1978), 

undulatory and oscillatory motion.  In undulatory motion, the forward thrust is generated by 

undulatory waves passing down either side of the body of the fish and caudal fin, or 

alternatively, along and down the median fins.  This is characteristic of most fishes, as in Esox.  

In oscillatory motion the paired fins are used to generate the thrust by acting as oars or wings.  

This applies in the gibbose-bodied bluegill and pumpkinseed (Lepomis).  That part of the body 

that provides the propulsive force moves back and forth by pivoting on its base without the wave 
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motion shown by the undulating structures.  Thus, in Lepomis, oscillating and undulating fins 

unassisted by body movements are utilized at low speeds in situations where precise 

maneuverability is important to feeding or survival.  Faster swimming and acceleration (by 

undulation) require more power.  Here the myotomal muscles on each side of the body are used.  

As the wave passes down the body, the rear elements (caudal fin) transverse through a greater 

distance, increasing the thrust.  Sustained swimming consists of cyclically repeated movements 

and include several beats of the tail.  It is commonly divided into two behaviors: (i) continuous 

cruising for long periods, and (ii) sprinting, fast forward movements lasting a few seconds.  In 

the former, the basic movements are repeated cyclically. 

 

Fish that maneuver slowly in feeding (for example, Lepomis) utilize the oscillating 

motion of fins with short bases that operate like wings or oars.  Optimal morphological 

requirements for such "unsteady" swimming are:  a large caudal fin and general body area, and a 

deep caudal peduncle, often enhanced by posteriorly-placed dorsal and anal fins;;  an anterior 

stiff body mass and/or added mass;  a flexible body, and a large ratio of body mass to muscle 

mass (Webb 1982).  These features are seen in Lepomis and black crappie (Pomoxis).  Optimal 

requirements for "steady" swimming are:   a high aspect ratio caudal fin, a narrow caudal 

peduncle, a small total caudal area, an anteriorly stable body mass, and stiff body (as found in 

marine tunas).  Exclusive requirements for the steady verses unsteady state are partly overcome 

by collapsible fins, but compromises remain necessary (Webb 1982).   

 

Four major locomotory functional categories can be identified in fish (Webb 1984a, b).  

These are:  (i) body/caudal fin periodic propulsion where locomotory movements are repeated:  

this occurs in cruising and sprint-swimming; (ii) the same but where the kinematics are brief and 

non-cyclic, as in making fast starts and powered turns;  (iii) median and paired fin propulsion 

with very diverse fin kinematics:  this is in slow swimming and precise maneuvers;  and (iv) 

occasional propulsion, i.e. "non swimming" movement. 

 

"Undulation" swimmers vary in the proportion or parts of the body used.  Breder (1961) 

and, subsequently, Lindsey (1978) and Webb (1984a) have allowed six categories named after 

the groups of fish using them.  Propulsive movements may involve virtually the whole body (as 
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in anguilliform locomotion); the posterior two-thirds (Esox); about half  of the body (salmonids); 

one-third (marine mackerel); or only the caudal fin, as in the swift swimming tunas (thunniform 

locomotion).  In amiiform locomotion, where the body is jacketed in a heavy covering of scales, 

locomotion is by undulating movement of the long dorsal fin.  

 

The fusiform body, moderately elliptical in cross section (Figs. 9.1; Fig. 4.1; Keast and 

Webb 1966) is physically the most efficient shape for rapid progression through a liquid 

medium.  The shape characterizes fish species that swim more or less continuously and range 

widely.  Propulsion is by means of alternating lateral contractions of the muscular body, plus the 

movements of the caudal fin, the latter providing a significant part of the forward thrust.  The 

caudal fin generates 40%  of forward thrust in the marine whiting Gadus merlangus (Gray, 

1933).  The narrow, flexible caudal peduncle is muscular in generalized fishes, but largely 

tendinous in the swift swimming pelagic tunas.   

 

Contrasting with the fusiform body shape of most fishes is the high, narrow, and 

foreshortened gibbose body form where the whole body acts as a keel.  This is found in lepomid 

sunfishes and some cichlids.  It has evolved independently in many sub-orders. Its possessor is "a 

very stable swimmer", since the large lateral area limits rolling, while pitching rotations can be 

controlled by the pectoral and pelvic fin forces:  asymmetrical vertical forces can also be used to 

tilt the body laterally at any desired angle.  The large lateral area demands large dorsal and anal 

fins to provide static stability in yaw during forward movement:  normal propulsion is often 

produced by rowing with the pectoral fins" (Harris 1938).  The high and narrow gibbose shape is 

effective in still-water environments such as lakes and coral reefs and is regarded optimal for 

negotiating structurally complex environments.  Such fish, through delicate movement control of 

the fins and minimizing turbulence are able to unobtrusively maneuver close to the prey before 

striking.  At the risk of over-simplification, the two more distinct body shapes found in North 

American fishes (fusiform and gibbose) can readily be identified in body and fin morphology 

and function.  Less distinctive body forms are more difficult to allocate to functionality. 
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9.4 Fins and their functional morphology 

 

 The fins of modern bony fishes consist of jointed bony rays that branch distally; there is 

one ray to each segment of each fin, and the rays are widely spaced and connected by a web of 

flexible material (Alexander 1979).  The resultant mobility permits undulations of relatively 

large amplitude and short wavelength.  Dorsal, anal, and pectoral fins can be opened and closed 

like fans.  The fins in line with the vertical axis on the body (caudal, dorsal, and anal fins) 

typically provide locomotion, serve as stabilizers, or function as keels. They also have other roles 

and combine with the pectoral and caudal fins to elicit maneuvering and turning movements.  In 

species where the dorsal fin can be raised and lowered, it is elevated at the beginning of a turn, 

thus increasing the yawing movement (lateral oscillations about the path of progression) 

produced by the asymmetrical action of the body muscles.  The unilateral braking action of a 

pectoral fin provids the fulcrum about which the turn is completed.  The movements are obvious 

in the fusiform-bodied zooplankton feeding golden shiner (Notemigonus crysoleucus).  Strongly 

contrasting are forms with a continuous body long dorsal fin where waves anterio-posterially are 

used to propel the owner forward whilst keeping it in one position (Amia, Umbra).   

 

Fins increase the stability of the fish by controlling vertical deflection (pitch), sideways 

motion (yaw), and tendency to roll along the long axis.  Ability to control pitch and yaw is 

improved by posterior position.  From anterior to posterior the fins are most efficient in different 

roles, as anterior rudders and bearing surfaces; then as keels, then stabilizers and towards the end 

of the body as locomotor organs and posterior rudders (Aleev 1969). 

 

 The caudal fin in fishes is characteristically forked, with the deepness of indentation 

between the upper and lower lobes (and depth of “wedging” between the lobes) varying.  The 

forking serves to reduce turbulence and increases the fin's aspect ratio (ratio of span to length).  

However, for a fish accelerating to high speed from rest, too high an aspect ratio would cause the 

fin to stall.  In such fish, the caudal fin is usually wedge-shaped rather than crescentic, and, 

although it may be deeply indented, the posterior margin is convex rather than concave (Fig. 

4.1).  Most lake and other fish have forked tails although the deepness of the indentation varies. 

 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

The caudal fin in generalized fishes like the smallmouth bass (Micropterus dolomieu) and 

yellow perch (Perca flavescens), have an aspect ratio between two and four (Nursall 1958), 

whereas this reaches 6.1 in the continuously swimming crescentric-finned marine tuna.  Bass, 

perch, and others can move the caudal fin lobes (and highly streamlined individual rays) 

independently, allowing finely executed positioning and hovering.  This feature is important in 

complex weeded and coral reef habitats.   

 

Fish with truncated rounded tails (and a low aspect ratio) are comparatively slow 

swimmers and, although capable of sudden bursts of speed, are unable to swim for long periods 

at high speed (Norman and Greenwood 1963).  Fundulus (killifish) and Umbra (mudminnow) in 

Ontario Lakes are examples (Table 1).    Here the longest rays occur in the middle of the caudal 

fin where the primary thrust occurs.  Strong support is gained from the central hypural plates 

being fused with the last vertebral centrum (Gosline 1971).   

 

There are three basic alignments of the pectoral and pelvic fins on the fish body (Gosline 

1971):  (i) "sharklike" with low pectorals up front and pelvics rearward, found in herrings and 

trouts - see also the ictalurid bullheads (Fig. 4.1);  (ii) "advanced teleost" configuration, with the 

pectorals high on the body above the pelvics (Perciformes, basses, bluegill);  and (iii) gadoid, 

with the pectorals high on the body behind the pelvics.  The pectorals are used in propulsion in 

the gadoids.  The spacing of the pectoral and pelvic fins varies with body shape, they are widely 

separated in longer- and more cylindrical shaped pikes and salmonids to maximize stability here, 

and closer together in the gibbose centrarchids where the pelvics nearly underlie the pectorals 

(Table 1), an “advanced condition”. 

 

The paired fins of fishes can produce forces in different directions by differential 

movements (Harris 1936). Pectorals are placed low on the body in primitive forms and high on 

the body level with the centre of gravity in percids (Gosline 1971;  Alexander 1967).  By 

increasing drag, the pectorals can operate jointly with the pelvics to provide braking.  During 

swimming, drag is minimized by pressing the fins against the body.  One of the most important 

roles of the paired fins of teleosts with swim bladders is to correct (by means of fin movements) 

for downward or upward displacements of the body in the water-column (Alexander 1967).  
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Because the centre of buoyancy (mediated by the swim bladder) is usually ventral to the centre 

of gravity, this corrects for accidental rolling movement.  The pectoral fins may have a function 

as rudders, helping change the angle of the body by pushing the moving fish up or down as it 

moves through the water.  They are also the main medium whereby turning, banking, rising, 

diving and stopping are accomplished.  In swift swimming fishes the pectoral fin is commonly 

long and falcate, whereas in slow swimmers it is commonly rectangular, rounded, or spatulate.  

In northern lakes the former characterizes the maneuverable plankton-feeding golden shiner 

(Notemigonus crysolencus) and blackchin shiner (Notropis heterodon), the latter the bluntnose 

minnow Pimephales notatus and banded killifish (Fundulus diaphanus), in northern lakes and 

can be seen in tanks. 

 

Where the pectoral fins are used for active propulsion, the amount of fin musculature is 

large with the adductors forming some 65% of the whole (Harris 1938).  There is free 

articulation of the first fin ray on the scapula to permit a "feathering" return motion.  Fishes in 

which the pectorals function primarily as brakes have less fin musculature, most of the weight 

being made up of the adductors.  Here the first fin ray, which takes most of the water force, 

rotates outward on a simple roller-bearing joint (Harris 1938).  Breder (1924) observed that in a 

hovering bluegill (Lepomis macrochirus), pectoral and respiratory movements are correlated, the 

fins being used to check the forward thrust resulting from expulsion of water from the 

operculum. 

 

 Pelvic fins can supplement the action of the pectorals, dorsals, and caudal in various 

movements.  In less advanced teleosts they are more posterior; in advanced forms like 

centrarchids they move forward to a position near and below the pectorals where they can be 

extended to force the body of the fish downward.  Likewise, when the pectorals are used as a 

brake they can counteract body lift (Gosline 1971).  The far forward pelvic fins in the gibbose 

fishes function to neutralize the lift force of the relatively high pectorals.  A compromise is 

involved.  If the pelvics were far back, their downward force would depress the tail and lift the 

head (positive pitch).  On the other hand, if the pectorals were lower, their effectiveness as 

brakes would be reduced.  Long-bodied teleosts with widely separated paired fins do not have 

this problem.  The pectorals are ventral and situated well in front of the center of gravity, instead 
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of close to it.  The posteriorly located (abdominal) pelvic fins keep the tail end of the body from 

tipping up (negative pitch) when the fish stops (Lagler et al  1962). 

 

 There is a high premium in many fish species on maneuverability, the ability to move in a 

small space or volume, and the speed at which the animal performs this, relative both to feeding 

and avoidance of predators (Webb et al 1996; Schrank and Webb 1998).  These authors set out to 

monitor the effects of body form on these abilities.  A fish with fusiform body (goldfish) was 

related to two species with deep bodies - the angelfish (Pterophyllum scalare) and sand dollar 

(Metatynnis hypsauchen).  The fish were experimentally encouraged to swim through vertical 

and horizontal slits of different diameters and along tubes.  Maneuverability and stability are 

antithetical in human engineering.  In negotiating slits, the fusiform goldfish performed most 

poorly; the other two did not differ.  There were no differences in the times taken by the three 

species to negotiate the slits; all were equally able to negotiate vertical and horizontal slits, 

although the deep-bodied fish were able to negotiate through smaller slits.  The most striking 

result was the similarity of minimum slit widths traversed in spite of the large variation in body 

form.  In the tubes, large differences were recorded in transit speed.  Goldfish took longest to 

traverse tubes of zero length but the shortest time to traverse the longest tubes.  It was concluded 

that goldfish were the best able to swim in confined places.  All three species proved well able to 

control for both maneuverability and stability, despite their very different body and fin patterns.  

The entire body thus functioned as a unit and maneuverability was not by fins alone. Functional 

conclusions can not necessarily come from single structures alone. 

 

 The body and fin morphologies found in northern freshwater fishes show great adaptive 

variation.  Final form is commonly a compromise between alternative demands.  For example, in 

the northern pike, largemouth bass, (plus salmonids, eel, mackerel and sharks) propulsion is by 

body undulating movements terminating in the strike: 55-60% of the body is muscle needed for 

rapid acceleration.  Such a morphology, however, performs weakly in cruising and maneuvering.  

The largemouth bass can cruise and accelerate fairly well, but not as swiftly as the pike.  

"Compromise" body forms are the rule in lake fishes. 
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 The finer details of the mechanics of fish locomotion, such as muscle action in 

largemouth bass (Jayne and Lauder 1995a, b); kinematics of pectoral fin location in the bluegill 

(Gibb et al 1994); and the function of the dorsal fin in bluegill (Jayne et al 1996) lie outside the 

scope of this review.  In summary, the fins of North Temperate and other fishes are highly 

versatile structures filling a variety of functions.   

 

9.5 Mouth morphology, feeding dentition, prey capture and prey processing 

 

The head and oral structures of fishes have been the subject of important papers by Liem 

(1967, 1986), Lauder and Wainwright (1992), and Wainwright and Lauder (1992).  The design 

of feeding mechanisms in aquatic vertebrates has been assessed by Lauder and Shaeffer (1993).  

A summary of the findings follows: 

 

The fish mouth functions as an inverted cone.  It expands when the mouth opens and the 

buccal cavity is enlarged and generates a powerful sucking force (Muller et al  1982;  Brainerd 

1985).  Prey capture by suction is widespread in fishes, including in primitive taxa.  It is, hence, 

relatively ancient (Lauder and Gillis 1997). 

 

Liem (1980) recognized three feeding methods in fishes: suction feeding, biting, and ram 

feeding.  In suction feeding the expansion of the buccal cavity creates a large subambient 

pressure: a jet of water drags the prey into the mouth.  In biting the jaws pull the prey from its 

resting place, or tear off part of it.  Ram feeding entails swimming through the water with an 

open mouth and engulfing prey as it goes.  Norton (1995) in a later assessment of the three-

division classification notes that the three methods are relatively simple. Biting means that the 

predator only has to close its jaws; ram feeding is simply defined by ability to swim with mouth 

open; suction feeding is comparable to "heavy breathing" (Liem 1980; Norton 1995). Variations 

include feeding by manipulation, using biting, gripping, clipping, scraping, and rasping (Liem 

1980).  There contrasting functions are particularly well developed in tropical fishes.  Ram 

feeding is relatively unimportant in northern lake fishes. 
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The three categories of feeding are not mutually exclusive but represent the end-points of 

a continuum (Norton and Brainerd 1993). Emphasis on and specialization for one or the other of 

these methods does not necessarily exclude use of the other.  Young largemouth bass feed by 

suction, adults by biting (Nyberg 1971).  A mouth with a narrow bore (for example, in bluegill 

and bluntnose minnow) is obviously favorable for sucking in zooplankton and other small prey.  

A piscivore must have a large mouth.  Note the shovel-like mouth of Micropterus salmoides 

(Fig. 9.2). Norton (1991a, b) notes that a large catching area (a large gape) would improve the 

success of a ram predator (Norton 1991a, b), since a relatively large amount of water has to be 

processed by this method (Batty et al 1986; Runge et al 1987).  In filter feeding, the prey is 

retained in the pharynx by the filtration apparatus.  The method is most appropriate when the 

prey is too small to be engulfed individually (Sanderson and Wassersug 1990; Sanderson et al 

1996). 

 

Much attention has been given to the mechanism of suction feeding.  It is recognized as 

the dominant method of prey capture (Lauder 1983c, 1985).  Suction and the hydromatic tongue 

offer an unparalleled array of prey capture opportunities for teleosts (Liem 1990).  According to 

this model, fishes with differing volumes and configurations of their buccal cavities will exhibit 

differences in suction efficiencies.  Timing of mouth opening can coincide with cone expansion, 

or lag behind.  Important parameters governing the velocity and degree of cone expansion 

include mouth size and shape (as determined by the mandible, premaxilla, and maxilla), the 

palatoquadrate arch and the hyoid; and the topographic and functional features of the 

sternohyoideus, levator operculi, levator areus palatini and epaxial muscles (Liem 1990).  

Velocity, magnitude, and direction of suction can be controlled by varying these parameters, and 

prey within the cone can be moved or turned in different directions.  Suction is favored by the 

development of a tubular configuration to the mouth (Pimephales notafus – Fig. 9.2).  The 

expanding cone suctorial systems represent a highly efficient and versatile feeding method, 

capable even of obtaining prey from cracks and removing limpets from rocks. 

 

Later studies of suction feeding (possible through advances in technology) have involved, 

in particular, electromyography.  This permits identifying and comparing the underlying 

neuromuscular controls of motor patterns (Grubich 2001). Suction feeding is composed of two 
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phases, the expansive and compressive.  The former entails a rapid opening of the jaws and 

expansion of the buccal cavity through cranial elevation, hyoid bar depression, and lateral 

expansion of the suspensorium (Grubich 2001).  The compressive phase begins with jaw closure, 

then progresses posteriorly with hyoid protraction and suspensorium adduction whilst the gill 

slits are opened with water flowing past the gills.  The qualitative muscular traits governing these 

movements are conservative.  Quantitative traits of suction, like burst durations and relative 

onset times, have changed over evolutionary time (Grubich 2001).  Comparative studies on the 

neuromuscular features of sucking fish relative to biting fish have shown that the former have 

significantly longer durations of the epaxiliaus and sternohyoideaus, and shorter relative onset 

times of the epaxialis, adductor mandisular, and sternohyoideaus (Alfaro et al 2001).  These 

authors found that change in the motor feeding pattern has accompanied morphological and 

behavioral changes in the transition from suction to biting: the neuromotor system has not acted 

as a constraint in feeding system evolution. 

 

The mobility of the mouth region has increased during fish evolution.  In the early 

paleoniscoids the premaxilla and maxilla were fixed to the skull (Alexander 1966).  In Amia, 

representing a subsequent stage, the mandible moves downward to open the mouth, the maxilla 

is pulled forward to form a biting gape (Gosline 1971).  In later forms, with both maxilla and 

premaxilla advancing forward, the mouth opening becomes more rounded, advancing the jaws 

near the prey.  The premaxilla may extend in front of the maxilla and is often protrusible 

(Alexander 1966; Gosline 1971).  This increases the velocity of jaw action (Nyberg 1971).  It 

may facilitate the taking of prey from the substrate without the fish having to assume a steep 

angle (Alexander 1967) and by extending the “reach” of the mouth help the fish obtain prey from 

inaccessible places (Motta 1984;  Osse 1985).  A vacuum cleaning action has been described in 

the Lake Malawi cichlid, Lethrinops furcifer, in which the mouth is highly protractile (Fryer and 

Iles 1972).  On the other hand, protrusibility (see Lepomis macrocheirus) may weaken the jaws 

and is reduced in predators of heavy-bodied or fish prey.   

 

Mouth size, shape, and position on the head relate to the depth of water in which fish can 

feed (general, mid-water, and bottom feeding).  The angle at which the mouth opens, its shape, 

its degree of protrusibility and extensibility, and the accompanying marginal, buccal, and 
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pharyngeal dentition vary greatly in fishes in accordance with way of life, and sizes and types of 

prey eaten.  Great modification of mouth position, and dentition, is possible without interfering 

with the basic attributes of the fish mouth, as outlined by Liem.  This also applies to the marginal 

dentition, which is lacking in cyprinids, and buccal and pharyngeal dentition.  The increase in 

size of the fish mouth during the course of ontogeny permits the capture of increasingly large 

prey.  There may be simultaneous changes in dentition (Osenberg and Mittelbach 1989;  

Luczkovich et al 1995). 

 

Feeding mechanisms in fish are more complicated than in mammals. 

 

9.6 Dentition 

 

Marginal dentition commonly in the form of a single or double row of simple cusps 

characterizes the mouth rim in most fishes (Fig. 9.3).  Jaw margins and dentition may be 

massive.  Any processing or crushing is carried by pharyngeal dentition.  In specialist piscivores 

like the pike the buccal and mouth roof is richly patterned with backwardly directed teeth:  this 

gives little chance for the prey to escape and directing it back down the throat. 

 

 In the primitive holostean Amia calva, the entire mouth is involved in the seizure and 

mastication of prey:  teeth are present throughout the mouth (Gosline 1971). 

 

 Pharyngeal dentition commonly takes the form of dorsal and ventral pads that close, or 

rub against each other.  They are variously adapted for variously grinding, pummeling, chopping, 

or cutting of food prior to entry to the stomach (Fig. 9.3).  The pads fill the role of the 

mammalian molars (Liem 1974, 1980).  Processing the food at the back of the mouth frees the 

anterior part for catching and manipulating food.  

 

"Crushing" moliform dentition has repeatedly evolved in fish - see pumpkinseed and 

many other species. There is also a good correlation between crushing strength as calculated by 

biomechanical analysis and crushing of prey with differing hardness as in labrid fishes 

(Wainwright 1991).  Relations have been found between a suite of vomerine characters and 
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foraging in Lake Malawa cichlids (Reinthal 1990), and in brain morphology and eye size to 

habitat turbidity (Huber and Rylander 1992). In birds there are good correlations between bill 

catching and crushing and ways of life (Rickleffs and Travis 1980). 

 

 Within group variation in pharyngeal dentition relative to diet may be great (Fig. 9.3).  In 

thirteen species of freshwater and marine freshwater catfish (Ariidae) from northern Australia, 

palatine and vomerine tooth configurations ranged from simple to complex (Blaber et al 1994). 

 

The fish mouth margin lacks heterodont dentition and the remarkable plasticity of the 

avian bill. It is nevertheless capable of considerable adaptive modification - see the degree of 

diversity found in tropical freshwater fish species (Fryer and Iles 1972;  Lowe-McConnell 1987; 

Chapter 11).   

 

The kinematics of prey capture in fishes have now been explored by various workers – 

see for example, studies on the bluegill by Gillis and Lauder (1995), and catfishes by Schaefer 

and Lauder (1996).  This involves interesting discussion of the phylogenetic and developmental 

pathways underlying adaptive morphology.  In a paper directed at the functional basis of trophic 

diversification in sunfishes Wainwright and Lauder (1992) found congruent changes in strike 

behavior in the rather different largemouth bass, rock bass, black crappie, and bluegill, with diet, 

feeding performance, and morphology.  By contrast, the muscle activity pattern used at the strike 

was strongly conservative, even in fishes with feeding habits as diverse as the largemouth bass 

and bluegill.  This thus emerges as a primitive character retained from the common ancestor of 

the Centrarchidae.  On the other hand in the mollusk - crushing pumpkinseed morphological 

specializations of the pharyngeal jaw apparatus, and a novel pattern of muscular activity, were 

found.  This included changes in basic motor patterns. Jaw skeletal morphology and musculature, 

and jaw mechanics in fishes thus shows both conservative and advanced features.  This also 

applies to the acquisition of complex functioning and processes, Lauder (1996), and Lauder and 

Gillis (1997) conclude. 

 

In the centrarchids innovations in skull design commonly occur by adding 

functional/design features to those primitively present (Lauder and Schaefer 1993).  Jaw muscle 
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motor patterns among closely related taxa may be phylogenetically conservative:  evolutionary 

changes in feeding behavior then are initiated primarily by changes in the design of the 

peripheral mouth morphology.  The patterns of cranial bone movement and muscle functions 

used during the manipulation of prey are remarkably similar in aquatic and terrestrial forms 

(Lauder and Schafer 1993).   

 

9.7 Gill rakers and filter feeding 

 

Filter feeding by means of the gill raker contrasts with mouth grabbing in that the fish 

does not visually orient with the particles in the water column but, with open mouth, ingests 

many simultaneously.  The raker screen passively filters out microscopic planktonic algae and 

zooplankton during the exhalation process.  These are then channeled back into the throat.  The 

rakers, forward projections protruding from the inner margins of the gill arches, are commonly 

developed from microbranchiospines located on the gill arches just above the filaments. Filter 

feeding in fishes has been of subject of reviews by Walters (1966), Lazzaro (1987), Sanderson 

and Wassersug (1990), Gerking (1994), and Sanderson et al (1999).  Filter feeding of algae much 

smaller in size, has been reviewed by Northcott et al (1991), and others. 

 

Broadly speaking, in fishes that eat small-sized particles the gill rakers are finer, longer, 

and more closely spaced.  Fish feeding on large particles have fewer, shorter, and blunter rakers.  

There are two components to such feeding, capture and retention. 

 

Filter feeding can involve both pump and ram actions.  In the shad Dorosoma and golden 

shiner Notemigonus crysoleucus the fish pumps water into an expanding buccal cavity by a series 

of rapid suction movements.  The water is subsequently extruded through the opercules. There is 

a bow pressure wave problem in ram feeding.  This is overcome, at least in Rastralliger, 

Scombridae, by extending the mouth and expanding the branchial chamber at the exact moment 

that the food is engulfed (Gibson and Ezzi 1985;  Gibson 1988).  A third variable to filter 

feeding, "gulping", can partly overcome the potential problem of pump feeding, escape of the 

prey (Gibson and Ezzi 1985). 
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The sizes and types of planktonic prey taken differ between different fish species.  Within 

a species capture success varies with sizes and type of prey.  In Tilapia galilaea 99% 

capture/retention success has been documented for the cladoceran Ceriodaphnia, 50% for 

Diaptomus, but only 27% for Mesocyclops and other copepods (Drenner et al  1982a).  Retention 

success may be quite low for small organisms.  In the white crappie (Pomoxis annularis, 

Centrarchidae) this has been found to be under 10% for prey sizes of less than 0.35 mm, 

increasing up to 100% for those larger than 0.55.   

 

 Retention success in zooplanktivores has been reviewed by Gerking (1994), and 

Langeland and Nøst (1995).  It has long been assumed, for example: as the whitefish Coregonus, 

that there is a good correlation between the number of gill rakers and feeding habits.  Indeed, 

species or morphs with long and numerous rakers and with little space between them tend to feed 

on small prey (Nilsson 1958, 1978;  Nilsson and Pejler 1973).  In salmonids generally gill raker 

structure closely relates to captive efficiency (Svardson 1976;  Hessen et al 1988).  Other 

authors, however, have failed to find such correlations - see Kliewer (1970) for whitefish in 

seven Manitoba lakes.  The Seghers (1975) conclusion that size of prey retained is not a simple 

function of the sieve mesh of the rakers led O'Brien (1987) to conclude that the precise role of 

the rakers in the whitefish is unclear.  In laboratory Pomoxis annularis, prey size predictions 

based on raker spacing actually overestimated the actual retention probabilities for Bosmina, 

Ceriodaphnia, and Cyclops spp (Wright et al  1983). 

 

There is commonly a disparity between sizes of prey that should successfully be filtered 

and that found in stomachs on the basis of gill raker spacing and prey size.  Drenner et al  

(1978a, b) argued that retention efficiencies of different prey can be estimated from cumulative 

frequency of distributions of inter-raker spacings, assuming that gill rakers operate as passive 

sieves, retaining only those particles larger than a given internode spacing.  Prey should, 

however, probably be looked at in terms of dimensions, and relative to the presence/absence of 

projections that may increase the chances of its entanglement (Gerking 1994).  MacNeil and 

Brandt (1990) have seen retention as a dynamic changing process as the fish changes the 

orientation of its gill arches.  The issue is complicated by the demonstration that African Tilapia 
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whose gill rakers have been surgically removed can still filter out small prey types.  This argues 

for a complex channeling system (Drenner et al  1987). 

 

This rationalization led to the "channel" model of Hoogenboezem et al (1991).  In the 

bream (Abramis brama) transverse ridges on the upper surface of the gill arches form a system of 

channels in which the food particles are retained.  Fish may be able to regulate the distances 

between the gill rakers by regulating the degree of buccal cavity expansion and water flow 

through the gills (Wright et al  1983).  The suction process creates a stagnant water phase in the 

bottom of the buccal cavity where the prey is accumulated.  However, in the blackfish Orthodon 

microlepidotus, a highly specialized planktivore, Sanderson et al  (1991) experimentally 

demonstrated in aquaria that the gill rakers acted as a barrier to water flow rather than a filter.  

Ingested prey was carried by currents flowing between the rows of rakers to the roof of the oral 

cavity, where it was trapped.  It was suggested that the variability of prey selection in the bream 

can be explained by adjustment of its filter into two distinct mesh sizes. 

 

The potential relationship between gill raker structure and sizes of zooplankton was 

compared for six common planktivorous fish in Scandinavian lakes (Langeland and Nøst 1995).  

The species were: Arctic charr (Salvelinus alpinus), whitefish (Coregonus lavaretus), European 

roach (Rutilus rutilus), European bleak (Alburnus alburnus), three-spined stickleback 

(Gasterosteus aculeatus), and the brown trout (Salmo trutta).  Gill raker length and distances 

proved to be significantly correlated with fish size (length), and although gill raker structure 

differed between the fish species all contained the larger zooplankters.  The minimum size of 

cladoceran species found in the fish stomachs was much smaller than the distance between the 

gill rakers and, despite differences in raker spacing, the minimum size of Daphnia galeata and 

Bosmina longispina was similar for all.  Accordingly, Langeland and Nøst rejected the 

hypothesis that small zooplankton are simply strained and retained by the gill rakers in 

particulate feeding planktivores. 

 

Basic to these discussions is documentation that zooplankton entrapment may be aided by 

the release of mucous. Greenwood (1953) found on the occurrence of mucous and entrapped 

prey in preserved specimens of the African Tilapia esculenta (Cichlidae).  Mucous-secreting 
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goblet cells in the epithelian covering of the gill arches occur in many fish (Singh 1976).  

Mucous boluses in the oropharyngeal cavity of the European bream Abramus brama, 

(Cyprinidae) may contain up to 900 zooplankters (Hoogenboezem and den Boogaart 1993).  It 

was suggested (Hoogenboezem and van den Boogaart 1993) that initially small food particles are 

retained by the branchial sieve and become covered with mucous;  adherence of many of these 

leads to the formation of a bolus that is swallowed. 

 

Notwithstanding all of the above fish equipped with a well-developed gill raker filtering 

mechanism commonly still take much of their food not by filter feeding but as individual 

particulates.  Alewives (Janssen 1976) were experimentally shown to feed, alternatively, as 

passive filterers, and as gulpers.  This resulted in differing proportions of the various sized prey 

in the stomachs relative to the water column.  The shift from particulate to filter feeding, or the 

reverse, it was suggested, may relate both to abundance and sizes of food particles available.  In 

the menhaden, Brevoortia tyannus, (Clupeidae) particulate, in contrast to filter feeding, is 

employed when the prey size:  predator size ranges from 1:20 to 1:200 (Durbin 1979).  Golden 

shiners (Notemigonus crysoleuces)  pump filter at times of high density of small Cladocera and 

particulate feed on large Cladocera, with the switch sometimes occurring rapidly (Ehlinger 

1989).  Crowder (1985) calculated the comparative costs and benefits of filter relative to 

particulate feeding relative to prey abundances.  His model suggest that profitability in terms of 

nutrient gain determines the switch.  The findings of Gibson and Ezzi (1985) with the alewife fed 

in aquaria on large-bodied Artemia nauplii, Artemia, and the copepod Calanus, confirm the 

Crowder model. 

 

Filter feeding fish may undergo changes in the method of acquiring food as larva 

compared to adult.  Larvae are particulate feeders with filtration feeding being introduced in 

species surveyed usually at 20-50 mm length (Gerking 1994).  Drenner et al (1982b) document 

the transition in Tilapia galilaea.  In paddlefish (Polyodon spathula), Polyododontidae, young-

of-year feed by the particulate method until they are 200 mm in length, after which, with the 

considerable mouth gape extended, they become ram filter feeders (Forbes and Richardson 1920;  

Ruelle and Hudson 1977). 
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Classically it was accepted that there is a direct correlation between the fineness of the 

gill raker screen and size of prey items eaten. This is now seen to be generally true. There at best 

only rare such demonstrations of this.  This is partly because fish can vary the effectiveness of 

the screen.  Other structures (canals on the floor of the mouth, mucous glands), and "undetected 

mechanisms" are also incorporated, it is noted.  Physiological and finer morphological structures 

that cannot be revealed by gross analysis may operate, authors note. Gill rakers thus provide a 

good example of the potential fallacy of drawing sweeping conclusions from structure in the 

absence of proper knowledge of how a structure functions.  North Temperate lake fishes have not 

received quantitative comparative studies to relate their zooplankton and filter feeding to the 

complex series of alternative feeding and processing described above. 

 

9.8 The alimentary canal 

 

The stomach and alimentary canal morphology of fishes is somewhat variable.  The 

histology of the structure varies along its length (Reiffel 1976).  Piscivores have large stomachs.  

Cyprinids lack formed stomach although there may be a compensatory enlargement of the 

anterior part of the alimentary canal, as in the squawfish Ptychocheilus (Weisel 1962).  

Herbivorous fishes characteristically have long intestines (Opuszynski and Shireman 1995).  

Intestinal length relative to amount of plant material in the alimentary canal was studied for a 

range of fish species inhabiting tropical Panamanian streams by Kramer and Bryant (1995).  In 

all intestinal length increased with body size but the degree and pattern of increase differed 

between the species.  However, there proved to be no discernible trend in intestinal length 

relative to average proportion of plant material when the confounding effects of body mass were 

taken into account. The widely held belief that intestinal length reflects diets in fish should, 

hence, only be applied relative to broad diet categories, they suggested.  Winemiller et al (1995) 

found that a correlation between relative length of alimentary canal and detrivory/herbivory was 

very strong in riverine cichlids of Costa Rica, Venuezela, and Zambia.   
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9.9 The sensory system in fishes, nature and specializations relative to feeding 

 

As in terrestrial organisms the sensory system of fishes provides accurate and continuing 

information about the environment and prey.  Processing and response to the information takes 

place in the brain where specific centres concerned with visual, olfactory-gustatory, the laterial 

line system, and hearing, are located. 

 

9.9.1 The eyes and vision 

 

 Vision is the primary sense used by fish – see Ali (1975, 1977), Ali and Anetil 1973, 

1976), Alevizon (1976), Bateson (1980), Nicol (1989), Douglas and Djamgoz (1990), and the 

work on the fish retina by Ali and Anctil (1976), and Ali (1977).  Vision relative to behavior in 

fishes has been explored by Tavolga (1956), Munz and McFarland (1977), Wanzenbock and 

Schiemer (1989), Pitcher (1979, 1993), Keenleyside (1979), Guthrie and Munz (1993), and by 

the various authors listed in Pitcher (1993).   

 

Fish in their vision must relate to visibility levels in the water, light angles, and other 

factors.  Whilst in the ocean, under optimum conditions, some light penetrates as far as 1000 m 

(Clarke and Denton 1962) the dropoff is commonly steep in freshwater systems due to particle 

accumulation.  This is related to thermal stratification (Brunskill 1970), turbidity stemming from 

freezing and thawing (Stewart and Martin 1982), and phytoplankton and macrophyte growth.  

The amount of light entering the fish eye will vary with its line of sight (Sreozynski 1977;  

Levine et al  1980;  Sivak and Kroutzer 1981).  In a horizontal plane light levels will be lower 

and spectral shifts greater with reduced contrast stemming from light scattering.  The downward 

line of sight from the eye involves the longest optical pathway with greatest effects on brightness 

and spectral properties (Guthrie and Muntz 1993).  There is a broad correlation between the 

visual pigments found in a species and the optical qualities of the water in which it is typically 

found (Lythgoe 1974, 1979).  This applies whether the species is a surface, midwater, or bottom 

dweller (Levine et al  1980).   
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The fish eye differs from the basic vertebrate type in that with the lens, a refractive 

sphere, accommodation is achieved by muscles moving its position rather than by shape change 

as in mammals.  Pupillary diameter usually does not change in fishes but this may be 

compensated for by the movement of the outer segments of retinal receptors relative to the 

pigment layer (Guthrie and Muntz 1993).  The fish retina shows a degree of complexity as high 

as those of terrestrial vertebrates, with three or more kinds of rods and cones - see Ali and Anctil 

(1976).  The spatial arrangement of these varies.  The pineal eye of fishes is light sensitive. 

 

A series of broad correlations can be drawn between eye structure and way of life or 

habitat occupied.  Deep sea fishes and those inhabiting fresh water shallows contrast in the kinds 

of cones and cone pigments in the retina and also to sensitivity to ultraviolet rays.  Benthic 

species of great depths go to morphological extremes to capture light.  They tend to have large 

eyes, that is large areas of receptor surface.  This trend may apply to some bottom-feeding and 

nocturnal lake species (for example, the North Temperate rock bass Ambloplites).  Where the 

advantages of sight are reduced so might be eye size.  Abyssal forms may have small eyes.  Cave 

fishes living in the dark evolve towards blindness.   

 

In North American fresh waters chemosensory feeding ictalurid catfishes have small 

eyes.  Nocturnal fish species typically contain rod-dominated eyes with fewer, larger cones.   

 

Correlations have been suggested between visual acuity, using minimum cone separation 

and lense diameter as a criterion, and active mid-water verses benthic feeding.  The cornea of 

some rock pool and littoral habitat fishes may contain oblique layers that reflect away direct rays 

from overhead, but remain transparent to reflects rays from objects in front of the eye (Lythgoe 

1974;  Guthrie and Muntz 1993).  There may be a strong correlation between the structure of the 

eyes of reef fishes, the timing of twilight activity, and the behavior of predators (Munz and 

McFarland 1973;  Lythgoe 1979;  McFarland and Munz 1976;  and Lythgoe 1979).  Bands of 

specialization sometimes occur in the retina of fishes and it has been suggested by Munk (1970) 

that these may be associated with detection of objects on the horizon.  Coral fish with such 

streaks inhabit open water where there is an unobstructed view of the sand/water horizon (Collin 
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and Pettigrew 1988a, b).  The retinal structure and visual acuity in coral reef fishes may change 

during ontogeny (Shand 1997). 

 

Capacity to detect smaller prey with growth, with the angle between adjacent cones 

becoming smaller but without changes in cone separation, have been described in the bluegill 

(Hairston et al  1983), three European cyprinids (roach Rutilus rutilus, bleak Alburnus alburnus, 

and blue bream Abramas ballerus), and in the white crappie (Pomoxis annularis (Browman et al  

1990)).  A correlation between position of greatest receptor concentration in the retina and 

bottom relative to mid-water and surface feeding has now been documented for various species.  

For example, in the obligate surface feeding planktivore Sardinops caerulea (Pacific sardine), 

which sights its prey from below the area of greatest receptor concentration in the retina is 

ventral (O'Connell 1963).  In the piscivorous perch Perca fluviatilis the regions of high cone 

density in the retina are predominantly temporal, favoring optimum acuity and discrimination in 

the horizontal plane (Ahlbert 1969;  Williamson 1987).  In the midwater feeding bluegill there is 

no such clear-cut concentration (Williamson op. cit.).  This species, which feeds on small objects 

has a higher visual acuity than the herbivorous goldfish Carassius (Schwassman 1974).   

 

 Several studies of fish retinas with accompanying receptor map interpretations as to how 

these relate to environmental factors are now available (Van der Meer and Anker 1984, 1986;  

Zaunreiter et al 1985;  Pankhurst 1987;  Henderson and Northcote 1988; Collin and Pettigrew 

1988a, b;  Ali et al 1990;  and see list in Van der Meer et al 1995). 

 

A comparative histological study of the retinas of four widespread and dominant 

centrarchid species was made relative to comprehensive diet and feeding behavior by 

Williamson (1987) and Williamson and Keast (1998) (Fig. 9.4).  These were the bluegill, a 

generalized water column; a vegetation foraging small invertebrate feeder; rock bass, a part-

crepuscular benthic predator of odonate nymphs, larger insects, and crayfish; pumpkinseed, a 

molluskivore and generalist feeder; and largemouth bass, a piscivore. All four species displayed 

a regular square mosaic of equal double cones and central single cones, as is typical of many 

visually feeding fishes (Fernald 1985).  In the rock bass the density distribution of double cones 

showed a well-demarked temporo-dorsal region of high cone density (numbers in excess of 
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18,000 cones/mm2) contrasting with 4,000 - 6,000 in the low density nasal and nasoventral 

regions (Fig. 9.4). In the bluegill, by contrast, distribution was more even, with maximum values 

of 10,000 cones/mm2 in the dorso-temporal and ventronasal regions.  The pattern is comparable 

in the pumpkinseed, with a maximum density of 12,000 cones/mm2 occurring in the temporo-

dorsal quarter of the eye.  In the largemouth bass there is a zone of high density, (17,000 

cones/mm2) in the ventral and temporal regions of the eye and with a maximum photoreception 

concentration in the central area. 

 

 The four species also varied in mean intercone spacing and corresponding minimum 

visual angles: acuities were 1.5 minutes of arc for the rock bass, 2.3 for the largemouth, 2.7 for 

the bluegill, and 3.6 minutes for the pumpkinseed.  Williamson (1987) noted that the seeming 

low value for the rock bass is comparable to the 1-2 minutes of arc found for ten pelagic marine 

species by Tamura and Wisby (1963).  These have very different ecologies.  Mean cross-

sectional area of double cones in the retina was 0.091 mm2 for the rockbass, 0.071 m2 for the 

bluegill, 0.042 mm2 for the largemouth, and 0.039 mm2 for the pumpkinseed.  The differences in 

all paired comparisons were statistically significant with the exception of pumpkinseed-

largemouth ones.  The values represented differences of 7-57% in potential light absorption area 

(for double cones).  Differences, taken over the whole retina, it was suggested, could represent a 

significant difference in visual acuity.  There were comparable differences (23-61% in cone area 

among the four species), in the measurement of repeating units in the retina that is in the 

quadratic arrangement of four double-cones surrounding a single cone.  Finally the four species 

differed in neural summation levels, i.e. in mean photoreceptor: ganglion cell ratios.  These were 

28:1 for the rock bass, 13:1 for the bluegill and pumpkinseed; and 12:1 for the largemouth bass. 

 

 In the bottom feeding rock bass the main direction of visual acuity proved to be rostral 

and somewhat below the horizontal plane.  The more uniformed density distribution of cones in 

the retina of the bluegill showed that in this species there in no clearly dominant direction of 

visual acuity.  This accords with observations that the "hover search" foraging behavior of the 

bluegill is invariably oriented in a horizontal plane (Janssen 1982): who noted that the density 

distribution of cones is apparently adaptive for high visual acuity in this axis.  In the largemouth 

bass the temporal area of cone concentration or high-density band runs through the horizontal 
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band of the retina (Polyak 1957; Ahlbert 1969).  This plus the overall density of the ventral eye 

Williamson (1987) suggested midwater feeding will prey commonly being taken from below.  

Observations indicate that this is commonly the case.  In the pumpkinseed retina, the higher cone 

density in the temporo-dorsal region, it was suggested, was an adaption to taking mollusks and 

other invertebrates from the bottom. 

 

 The measurement of minimum intercone angles in the four centrarchids indicated that 

they generally possess a high degree of visual activity, Williamson concluded.  This is in accord 

with the findings of Schwassman (1974) that the optimal acuity in the bluegill is at least twice 

that of the goldfish (Carassius auratus), and with those obtained in the behavioral study of 

Confer et al (1978) that the bluegill and pumpkinseed possess a superior ability to detect small 

prey at greater distances than do the salmonids.  The adaptive significance of increased cross-

sectional photoreceptor area for the visual abilities of fish has not been greatly studied.  It seems, 

however, certain that if other optical properties are equal, a significantly increased cross-

sectional cone area, such as in the rock bass would be more efficient as a "photon-catching" 

mechanism than cones with a smaller surface area.  Muntz and McFarland (1977) have suggested 

that at light levels where photopic vision begins to fail, the larger cones of crespuscular feeders 

may still intercept enough light to allow them to forage effectively.  Eye size is also important 

under dim light conditions:  in even diffuse illumination this will intercept more photons than a 

small one from a near point source because the large eye subtends a greater solid angle at the 

source (Locket 1977).  The ability to accumulate and integrate this information, however, may 

also be dependent on the other optimal properties of the eye.  Sivak (1973) has suggested that the 

red colour of the rock bass eye may reflect an increased vascularization of the choroid, and hence 

more potentially effective retinal functions through greater oxygenation. 

 

 Low rates of neural summation are generally associated with diurnal feeding.  Very high 

summation rates found by Ali and Antcil (1976) for the piscivorous walleye (Stizostedion 

vitreum vitreum) and related sauger (S. canadense) have been linked by these authors to the 

fishes life in turbid and dimly lit environments.  Though the centrarchid values found by 

Williamson were much lower, the 5:1 (compared to 2:1 ratio of photoreceptor) bipolar cells in 

the rock bass may represent a better ability to feed in dim light, as per the suggestion of Ali and 
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Antcil.  The rock bass is a crepuscular, as well as bottom feeder.  The differences in the visual 

systems of the four centrarchids relate to different modes of feeding on varied kinds of prey 

items.  As noted, the rock bass obtains items from the bottom, especially in dim light; the bluegill 

takes small prey primarily in a horizontal plane under conditions of good daylight; the 

largemouth detects prey motion from a distance (vide high receptor density in the central retina 

and low summation rate). The largemouth bass may not react to prey that "freezes".  Focus is on 

actively swimming targets (Howick and O'Brien 1983;  Dunlop 1987).  Conclusions of the 

different investigations are in general agreement, as noted.   

 

 Behavioral mechanisms in visual feeding are obviously correlated to anatomy of the eye 

but this has been analysed for only a few species (for example, trout and stickleback).  Data on 

predator reaction distances relative to prey size, and degree of contrast of the background, and 

role of light and prey movement in prey detection, has been developed by Ware (1971, 1972, 

1973), Zaret (1980), and Eggers (1982). 

 

 The reaction of a predator varies with size of prey organism and its distance. Rainbow 

trout respond to a 4 mm amphipod at 180 mm, and a 9 mm one at 350 mm under clear water 

conditions (Ware).  Eggers (1982), using a field model noted that the angle subtended by prey of 

different sizes and at different angles can be calculated and the feeding of responses related to 

that.  Reaction distance of the predator was significantly greater when experimental prey items 

were kept in motion (Ware 1973).  In experimental sticklebacks reaction level increased with 

speed of movement of prey only up to a certain level (Kislalioglu and Gibson 1976).  Reaction 

distance is influenced by the visual contrast of the prey and associated background (Ware 1971).  

A highly visible prey item like a cladoceran with a large conspicuous eye spot attracts a predator 

to a disproportionate extent (Zaret 1980). Zooplanktivorous fish take Cladocera in preference to 

copepods (this also applies in Lake Opinicon) it is suggested because the more erratic swimming 

mode of the latter makes them more difficult to capture (Zaret 1980; O'Brien 1987). 

 

 In a recent exploration of morphological differences, that permit co-occurrence of 

multiple species of zooplanktivorous haplochromine cichlids in Lake Victoria, Van der Meer et 

al (1995) concluded that the retinal morphologies indicated distinct interspecific differences in 
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sensitivity thresholds and slight differentiation in visual resolution.  The functions correlated 

poorly with photic conditions in the species-specific habitats.  They could however, be connected 

with a subtle differentiation of feeding behavior or food items.  On this basis, then, optical 

differentiation had a function in resource partitioning. 

  

9.9.2 Hearing 

 

 Hearing is much less important in the pursuit of prey than in terrestrial organisms 

(Hawkins 1993). Nevertheless, teleosts have a wide range of mechanisms for making sounds.  

Acoustic communication figures in alarm, schooling and mating and, sometimes, apparently in 

individual recognition.  Sound can travel vast distances under water and faster than in air.  Some 

fish use an auditory filter to help distinguish signal from background noise.  If hearing is of 

limited importance in itself to fish it obviously may be a major supplement to the other senses.  

Hearing in fish has received inadequate attention. 

 

9.9.3 The lateral line system 

 

 The lateral line system of fishes, a unique hydrodynamic sense unknown in terrestrial 

organisms but ubiquitous in aquatic vertebrates, goes back to the earliest heterostracans.  

Investigators early recognised its importance in a wide range of fish activities.  Using the lateral 

line, fish can recognise water movements, as first demonstrated by Hofer (1908), occurrence and 

position of impediments (Dijsgraaf 1963; von Campenhausen et al 1981; Hassen 1986;  

Northcutt 1989) and, in surface feeding, they can detect and locate sources of surface waves 

(Schwartz 1971; Bleckman 1988, 1993; Bleckman et al 1989). The top minnow (Aplocheilus 

lineatus) detects and localizes aerial prey hitting the surface: this is done with its cephalic lateral 

line system (Mogdans et al 2002).  The lateral line may detect vibrational spawning movements 

permitting the synchronization of spawning in individuals (Satou et al 1987, 1991).  The closely 

synchronized turning movements in schooling fish may be mediated by the lateral line, with both 

lateral line and vision being employed to maintain individual distances (Pitcher 1979).  
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Physiological experiments suggest that the lateral line serves a dual function, as both a 

mechano- and chemo-receptor (Katsuki and Yamashita 1969;  Kawamura and Yamashita 1983). 

There is possibly a relationship between lateral line structure and complexity, and habitat: 

teleosts that live in turbulent water may show greater structural specialization in the system 

(Bleckman 1993).  This is certainly the case in blind cave fish. 

 

 The structure of the lateral line in fish and how it functions in the space use and feeding 

ecology of fish has been summarized by Bleckman (1993).  It consists externally as rows of 

small pores in the head and trunk:  these connect the outside medium with a sophisticated canal 

system formed by bone or scales.  Within the canals are numerous sensory hillocks or 

neuromasts. Neuromasts are covered by a gelatinous cupula; sensory hairs from underlying 

mechanosensitive hair cells extend into this.  Minute net water displacements shear the cupula 

parallel to its base, causing a gliding movement over the sensory hair bundle.  A "distance touch" 

receptor results.  In most teleost fish, characteristically, one canal passes forwards above the eye, 

another forward and immediately below the eye, and a third downwards and over the lower jaw.  

Head canal diameter varies widely, from less than 200 um up to several millimetres.  The system 

thus gives considerable detection and directional sensitivity in the head region.  Some examples 

of the relationship of the lateral line system to feeding in fish are given by Bleckman (1993).  

The deepwater mottled sculpin, Cottus bairdi (Hoekstra and Janssen 1985), the ambliopsid blind 

cave fish (Poulson 1963), and the piper (Hyporhamphus ihi) (Montgomery 1989), have been 

recorded as using the lateral line to feed on plankton at night.  Blinded pike can attack live fish 

from distances of 5-10 cm but not after extirpation of the lateral line (Wunder 1927).  Bluegills 

with blocked lateral line are limited to attacking live fish prey by daylight (Enger et al 1989). 

Surface-feeding fish can perceive the low-amplitude high-frequency components that 

characterize prey stimuli relative to surface wave stimuli (Bleckman 1988; Bleckman et al 1989).  

The lateral line system is presumably important to nocturnal feeders like the silverside in 

Opinicon that pick up insects from the surface at night. 

 

 In tropical fish, for example, the African freshwater Mormyriformes, the South American 

Gymnotiformes and the worldwide ranging Siluriformes, lateral line organs may be modified 

into specialist electrosensitive organs.  Variously complex receptor and emitting electrical organs 
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are involved, prey detection and capture, and in defence (Chapter 11).  Ictalurid catfishes can use 

bioelectric stimuli emanating from prey in locating it (Kalmijn 1974). 

 

 The role of the lateral line in fishes in feeding remains understudied.  The sensitivity of 

the system, demonstrated by its importance in a multiplicity of roles suggests that it is also of 

wide use in feeding.  As noted, the system is important to some visual feeders under conditions 

of low light. 

 

 In Antarctic fishes under the ice in winter and with sight of limited value the lateral line 

and a combination of senses is used in orientation and feeding (Janssen 1996). 

 

9.9.4 Olfaction and taste 

 

Fish detect chemical stimuli both by olfaction and taste but, in contrast to terrestrial 

animals, all the chemical activators are mediated by water (Atema 1980).  The distinction 

between olfaction and taste is therefore tenuous.  Fish relate biochemical products released by 

conspecifics, predators and prey.  Chemical stimulants, including pheromones are widespread in 

social interactions.  Little is known about the underlying physiological mechanisms of chemical 

reception in fish. 

 

 A modern comprehensive review of the morphological basis of olfaction and taste in 

fishes is provided by Hara (1993) and this can be summarized as follows. 

 

 In teleosts pairs olfactory pits are characteristically located on each side of the head.  

Each cavity usually has an interior inlet and posterior outlet.  Water enters and leaves with 

respiratory movements (Hara 1993).  The floor of the nasal cavity is lined with olfactory 

epithelium raised into complicated series of folds or lamellae to form a rosette.  The 

arrangement, shape, and degree of development varying widely amongst species.  The number of 

olfactory lamella varies from a few in sticklebacks to up to 120 in eels and morays;  salmonids 

have 5-10 additional secondary foldings per lamella.  No simple correlation has yet been 

established between the number of olfactory lamellae and acuity of the sense of smell.  The 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

sensory epithelium in a teleost nasal cavity incorporates 5-10 million olfactory receptor cells.  In 

fishes the olfactory bulb in the brain is poorly differentiated and the limitation is less distinct 

than in higher vertebrates.  In chemo-reception odorous molecules impinge on the surface of the 

olfactory mucosa. 

 

 Fish are highly sensitive to amino acids (Sutterlin and Sutterlin 1971;  Suzuki and Tucker 

1971).  The taste systems of catfishes especially respond to a wide variety of amino acids (see 

account previous);  the rainbow trout to only a limited selection, whilst other fish species fall 

between the two extremes (Yoshii et al  1979;  Caprio 1982;  Marui et al 1983; Hara 1993).  

Most feeding stimulants identified for teleosts are of low molecular weight, non-volatile, 

nitrogenous, and amphoteric.  Feeding behavior in different fish species is apparently stimulated 

by different chemicals.  Study of structure and function of the lateral line and how it relates to 

habitat and diet in a community of freshwater fish is invited. 

 

9.10 Body morphology relative to physiology and energetics in fishes  

 

 Adaptive morphology in fishes is not solely related to way of life and ecology.  It may 

relate to energy efficiency relations (Webb 1978; Pettersson and Hedenström 2000).  The issue is 

complicated, however, because basal and standard metabolic rates may vary seasonally in 

different lineages, and show considerable adaptive flexibility (Ricklefs et al 1996; Piersma and 

Lindström 1977; Secor and Diamond 1998).  A reduction in the standard metabolic rate may be 

linked to improved growth (Wieser and Medgyesy 1990), with variation relating to growth 

strategies (Metcalfe 1998). Body shape can relate to fitness cost. Brönmark and Milner (1992) 

suggest that a deep-bodied morphology should link to increased energy cost whilst swimming.  

However, the standard metabolic rate in deep-bodied fishes is lower than in shallow-bodied ones 

(Pettersson and Brönmark 1999).  Ultimate costs of the two could, hence, be comparable, despite 

differences in drag. 

 

 The possibilities and limitations of swimming cost compensation through standard 

metabolic rate adjustment have been investigated by Petterson and Hevdenström (2000).  They 

concluded that:  (i) standard metabolic rate modifications may compensate for hydrodynamic 
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disadvantages; (ii) low drag fishes will have a marked advantage under high food abundance; 

(iii) the relative advantage of this will decrease with decreasing food levels; (iv) low drag fishes 

can use a broad range of swimming velocities without substantially increasing swimming cost, 

whereas the cost of deviating from the optimal swimming velocity increases markedly in high-

drag fishes. 

 

 The energetic features of body forms are obviously of critical importance.  Evolution will 

occur in the direction of optimizing this.  Body features are central to this.  On the other hand, 

different ways of life demand differing energy outlays.  Basic currencies may be different.  The 

subject remains understudied. 

 

9.11 The structure of a small lake fish assemblage, Lake Opinicon, Ontario 

 

 The review of body morphology in freshwater fishes confirms that the structure prototype 

of aquatic fish has seemingly endless features, adaptations, and specializations.  Efficiency and 

variation is every bit as great as in terrestrial vertebrate systems.  There are just as many extreme 

and minor life alternatives.  A similar range of habitat types, ways of life, food types, and 

ecological role division patterns are available. 

 

 There is now the obligation to explore how morphological types of fishes combine to 

form viable lake fish communities or assemblages.  What adaptive types does a typical lake 

support, and how and why, must be disentangled.  The subject has not received proper analytical 

attention, widespread as generalizations may be. 

 

The subject has best been explored, if in a modest fashion, in the small, rich North 

Temperate Lake Opinicon (Keast and Webb 1966).  Of central interest is what morphological 

types occur, how do they supplement each other, how different are they from each other?  

Findings and ideas will be assembled from the original papers, supplementary data sets 

(interpretations from the previous section), aquarium and field observations on swimming and 

feeding behavior, and diet sets.  As discussed earlier, this “typical” small Ontario Lake, in its 18 

species, has a relatively complete set of basic adaptive types (piscivores, herbivores, 
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planktivores, insectivores (Chapters 4-6), littoral and more limnetic zone species, “thicket” and 

open water forms, schooling and more solitary species, and diurnal and nocturnal ones (Chapter 

4). 

 

The discussion covers 17 species with detail being provided to adequately document the 

pertinent body features.  Minor or chance occurers are not incorporated.  Greater details on the 

Opinicon fishes, and those on adjacent waterways can be found in Keast and Webb (1966) and in 

the author’s other papers. 

 

 The major species of Opinicon and their ecologies are: 

Northern pike (Esox lucius) - Esocidae 

 

The powerful, muscular body of the pike is cylindrical or elongate tubular (Fig. 9.1, Fig. 

4.1) with the height and width comparable (height width ratio - only 1.3).  This shape is effective 

in forcing through vegetation as well as open water.  The semi-extended pectoral and pelvic fins 

are widely separated (Table 1), ventrally placed and function to give stability both fore and aft, 

necessary in a long body.  The caudal peduncle is short but this is compensated for by the 

muscularized posterior part of the trunk.  The single dorsal fin is high and short-based; the anal 

short-based, deep, and rectangular.  The caudal fin is deeply forked and has a high aspect ratio.  

The far posterior position of the dorsal and anal fins function to supplement the caudal fin in 

making swift strikes from a still position.   

 

Although in adult pike the pectoral and pelvic fins would seem to have not to have a 

locomotory function in young individuals they exhibit a pronounced fore and aft rippling 

movement: this is seen during hovering and holding still in the water preparatory to a strike.  The 

mudminnow and grass pickerel (Esox americanus vermiculatus) have a comparable paired fin 

action. 

 

The wide mouth is terminally placed on the head and of wide aperture, averaging 60 mm 

in a 500 fish (i.e. 12% standard length) - Fig. 9.2.  The latter is achieved by a flattening of the 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

head to a "duck bill" like snout.  From the side, the jaw angle forms a deep indentation.  The 

jaws are massive.  The premaxilla is fused with emphasis on strength.  The lower jaw moves in a 

downward, rather than a downward and forward plane.  The premaxilla bears a single row of 

small, slender, conical teeth strongly recurved;  these are duplicated on the lower jaw but the 

lateral "canines" are much enlarged, compressed, triangular in shape, and have attenuated 

recurved points.  The marginal, especially lateral, and buccal teeth are so angled that, once 

grasped, the prey can only move backwards down the throat.  There is a similar recurved  

dentition on the pharyngeal pad.   

 

These attributes combine to make pike highly specialized piscivores.  Virtually all major 

structures are adapted to that end.  Pike become piscivorous at about 45 mm (Hunt and Carbine 

1950).  Their adaptations develop very early.  The size of prey eaten increases with growth.   

 

Mudminnow (Umbra limi) - Umbridae 

 

The body of the marsh lake edge thicket-dwelling mudminnow is thick, foreshortened, 

tubular (height:width ratio, 1.4), and is relatively powerful and muscular.  The species is not an 

active open-water swimmer.  The caudal peduncle is short and thick and the caudal fin short and 

rounded.  The paired fins are widely spaced and ventrally placed, a phylogenetic feature.  The 

pectoral is rectangular and the dorsal fin long (Table 1, Fig. 4.1). 

 

The strong thick body fits the mudminnow well for moving through thick tangled 

vegetation and sediments in ponds, streams and weeded lake margins.  It may hibernate in soft 

mud: the powerful body lends itself to burrowing.  The mudminnow is sluggish, slow and 

deliberate moving.   

 

When resting or feeding mudminnows characteristically hold still in mid water for long 

periods, often with the body inclined upwards.  Some prey is taken when it moves accidentally 

into the mudminnow’s immediate striking field. Position in the column of vegetation is 

maintained by distinctive movements, rippling of the fins, (and, especially, the dorsal) undulating 

waves passing anteroposteriorly across the extended surface. Turbulence that might warn prey is 
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thus avoided.  The dorsal fin is large, extending for 22% of standard length.  Feeding is by 

stalking and is highly characteristic, the fish moving slowly and imperceptibly close to prey with 

minimal turbulence, a process that may take many seconds, and then making a sudden strike.  

Placed in an experimental open water tank with various combinations of other hungry species 

mudminnows fared poorly, on every occasion being anticipated by quick moving golden shiner 

and other species that are specialized for life in open water. 

 

The mouth is strong, thick-lipped, and terminally placed.  Its aperture is relatively wide 

4.7 mm, in 70 mm adult fish (Fig. 9.2).  The premaxilla is fixed, giving strength.  The marginal 

dentition consists of a double row of sharp, conical, and recurved teeth.  The buccal dentition is 

well developed.  These features and the scoop-type mouth obviously correlate well with the diet 

of hard bodied prey, for example, gastropods (which make up to 40% of the diet), ostracods (5-

10%), amphipods and small Ephemeroptera nymphs (up to 20% each), Coleoptera and 

Trichoptera larvae (up to 15% each) - see Opinicon data - Chapter 4.  In Jones Creek, Ontario, 

isopods and Odonata nymphs are disproportionately important (Keast 1966);  Fish Lake 

populations take more ostracods and odonate nymphs (unpublished data).  These foods are 

characteristic elsewhere (Pearse 1916;  Scott and Crossman 1973). 

 

Alewife Alosa pseudoharengus - Clupeidae 

 

This species singly represents the clupeids, a world-wide primarily marine group.  It has a 

considerable capacity to colonize rivers and freshwaters where they may become the dominant 

planktivore (for example, as in the Caspian Sea and Lake Michigan).  Alewife were only 

recognized in Lake Ontario in 1873 (Scott and Crossman 1973) and were first collected by the 

writer in Opinicon in 1964.  

 

In the context of this Chapter, the clupeid features can be introduced as highly 

appropriate for a versatile, wide-ranging, mid-water dwelling, highly successful zooplanktivore 

and small invertebrate feeder.  A gill raker screen (38-40 rakers on the first arch - Scott and 

Crossman 1973) is illustrative, giving the capacity to filter feed (Batty et al 1986 – although 

much feeding is direct and does not necessarily involve these. 
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 The body is fusiform and bilaterally compressed.  The whole body thus, potentially acts 

as a keel, conferring stability.  The pectoral and pelvic fins, widely separated relative to body 

dimensions, accord with this.  The deeply forked high aspect ratio tail minimizes turbulence 

effects when swimming.  The head is broadly triangular.  The lower jaw slopes downward.  The 

mouth is “intermediate” in size, width 13.0m 150 mm in adult fish. The teeth are small, weak, 

few in number on the premaxilla and mandible:  prominent teeth are not needed by a 

zooplanktivore.  The pharyngeal pad (Fig. 9.3) also has simple, small fine pointed teeth.  A 

crushing function is not needed.  The eye is large (diameter of 26-32% of the standard length) 

ensuring good vision in dim light.  The species is commonly a nocturnal feeder (Keast and Fox 

1990).   

 

Zooplankton figures prominently in the diet.  Larger bodied Cladocera are individually 

selected when available (Eggers 1982).  In Opinicon, the smaller Bosminia, copepods, and 

Chaoborus larvae make up the diet (Keast and Fox 1992).  

 

Golden shiner (Notemigonus crysoleucus);  blackchin shiner (Notropis heterodon);  

bluntnose minnow (Pimephales notatus) - Cyprinidae  

 

Cyprinids are the dominant group of species in the Great Lakes drainage and in North 

Temperate lakes and streams.  With basic body forms, the predominantly generalized cyprinids 

have radiated to fill a wide range of niches (Chapter 1).  Of the three predominantly 

planktivorous cyprinids in Opinicon the blackchin and bluntnose remain small and only live 2-3 

years. They are well adapted for cropping individual zooplankters.  The body is fusiform (Figs. 

4.1, 9.1).  In the schooling and highly mobile golden shiner it is compressed fusiform, with a 

depth/width ratio averaging 2.0.  In the more tubular (rounded fusiform) body of the bluntnose it 

is 1.4 (Table 1, Fig. 4.1). 

 

The pectoral and pelvic fins are widely spaced (Fig. 4.1) giving stable control. In the 

golden shiner the pectorals are falcate with a high aspect ratio. They are moved with sharp, 

synchronized, oar-like beats, with the narrow-based high, triangular dorsal being constantly 
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raised and lowered as turns are initiated. It uses this in making presumptuous turnings.  When 

holding still in the water, position is maintained by a slow beat of the pectorals, a fluttering 

action of the upper lobe of the caudal fin, and occasional twitching of the dorsal and anal fins.  

The caudal peduncle is long and slender, the caudal fin deeply forked;  the short-based anal deep 

and triangular. In the less mobile bluntnose the tips of the caudal and pectoral fins are rounded. 

 

The mouth aperture is relatively narrow (Fig. 9.2).  Widths in adults of 4.6, 3.2, and 3.0 

mm averaging  5-6 per cent of the standard length (Table 1).  It is dorso-terminal and scoop-like 

in the golden and blackchin shiners, downwardly directed and forming a small-bored tube in the 

bottom-feeding bluntnose minnow (Fig. 9.2). In all three premaxilla protrusability and lower jaw 

extensibility are high, adaptations that slightly advance the limits of the mouth relative to the 

head.   

 

The golden shiner uses two contrasting foraging modes when feeding on zooplankton.  

Large cladocerans are visually located and individually attacked, as in  Michigan lakes where 

Daphnia sp. is the prominent prey item (Hall et al 1979).  Pump filter feeding is used when 

densities of small zooplankton are high: being done with no apparent visual clues to detect prey 

(Ehlinger 1989).  

 

The three species are strongly planktivorous (Chapters 4, 5).  The diet of the golden 

shiner in Opinicon (Cladocera, 20-90% by weight;  20% flying insects picked up at the surface;  

chironomid larvae, 20-30;  and filamentous algae), embraces the same range of prey items as 

consumed elsewhere (Pearce 1916;  Dobie et al 1948;  Carter 1949;  Hall et al 1979;  Zaret 1980;  

Ehlinger 1989).  The mid-water and surface feeding accords with the dorso-terminal orientation 

of its mouth.  The blackchin shiner, also with a terminal mouth, takes Cladocera (20-50% of diet 

in most months), and flying insects (10-80%).  In the bluntnose the diet, as in Ohio (Kraatz 1927) 

and Iowa (Starrett 1950) is organic detritus, small chironomid larvae, and the smaller Cladocera.   

 

Body shape, and mouth position, size and shape accords well with plantivory and 

generalized ways of life and diets in the three cyprinids. The pharyngeal dentition of the golden 
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shiner is of "chopping" type (Fig. 9.3). In the detritivorous bluntnose minnow the intestine is 

long, 1.5 times the standard length, as is characteristic in herbivorous vertebrates.   

 

Brown bullhead (Ameirus nebulosus) and yellow bullhead (I. natalis) - Ictaluridae 

 

These catfish contrast strikingly with the other fish in being chemo-sensory feeders, 

having a scaleless body covered with taste buds, sensory barbs around the mouth, and in being 

non-visual feeders (Figs. 4.1, 9.1, 9.2).  The eyes are very small and sight poor (Sivak 1973).  

The retinal area of the brown bullhead is half that of the bluegill, one third that of the rock bass 

and black crappie, and one quarter that of the largemouth bass (Keast 1985).  Eye size and 

degree of visual acuity being correlated in fish (Hairston et al  1982;  Breck and Gitter 1983) 

small eyes (Fig. 9.2) have less light-gathering capacity than large ones (Teichmann 1954).  

Discrimination when hunting different types of prey is also limited because the lens of the 

bullhead eye has no accommodative ability:  close objects by the snout are difficult to identify 

(Sivak 1973). 

 

Taste receptors occur within the epithelia of the mouth cavity, tongue, pharynx, 

esophagus, and gill rakers, but they are particularly concentrated in the barbels that project 

outwards from the front of the head (Atema 1971;  Bardach and Atema 1971;  Peters et al 1974).  

Ictalurids are able to detect prey up to 25 body lengths away by taste alone (Bardach et al 1967).  

Parker (1910) suggested that feeding behavior in bullheads involves touching prey with the 

barbels.  This might allow selection between prey types of different sizes and morphologies, and 

is possibly how yellow bullheads find fish prey that is resting on the substrate at night.  

 

The body is compressed and narrowed posterior to the head.  Propulsion is sinuous with 

sub-anguilliform swimming movements.  The caudal fin is large and emarginate, as in many 

slow swimming fish.  The high, short-based, dorsal fin, is far anterior at the point where the body 

narrows, where it can be of maximum advantage both as a keel and a turning aid.  The anal fin is 

posterior, long-based, deep, and rounded, and such a fin in the catfishes, like the heterocercal tail 

of sharks, gives lift and negative pitch (Young, 1962).  The paired fins are widely separated 

(spacing 23% of the standard length) and are shark-like, being large, low on the body, and held 
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outwards in a horizontal plane.  Although they beat periodically with a synchronized action their 

main function is apparently that of hydrofoils, effecting the tilting of the body necessary in 

bottom feeding and counteracting the lifting force of the enlarged anals.  A rapid strike entails 

much turbulence. 

 

The head of the bullheads is broad and flattened.  The resultant large mouth averages 

19.5 mm (13% of the standard length) in a 150 mm brown bullhead favoring engulfment of 

bulking material like chironomids in mud.  This is appropriate in a species poorly adapted for 

obtaining individual items.  From the side, the jaw angle forms a shallow indentation.  The 

premaxilla is fixed, and the marginal dentition consists of several ill-defined rows of relatively 

long, conical, slightly recurved teeth. 

 

Ictalurid catfish are structurally and behavioral specialized for feeding in muddy water 

and at night.  The dorso-ventrally compressed body and flat belly accords with bottom dwelling 

and living under logs and vegetation. 

 

In Opinicon, brown bullheads of 30-60 mm total length feed mainly on chironomid larvae 

(50% of stomach content weight), which they mouth from the bottom, Cladocera (up to 60%), 

ostracods, amphipods, Hemiptera, and small Ephemeroptera (Chapter 4).  In 70-120 mm fish 

these are partly replaced by increased amounts of Hemiptera, ostracods with some fish fry being 

eaten in July.  Large fish (130-240 mm) feed on chironomid larvae (up to 80% of weight), 

mollusks, ostracods, small crayfish and amphipods.  Leaches are important food in the Jones 

Creek population (Keast 1966).  The versatile pattern of feeding agrees with findings in other 

parts of the species range (Baker 1916; Nurnberger 1930;  and Moore et al 1934).  Catfish are 

also scavengers, and the brown bullhead can be strongly detritivorous (Rubec 1975), or 

algivorous (Gunn et al 1977).  There are several accounts of the species feeding on raw sewage 

(Moore 1932;  Campbell 1939;  Hynes 1960). 

 

In aquaria fish some feeding is done by "nosing" along the bottom at a declined angle, 

somewhat in the manner of a vacuum cleaner, with the sensory ventral barbels just touching the 

substratum.  When food is detected, the fish turns quickly and seizes it with a snapping action. 
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The fish will sometimes draw up detritus, mouth it, and than expel the residue. The limited sight 

of bullheads is seen when aquarium fish are presented with small pieces of beef liver: the fish 

initiate raked and ill-directed searching movements, threshing about until the item is touched 

with barbels or body, when it can be sized.  In the course of this the fish often bit each other.     

 

The yellow bullhead which contrasts in taking fish prey is morphologically comparable to 

the brown bullhead, in proportions mouth width for age and the pharyngeal dentition is 

somewhat similar.  Young fish share a common diet with the brown bullhead but subsequently 

the yellow bullhead becomes piscivorous.  Fish prey seems commonly to be obtained when lying 

near the bottom at night. 

 

Feeding in catfishes is primarily by use of the gustatory system (Bardach et al 1967;  

Atema 1971, 1977).  Olfaction is the alerting sense and is also involved in social behavior (Todd 

et al 1967;  Atema 1977).  The major chemicals present in the tissues of the prey invertebrates of 

the endemic ictalurids are: L-alanine in crustaceans, mollusks, worms, and teleosts (Campbell 

1970a, b), and L-arginine in mollusks, crustaceans (Konosu 1971), and insect larvae (Corrigan 

1970).  The chemical stimuli are thus not particularly group specific. 

 

A review of the energetic implications of the ictalurid body form and generalized diet, 

derived from energy values contributed by the different prey types showed that they were at the 

upper end of values obtained for bluegills and pumpkinseeds.  Growth (body mass accumulation 

rates) for Opinicon brown bullhead was superior to those of pumpkinseed, rock bass, and yellow 

perch).  Whether this is due to consumption of greater amounts of food, or a more efficient 

energy transfer system could not be stated (Keast 1985a). The brown bullhead, however, has a 

low standard metabolism (66.1 mg O2 consumed per kg body weight of fish -1 h-1).  

Comparative figures for the white sucker, Catostomus commersonii, are 110.4 mg, and brown 

trout, Salmo trutta, 147.0 mg (Beamish 1964).  The active metabolism of the brown bullhead is 

similar to the pumpkinseed (399.9 mg O2 consumed kg body weight of fish -1h-1 compared with 

408 mg in the pumpkinseed (Saunders 1962;  Brett and Sutherland 1965).  These are lower than 

in the white sucker (498.1 mg) and common carp, Cyprinus carpio (654.4 mg). 
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Catfishes, occupy a unique adaptive zone in aquatic systems with great success.  Body 

and mouth morphology, behavior, physiology, and diet closely relate to this. 

 

Rock bass (Ambloplites rupestris), largemouth bass (Micropterus salmoides), bluegill and 

pumpkinseed sunfish (Lepomis macrochirus and L. gibbosus) and black crappie (Pomoxis 

nigromaculatus) - Centrarchidae 

 

 The centrarchids, a dominant group in small northern lakes are of interest in representing 

an endemic radiation and in showing marked morphological diversity.  Some genera go back to 

the Miocene and this gives an age for the evolution and a differentiation of the diagnostic body 

shapes (Fig. 9.5). The genera are separated by a whole series of basic characters of marked 

adaptive difference.  The relations of the genera (as determined by and of how some of the major 

form contrast are summarized).  The piscivorous largemouth bass, can cruise widely (Curran et 

al (1947) recovered a marked fish 5 km away after six weeks), has a sub-fusiform body.  There is 

a strong tendency to gibboseness with the whole high narrow body acting as a keel (as in the 

bluegill and pumpkinseed). 

 

In the bluegill and black crappie the body height/length ratio of the mature fish averages 

52 and 42 compared to 19, in the thicker-bodied rock bass and 37 in the largemouth bass (Keast 

and Webb 1966, Table 1).  The height/width ratio in the bluegill is 2.6, the crappie 2.8, in the 

rock bass 2.0, and in the largemouth 2.1. The dorsal fin, composed of an anterior spiny-rayed and 

posterior soft-rayed portion (Fig. 4.1) is protracted averaging 38-52% of the standard length in 

the four species.  The spiny rayed section functions both in defense (erecting it makes the fish 

"larger" and more difficult to swallow) and in turning/stability movements provide the 

characteristic "water hanging", hovering, and maneuvering movements.  In the bluegill and black 

crappie this is achieved by undulations of the enlarged posterior lobes of the dorsal and anal fins 

and the upper lobe of the caudal fin, plus pectoral fin action.  The large, graceful pectoral fin, 

action also counters the effects of water being ejected from the gills.  Left and right fins may beat 

independently with a pronounced rotating or "wrist" action.  Their falcate shape is probably 

associated with reducing water resistance on the recovery stroke.   
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In the largemouth bass the dorsal fin is divided into anterior and posterior components, 

giving greater freedom for independent action.  The anal fin is shorter based and more 

rectangular.  In the mid water feeding black crappie the posterior lobe of the anal fin, 

intermediate in type in the bluegill and rock bass, is long based and has a greatly expanded 

posterior lobe. 

 

As is characteristic of foreshortened body and, especially gibbose-shaped species, the 

pelvic fin of the centrarchids has rotated forward to a position nearly below the pectoral one.  

The distance of separation at the leading edges (pectoral/pelvic spacing) is 0.6% of the standard 

length in the bluegill, 3.0 in the rock bass, and 0.6 in the largemouth bass (Table 1).  The caudal 

peduncle is functionally short, about 34% of the standard length in centrarchids.  The caudal fin 

is large and tends to be emarginate. 

 

Mouth size, shape, and position on the head reflect diet and feeding behavior.  In the 

piscivorous largemouth the mouth width averages a high 16% of the standard length (50-85 mm 

in 400-600 mm fish).  To permit this the jaw angle forms a deep indentation as seen from the 

side (Fig. 9.2).  The jaw margin is strong, with little protrusibility of the premaxilla.  The 

marginal dentition consists of four to five rows of sharp, conical, and backwardly directed teeth, 

with those of the anterior row considerably enlarged.  In opening, the lower jaw swings well 

forward and downward to form a snapping scoop. 

 

In the rock bass, the mouth aperture is relatively less wide, averaging 16.8 mm (13% 

S.L.) in fish of 130-150 mm S.L.  The form of the mouth and the dentition are similar to those of 

the largemouth.  The jaw margins are again thick.  The jaw angle, however, forms a moderate 

rather than a deep indentation.   

 

In the Cladocera and chironomid eating bluegill the mouth aperture is narrow (Fig. 9.2), 

averaging 8.1 mm (6% in fish measuring 125-150 mm standard length the jaw angle forms only 

a shallow indentation.  The premaxilla is relatively protrusible (48%) and lower jaw extensible 

(100%), accounting for the small tubular form of the terminally placed mouth.  The suctorial 
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component is prominent in centrarchid feeding (Wyberg 1971; Winemiller and Taylor 1987; 

Liem 1990).  The marginal teeth are smaller.   

 

In the water column and Chaoborus black crappie, the mouth aperture is moderate, 

averaging 14 mm (9% standard length) in 130-180 mm fish.  From the side, the jaw angle forms 

a shallow indentation.  The premaxilla is somewhat protrusible and the lower jaw swings well for 

ward on opening.  The marginal dentition is similar to that of the other centrarchids, but the jaws 

are structurally lighter than in either the largemouth or rock bass. 

 

The pumpkinseed has a distinctive molariform, shell-crushing pharyngeal dentition, of 

large flattened and rounded teeth (Osenberg and Mittelbach 1989; Wainwright and Lauder 

1992).  This contrasts with the fine needle-like ones of the bluegill (Fig. 9.3).  The pharyngeal 

pads of the crappie are complex and appear to have a cutting scissors-like action (Keast 1978b).  

In the crappie the gill rakers are modified as a straining sieve, with 28-30 rakers on the first gill 

arch, two to three times the count in the other species.  Notwithstanding the presence of this filter 

most feeding is by selectively harvesting particulate items. 

 

The largemouth bass is a specialized piscivore with fish eating commencing in the first 

summer at a body length of 50 mm, or less (Turner and Kraatz 1920;  Ewers and Boesel 1935;  

Cooper 1967; Keast 1965, et al) by the start of the second summer, at a body length of 80-120 

mm fish account for 50-90% of the diet in Opinicon, with the size of fish prey consumed 

increasing progressively thereafter (Chapters 4, 6).  The largemouth has a much more 

generalized body than the highly specialized pike.  Main deviations from a typical centrarchid 

body are the large mouth and fusiform body.  The rock bass with large and strong mouth eats 

larger invertebrates like odonate nymphs and crayfish.  The black crappie (with high gill raker 

number) takes - Chaoborus larvae, Cladocera, Copepoda, and chironomid pupae from the water 

column, small Ephemeroptera nymphs and insects picked up from the surface: this is also 

characteristic of other populations (Forbes 1878, 1914;  Forbes and Richardson 1920;  Pearse 

1919;  Bailey and Harrison 1945;  Mitchell 1945).  The diet of the bluegill, with somewhat tube-

like mouth and fine pharyngeal teeth, is chironomid larvae, Cladocera, Trichoptera larvae, and a 

wide diversity of other small-bodied prey.  This is also characteristic of other parts of the range 
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(Moffett and Hunt 1945;  Ball 1948;  Gerking 1962;  Werner, various publications);  The 

pumpkinseed (adults with molariform dentition) as a generalized invertebrate feeder when 

young, switching to mollusks in Year II-III (see also Mittlebach et al 1992). 

 

There is obviously a good agreement between body and mouth form and way of life in all 

these centrarchids.  Interestingly, though the black crappie has a high gill raker count, prey items 

are usually taken singly not by passive filtering.  The observation invites study. Associated with 

the molariform teeth in the pumpkinseed and other snail-eating centrarchids the pharyngeal 

muscles are hypertrophied (Lauder 1983a, b; Wainwright et al 1991).  Populations living in areas 

deficient in snails do not show this.  

 

In feeding, the centrarchids maneuver close to prey before striking (Hoyle and Keast 

1988).  When largemouth stalk prey the pectorals beat alternatively in a horizontal plane, with 

only a hint of the "wrist action" seen in the bluegill.  Feeding bluegill drift or patrol slowly in the 

middle of the water column and amongst the vegetation. 

 

In the centrarchid retina the area of greatest receptor density relates to the angle of 

feeding in the fish (Fig. 9.4, Williamson and Keast 1988). 

 

Yellow perch (Perca flavescens) and log perch (Percina caprodes) - Percidae 

 

The yellow and log perches are representative of the two sub-families, the mobile and 

free-swimming Percinae, and "bottom clinging" darters (Etheostomatinae).  The two differ in 

body shape.  In the former it is compressed fusiform (height/width ratio, 1.5) and the latter 

elongate tubular (cylindrical, ratio 1.2).  The difference is reflected in the contrasting swimming 

habits.  In percids in the dorsal fin is long (about 50% of the body length) and, as in the 

centrarchids, it separates into anterior spiny rayed and posterior soft-rayed sections.  The paired 

fins are relatively close, the distance between being 5.2 and 3.4% of the body length compared to 

17-22% in the equally long-bodied killifish, cyprinids and Ictalurus.  The pectoral fins are 

ventrally placed, low and round in the perch, and exaggerated in size, spatulate, and fan shaped, 

in the log perch where they are used as props for resting on the bottom.  The caudal fin is 
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shallowly forked in the yellow perch, emerginate and spatulate in the log perch (Table 9.1, Fig. 

4.1). 

 

The yellow perch, as seen in tanks, is a restless species, not remaining still for long and 

periodically patrolling the bottom.  It hangs in mid-water from time to time, pectoral fins 

extended almost at right angles from the body.  They beat alternately with an oar-like action and 

a degree of "wrist" movement reminiscent of the sunfishes.  Simultaneous movements of the 

upper regions of the dorsal and caudal fins, characteristic of the centrarchids are lacking.  The 

shallowness of the pectoral beat of Perca flavescens, terminated before the fin reaches the body, 

may partly compensate for this.  The species often rests on the bottom. 

 

The log perch, as is characteristic of most darters, spends its time lying on the bottom 

(thereby avoiding Bernoulli lift effects).  It hides amongst gravel.  When it does rise, the 

swimming movements are rapid and erratic, amounting to a jerky zigzag action, the pectoral fins 

sweeping the water with synchronized oar-like action.  After a short period of such violent 

activity the fish, seemingly only with difficulty maintaining a position in mid-water, drops back 

to a new area of bottom.  The erratic swimming presumably constitutes a good anti-predator 

defence. 

 

Whereas the yellow perch with its higher, narrow body ranges widely in feeding, though 

still getting much of its prey from the bottom, the log perch searches close to the bottom by 

series of short, forward searching movements, with intervening periods of rest.  When a prey 

item is sighted, it is secured by a sudden dart forward.  It uses the knob on the snout to turn 

leaves and small stones to secure prey underneath (Fig. 9.2). 

 

In the yellow perch, that grows to a much larger size, the mouth is of moderate width (8% 

of the standard length which is (16.0 mm in a fish of 200-250 mm), terminal in position, with the 

jaw angle forming an indentation of intermediate depth (Fig. 9.2).  The bones of the jaw margin 

are stout, but the premaxilla is somewhat protrusible.  The jaw action can be described as a 

snapping scoop.  The marginal teeth, set in three or four rows, are stout, sharp, conical, straight, 

and angled posteriorly.  The mouth of the log perch is narrow, averaging 4-5 mm in the adult 
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(5% of the standard length), the jaw angle forms a small indentation when viewed from the side 

and the premaxilla is fixed:  it is ventro-terminally placed in accordance with it bottom feeding 

habits.  The marginal teeth are proportionately shorter and more numerous than in the yellow 

perch. 

 

The food of the yellow perch consists initially of Cladocera, ostracods, and chironomid 

larvae, then odonate nymphs, Ephemeroptera nymphs, small mollusks, ostracods, and 

chironomid larvae; with a switch to decapods and small fish in later years (Chapters 4, 6).  Such 

items also forms the main prey throughout the range (Nurnberger 1930; Ewers and Boesel 1935;  

Langford and Martin 1940;  Parsons 1950;  Pycha and Smith 1954).  However, in some lakes the 

yellow perch may be largely planktivorous (Chapter 7).  The diet of the log perch (Pearce 1916; 

Turner 1921; Ewers and Boesel 1935; Chapter 4) consists of small-bodied chironomid larvae, 

amphipods, isopods, and newly hatched Anisoptera and Ephemeroptera nymphs.   

 

There is again a general link between body shape, fin shape, mouth form and position, 

and swimming habits and behavior, and habitat and diet in these two contrasting percids. 

 

Eastern banded killifish (Fundulus diaphanus) - Fundulidae, Cyprinodontiformes 

 

In typical cyprinodonts, the head is flattened anteriorly and the mouth opens dorsally, 

both adaptations for surface feeding (Hubbs and Lagler 1958).  The body of the banded killifish 

is rounded fusiform, with a height/width ratio of 1.3.  The caudal peduncle is moderately long 

(35% of the standard length), and the pectorals and pelvics are well-separated (distance between 

17% of the standard length) - see Table 9.1.  The dorsal fin extends also for 17% of the body 

length.  It is single, medium-based, of intermediate height, and centrally placed.  The anal fin is 

short-based, rectangular, placed forward, and of intermediate depth.  The caudal fin is rounded, 

the pectoral fins are placed low on the body and spatulate in shape.  These are the fixtures of a 

morphological generalist. 

 

The mouth is dorso-terminal, although when fully extended becomes terminal;  from the 

side the jaw angle forms a shallow indentation.  The mouth aperture is relatively narrow, 6.0% of 
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the standard length, sub-tubular, and the premaxilla is protrusible.  The marginal dentition 

consists of two rows of long, sharp, conical, and recurved teeth.  The pharyngeal pad has both 

fine and larger, crushing teeth types (Fig. 9.3). 

 

The banded killifish frequently rests in the middle water or near the surface.  Position is 

maintained by a continuing series of sharp, rapid beats of the pectorals (synchronously or 

independently), and sharp flicking movements of the distal portion of the caudal fin.  There is 

little movement in the extended dorsals and anals. 

 

Feeding is as a member of a school.  The schools are mobile but keep largely to shallow 

areas of sandy bottom and vegetation.  Individuals feed by swift darting actions but lack the 

continuous twisting and turning movements of the more specialized planktivorous cyprinids.  

This goes with the more rounded tail. 

 

Only small items can be eaten.  Opinicon fish of 30-40 mm total length take mostly 

chironomid larvae (up to 60% volume), Ostracoda (35%), Cladocera (25%), Copepoda (30%), 

Amphipoda (5%), and flying insects (5%).  Larger fish (length, 60-80 mm) take these items plus 

small newly hatched Odonata and Ephemeroptera nymphs:  Molluska, and Turbellaria.  The 

species may prey upon ostracods to a significant degree.  Diets in all Ontario lakes studied are 

similar (unpublished data).  The banded killifish feeds effectively at all levels in the water 

column despite the dorso-terminal position of its mouth.   

 

Northern brook silverside (Labidesthes sicculus) - Atherinidae 

 

The atherinids as a group are centered on tropical inshore waters.  Only the wide-ranging 

brook silverside reaches the Great Lakes.  The body is very slender, elongate tubular in shape 

(height/width ratio averaging 1.3), and arrow or pike-like.  Silversides with large "light-

gathering" eyes (increased retinal area) are nocturnal feeders.  The fish commonly swims with 

the flattened head in contact with the surface film.  The body is modified for surface swimming:  

the dorsal body line straight, the posterior dorsal fin tiny so as to minimize revealing turbulence 

as it seeks surface hovering adult Diptera (Hubbs 1921).  The anal fin compensates for this by 
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being markedly enlarged, long-based, deep, and triangular (Fig. 4.1).  It accounts for the bulk of 

the vertical keeling, and compensates for the small dorsal fin.  Pectoral/pelvic separation is 

marked, averaging 16% of the standard length, as befits such a long-bodied fish.  The caudal 

peduncle is long (48% of standard length), and the caudal fin is deeply forked with pointed tips.  

The pectorals are falcate and are set very high on the body, a position reminiscent of that in the 

marine "surface-skipping needle fish" (Tylosurus) another atherinomorph (Belonidae).  The 

silverside has been recorded as being able to leap clear of the water to catch prey (Hubbs 1921) 

can be linked to this.  When the silverside is holding still in the water, or is swimming slowly, 

the pectorals move independently with wide upsweeping movements. 

 

The mouth is dorso-terminally directed (Fig. 9.2) forming a deep indentation from the 

side of the jaw angle, and beaklike in shape.  The premaxilla is moderately protrusible.  The 

mouth aperture is narrow, averaging 3.7 mm (5% of standard length).  The well-developed 

marginal dentition consists of three rows of long, slender, sharp, conical and slightly recurved 

teeth.  These probably function like the serrations on a pair of tweezers ensuring a good grip on 

prey.  Teeth are characteristically present also on the palatines, vomer and, on the superior 

pharyngeals, in atherinids (Scott and Crossman 1973).  The mouth closes with a snapping action. 

 

The silverside is a specialized feeder (Chapter 4) consuming Cladocera (frequently 

making up to 80% of weight), small flying insects (40%), and Chaoborus larvae (50%).  Smaller 

individuals in the population take relatively greater amounts of Cladocera.  Hubbs (1921) and 

Boesel (1938) also record that Cladocera and flying insects predominate in the diet.  The food is 

taken from the middle water or surface.  The significance in feeding of the silversides somewhat 

translucent body with pronounced pale green lateral stripe which seemingly glows in dim light as 

the fish swim at the surface has not been analyzed.  It may serve as an attractant to prey. 

 

Seasonally and day/night silversides range fairly widely in Opinicon.  It is pelagic in 

midsummer, as in Lake Erie (Hubbs 1921).  Both nocturnal and diurnal feeding have been 

observed in the species. 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST)  

 

9.12 The combining of fish species to form a fauna or community 

 

 Opinicon supports a range of basic fish types (Chapter 4).  There are planktivores: more 

local and small (Notropis heterodon) and wider ranging larger bodied ones (Notemigonus 

crysoleucus, Alosa pseudoharengus), croppers of small invertebrates (Pomoxiz nigromaculatus), 

a molluskivore (Lepomis gibbosus), a large insect and crayfish eater (Ambloplites rupestris), a 

generalized piscivore (Micropterus salmoides), and a specialized piscivore (Esox lucius), as 

outlined in Chapter 4.  The pattern, however, is much more complex than that.  Many species 

feed seasonally or at ontogenetic stages from more than one stratum.  They are part planktivores 

and part insectivores, or part insectivores and part piscivores.  Feeding may shift as fish age.  

There are diurnal and nocturnal feeders.  There are thicket and open-water column dwellers. 

Compounding the issue further is that species taking a common food may do it somewhat 

differently.  

 

Body size, however, is a general attribute of vertebrates generally.  It influences a very 

wide range of ecological processes (Peters 1983; Schmidt-Nielsen 1984; Miller 1996; Mittelbach 

and Persson 1998).  The relationship of body and mouth size to type and size of prey eaten is an 

obvious example of this.  There are predators of smaller Cladocera (Labidesthes) and of larger 

ones (Perca flavescens).  Finally, members of a guild may differ in total abundance in a habitat 

and differ in habitat preferences.  These ecological and resource-use realities, expressed through 

morphology, also make it obvious that we cannot expect to find a “predicted” minimal 

“morphological difference” (such as to ensure successful co-occurrence) as postulated by earlier 

authors.   

 

A final point may be noted here.  The 18 Opinicon species fall into eleven families.  

Classifications are based on morphology.  Families differ from each other based on a series of 

characters.  Morpohological diffferences between families are, by definition, great.  Thus, the 

Opinicon fish fauna is made up of no fewer than eleven very different functional units.  The 

pattern in Opinicon of two-thirds of member species of communicates belonging to different 

families is duplicated elsewhere (Chapter 7).   
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As noted, there are few attempts to quantify ecological roles in communities and the 

subject has only been treated superficially.  Some work has been carried out on stream systems 

but is limited in scope.  Studies have often failed to provide meaningful relationships between 

structures and apparent ways of life.  Gatz (1981), for example, found most of the species 

differences to be family features and not related to ecology.  Such a result might have been not 

unexpected.  Felley (1984) was unable to relate body morphology to the environmental variables 

of current speed, water, depth, food habits, vegetation use, and substrate types.  Watson and 

Balon (1984) found clumpings of body features in 15 North Borneon stream but could only 

suggest that the axes corresponded to surface, pelagic, benthic, and substrate ways of life.  Page 

and Swofford (1984) found evidence in darters of a coincidence of morphology and microhabitat 

and diet differences.  Winemiller (1991) suggested that relative to morphology, interspecific 

competition played a role in the assembly of species associations.  Winston (1995) has argued 

that since similar species pairs co-occurred in 219 assemblages this was less than would be 

expected by chance.  He felt that interspecific competition relative to ecology and structure had a 

role in the assembly of communities.  Motta et al  (1995a), in an assembly of Florida seagrass 

species, found that cruising mid-water species had compressed fusiform bodies, forked caudal 

fins, long and closely spaced gill-rakers, short to intermediate length pectoral fins, short heads, 

large eyes, and terminal or sub-terminal mouths.  Slow swimming epibenthic fishes, by contrast, 

had rounded caudal and pectoral fins, or short or no gill rakers.  Lamouroux et al  (2000) found 

some morphological convergence between "counterpart" species in French and Virginia streams.  

These limited studies invite more complete assessment. 

 

9.13 A phenotypic factor in fish morphology:  vertebrae, gill rakers 

 

In the interests of greater completeness, comment should be made on the phenotypic and 

developmental factor in fish morphology, although the subject is not central to my main theme.  

Examples are temperature relative to numbers of vertebrae and gill rakers, a case of degree of 

salinity influencing body shape (in the sea bass - see Corti et al 1996) and predator influencing 

prey morphology (Brönmark and Milner 1992), and a demonstration of how mouth dimensions 

of predatory pike being influenced, phenotypically by kind of prey (Magnhagen and Heibo 

2001). 
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9.13.1 Vertebral numbers: temperature verses other factor control 

 

 Young chum salmon (Onchorhynchus keta), rainbow trout (Salvelinus gairdneri), and 

brook charr (S. continalis), and Rivulus marmoratus, derived from eggs incubated at low 

temperatures have more vertebrae than those incubated at higher ones (Kubo 1950; Garside 

1966; Kwain 1975; Harrington and Crossman 1976).  Manipulation of the light intensity can 

influence vertebral numbers in salmonids (Lindsey 1958, 1975; MacCrimmon and Kwain 1969; 

Kwain 1975).  The number of elements in the vertebral series increases with stock distance from 

the Equator (Hubbs 1926a, b).  However, fish of one genotype raised at different temperatures do 

not consistently produce a negative correlation between meristic counts and temperature 

(Lindsey 1978).  This author found a basic tendency for vertebrate number to increase with body 

length and suggested that meristic gradients are probably the result of selective factors that have 

produced a genetic cline.  Vernon (1957) had earlier found that differences in vertebral counts in 

the kokanee (Onchorhynchus nerka) were genetic.  Other workers have, in some cases, also 

found a genetic component to be present. 

 

Attempts to claim a functional or adaptive link between vertebral counts and way of life, 

have been only dubiously successful.  Gosline (1971) early suggested that the relationship 

between length and number of vertebrate should be related to scale of segmental effects on 

swimming mechanics, and that the underlying functional parameters are probably strength and 

flexibility.  Schoener (1969) argued that interspecific competition could be involved in the 

expression of meristic characters;  for example, two generalist species using the same set of 

resources could result in slower growth of one, or both species:  the effect could be concordant 

shifts in number of vertebrae.  Dunham et al (1979), seemingly supporting this, in an interesting 

paper on ecological character displacement in western North American suckers, note that both 

vertebral number and number of gill rakers was most disparate in areas where two potentially 

competitor species co-occur.  The issue of vertebral numbers and temperature remains 

unresolved. 
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9.13.2 Gill raker numbers 

 

That numbers of gill rakers is also directly influenced by the physical environment, 

specifically temperature during development, and the photoperiod, was recognized quite early 

(Hubbs 1926 a, b; Fowler 1970;  Lindsey and Arnason 1981).  Gill raker frequency is reported to 

vary between early and late spawning stocks in the chum salmon (Katayama 1935;  Beacham 

1964) but not in the steelhead, the anadromous form of the rainbow trout Salmo gairdneri (Smith 

1969;  McCart and Anderson 1967).  In adult sockeye salmon Oncorhynchus nerka Beacham 

(1964) found that number of gill rakers (and vertebrae) was independent of fish length and size 

but stocks in northern areas had higher numbers of both than southern stocks.  There was, 

however a significant annual variability in the frequencies of these meristic characters.  Both 

genetic and environmental influences influence meristic character counts.  Lindsey and Arnason 

(1981) suggested that the number of elements is determined by two independent processes, 

possible growth and differentiation, and the relative expression of these differs with 

environmental factors.  Gill raker counts are commonly believed to be directly adaptive.  Nilsson 

(1958, 1978) noted that species or morphs of whitefish with long and numerous gill rakers and 

little space between them, tend to feed on small prey.  He also noted exceptions.  In adults an 

adaptation can only be established with difficulty.  

 

9.13.3 Predator induced changes prey, gape size and body depth, interacting responses 

 

 Pike, perch, and roach co-occur in many Swedish lakes; the pike being the predator and 

the others prey.  For successful predation a large gape is necessary.  The prey, in turn, can 

theoretically respond to predation by a deeper body that makes them more difficult to swallow.  

For five lakes Nagnhagen and Heibo found a mouth position correlation between relative gape 

size of pike and relative body depth of the prey.  At low prey abundance the prey fish were larger 

than in high-density lakes.  The pike were smaller but had high gapes in the lake with the lowest 

prey availability.  They were larger but had smaller gapes at the highest prey density.  In low 

prey density lakes the pike were able to ingest a smaller proportion of the prey but at high-

density lakes the pike could eat prey of all sizes. 
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 In a series of ponds containing Crucian carp (Carassius carassius) the presence or 

absence of pike was manipulatively studied by Brönmark and Miner (1992).  When pike were 

present the carp became deeper bodied, that is more difficult to swallow.  The latter enabled the 

carp to reach a size where they were free from predation.  However, the changed morphology 

incurred a cost in the way of increased drag during swimming.  The authors concluded that 

relative to these factors there should be a high priority in genetic plasticity in the carp. 

 

 Predator induced changes in morphology have been described in frogs (Relyea 2001), 

odonate nymphs (Arnquist and Johnansson 1988), and some other animal groups (Havell 1987; 

Harvell 1990). 

 

 That selection acts on minor morphological variation is self-evident (Beukema 1968; 

Bryan and Larkin 1972; Ringler 1983) and see next section.  Some authors (West-Eberhard 

1986) have speculated that such phenotypic differences as those detailed above have ecological 

meaning.  The adaptive or ecological significance of such phenotypic variation in fish demands 

more study.  

 

9.14 Polymorphic forms and convergent species pairs in lakes 

 

 Of great interest in adaptive ecology is the demonstration, in later years, of the 

widespread occurrence of polymorphic forms within freshwater lake fish species.  These both 

illustrate great adaptive capacity to respond to the demands of strongly contrasting habitats (for 

example, littoral and limnetic zones) within lakes, and the pervaseness of natural selection in 

this.  Polymorphic counterparts within lakes commonly belong to the same species (true 

polymorphism).  Polymorphic counterparts may, however, be genetically distinct and, hence, be 

different species. The jury is still out, so to speak, on the genetic status of many of the described 

polymorphic forms.  There is a rapidly expanding literature on polymorphism.  This will now be 

briefly reviewed.  Schluter (2000) provides a splendid synthesis of some of the cases and issues.   

 

 In northern lakes whitefishes and salmonines, sticklebacks, and centrarchids have 

produced polymorphic forms, suggesting that they represent an opportunistic adaptation to life in 
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northern areas. Polymorphic forms occur, however, also in tropical cichlids where they involve 

dental morphological.  

 

9.14.1 Whitefishes and salmonines: body and mouth morphology, and gill raker formulae 

 

 The common pattern in these groups is for the co-occurrence of a pair of polymorphic 

forms, one a pelagic planktivore and the other a benthic littoral zone invertebrate feeder (Lindsay 

1981).  The former have a significantly higher gill raker count. 

 

 In Sweden it has been estimated that there are over 800 lakes with two or more coexisting 

whitefish morphs (Svardson 1979; Jonsson et al  1988).  Lake Superior has seven sympatric 

coregonid species, not morphs.  These are placed in three genera, Prosopium, Coregonus, 

Leucichthys.  They collectively have a range of 15 to 50 gill rakers (Lindsay 1981).  Bear Lake, 

Utah, has four species of Prosopium with gill raker counts ranging from 20 to 41, plus one 

species exploiting the planktonic Leucichthys niche. 

 

 In Alaskan lakes Prosopium may be represented by a planktivore and two benthivores, 

with one of the latter occupying a higher stratum in the water column, and the latter a lower one 

(Lindsay 1981).  These are usually regarded as distinct species. 

 

 In the St. John River basin, northeastern North America, multiple pairs of lake whitefish 

populations undergoing rapid divergence occur: they are not, however, genetically fully isolated, 

with hybrids occurring (Campbell and Bernatchez 2002).  In Lake Thingvallavatn, Iceland, four 

different whitefish morphs exist: small benthic, large benthic, small limnetic and large limnetic.  

Benthic inhabitants have relatively few gill rakers, are chunky in body form, have subterminal 

mouths, and long pointed snouts.  Limnetic types have relatively many gill rakers, more fusiform 

body shapes, short pectoral fins, and a terminal mouth with a long pointed snout (Snorrason et al 

1994).  Malmquist et al (1992) found that all morphs use the benthos down to 20 m but only the 

limnetic ones used the pelagic habitat.  Morphological differences between the forms are 

consistent.  The Icelandic forms also show much life history diversity (Jonsson 2002). 
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 The plasticity of coregonines, which is apparently related to ecological role, 

environmental opportunities, and/or the presence of a competitor (Dunham et al 1979) has made 

the classification of coregonines difficult (Behnke 1972; Nordeng 1983; Klemetsen 1984). 

 

 Trouts and charrs in northern lakes also provide other excellent examples of 

ecopolymorphism. Gill raker number involving both primary and secondary rakers relative to 

planktivory and piscivory was documented early for populations of the lake charr (Salvelinus 

namaycush) in Algonquin Park, Ontario, Martin (1952, 1966), Martin and Sandercock (1967).  

The planktivores have the higher number of rakers.  The piscivorous populations had the better 

growth which is consistent with the general appreciation that fish prey is energetically superior to 

invertebrate prey. 

 

 Polymorphic variation in salmonids commonly involves body shape, mouth morphology, 

and structure of the fins.  This applies also to foraging behavior (Wood and Foote 1990; 

Skúlason et al 1993). 

 

 Juvenile Atlantic salmon Salmo salar from a tributary with a higher flow rate in the 

Miramichi River, Nova Scotia, tend to have more spindle-shaped bodies and larger paired fins 

than those in the slower tributary.  It has been suggested that the larger fins of the former which, 

when extended act as hydrofoils to maintain position on the substrate, are more effective in 

generating negative lift (Riddell and Leggett 1981; Riddell et al 1981). 

 

 Lake charr (Salvelnus namaycush) in sub-Arctic Great Bear Lake, Canada, have two 

distinct populations.  These feed, alternatively, on insects and fish.  Insectivorous charr have 

longer pectoral fins, subterminal mouths, and deeper bodies and shorter caudal peduncles 

(Blackie et al 2002). Piscivorous charr, occurring in pelagic areas have terminal mouths, shorter 

pectoral fins and longer caudal peduncles.  They also grow more rapidly early in life.  In 

Scotland the Arctic charr also show a considerable degree of variability in phenotype in body 

size, head anatomy, as well as coloration, plus behavioral and life history traits (Adams et al 

2002). 
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 Most, of the more striking of dimorphism and polymorphism in the salmonids have now 

been shown to represent the species level of differentiation.  The origins of the normal and dwarf 

co-occurring populations of lake whitefish (Coregonus clupeaformis) that co-occur widely in 

eastern North America, were examined by Bernatchez and Dodson (1990) using 13 populations 

and monitored for mtDNA using 13 restriction enzymes.  Rather that having evolved 

sympatrically, they represented the secondary post-glacial coming together of stocks presumably, 

respectively, from the Atlantic and Mississippi refuges.  Anandromous and dwarf non-

anadromous forms of the sockeye and kokanee salmon (Oncorhynchus) in western North 

American lakes differ in that the former grows twice as long and has a fecundity eight times 

greater.  The two are genetically separate (Wood and Foote 1990).  Likewise the two forms of 

Arctic charr (Salvelinus alpinus) in Scottish lakes are genetically different (Hartley et al 1992). 

 

 Many of the character shifts in the coregonines and salmonines have occurred in the last 

10,000 years (Svardson 1961; Lindsay 1981); those in Lake Thingvallavatn within the last 5,000-

10,000 years (Skúlason et al 1989; Skúlason and Smith 1995).  Despite the brief time period 

these differences commonly appear to be genetic (Gudbrandsson and Jonsson 2002; Skúlason et 

al 1993).  Polymorphism in salmonids, thus, is complex and evolves far more that just the 

production of contrasting ecotypes. 

 

9.14.2 Ecomorphs and sympatric species in sticklebacks (Gasterosteidae) 

 

Sticklebacks are particularly prone to having polymorphic forms and the group has 

historically produced some of the best demonstrations of the phenomenon.  Most involve the 

marine derived Gasterosteus aculeatus.  Many lake systems on the islands and mainland of 

British Columbia support two ecomorphs, a littoral zone one and the other limnetic.  The extent 

of difference varies but involves body shape, gill raker count, body colour, mouth size, and the 

number of protective body plates.  Such pairs are replicated in system after system.  Stickleback 

polymorphism and speciation has been the subject of twenty to thirty papers with the different 

components being progressively disentangled (Larson 1976;  Bell 1981, 1988, 1996;  McPhail 

1984;  Bentzen and McPhail 1984;  Bentzen et al  1984;  Lavin and McPhail 1985, 1986, 1993;  

McPhail 1992, 1994; Schluter and McPhail 1992, 1993; Orti et al 1994; Schluter and Nagel 
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1995).  McPhail (1992), Lavin and McPhail (1993) and Schluter (2000), have contributed two of 

the more important papers covering, respectively, examples of within lake, and lake-stream 

situations.  Integrations and interpretations are explored in Schluter (2000). 

 

 A brief review of some of this data is appropriate. McPhail (1992) found that in Paxton 

Lake, Texada Island, the benthic form was the larger (up to 90 mm in length), had a stout body, 

wide mouth, relatively few short gill rakers, a greatly reduced number of lateral plates and dorsal 

spines.  The entire pelvic girdle was absent in 80% of the adults.  The open water limnetic form 

was slim bodied, had a narrow mouth, numerous long gill rakers, and normal lateral plates, 

dorsal spines, and complete pelvic girdle.  In laboratory crosses the forms bred true and it was 

hence concluded that separate gene pools were involved, not a phenotypic foraging-based  

polymorphism.  Hybrids were limited to 1.0% of the population.  Both the genetic distances 

between the two forms, estimated through 25 presumptive loci, and post-glacial history, 

nevertheless, suggested to McPhail that the divergence was recent. 

 

 A follow-up study in Lavin and McPhail (1993) set out to test whether or not parapatric 

lake and stream sticklebacks on northern Vancouver Island represented genetically different 

forms.  The lake sticklebacks were large and slender bodied, and had black back and sides; 

sticklebacks from the inlet stream were smaller with a stockier body, mottled, and had brown 

backs and sides.  The lake fish also had shorter jaws, longer spines, and more gill rakers, than the 

stream fish.  When members of the two stocks were transferred to the laboratory they bred true.  

Thus the trophic structures and colours were inherited.  No data was produced on the 

circumstances of evolution of the lake and stream forms. 

 

 Species pairs in sticklebacks represent freshwater colonizations since the last glaciation 

and hence have an age of no more than 13,000 years (Schluter and McPhail 1992).  When only 

one form is present in a lake system both benthic littoral and limnetic systems are simultaneously 

utilized with individuals relating to one or the other.  Differentiation apparently takes place very 

quickly.  A population of three spine stickleback (Gasterosteus aculeatus) in Loberg Lake, 

Alaska, was nearly monomorphic for the complete morph in 1990 but by 2001 it had declined to 

11% (Bell et al 2002).  A fjord in Snaefellsnes Peninsular, Northwest Iceland, had the marine 
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form of stickleback prior to being dammed and turned into a freshwater lake in 1986.  By 2000 

the fish had changed to the freshwater form with fewer amount plates and shorter spines 

(Kristjánsson et al 2002a, b).  Separate divergent lake-stream pairs of three-spine sticklebacks 

from Graham Island, the Queen Charlotte Islands, and Vancouver Island, British Columbia, were 

compared using mitochrondrial DNA analysis restriction site variation by Thompson et al 

(1997).  In each case the ecological and morphological differences between members of all lake-

rivers-stream pairs were strikingly comparable.  Lake fish were melanistic and slim bodied and 

had smaller mouths and more gill-rakers, than the mottled-brown and robust-bodied stream 

sticklebacks.  In Misty Lake on Vancouver Island the stream and lake stocks proved to belong to 

two highly divergent lineages (Thompson et al 1997).  Comparable forms (ageing lake on the 

one hand and stream on the other) in the different lakes did not cluster together in terms of 

mtDNA nucleotide divergence, suggesting that the pairs have had different origins.  Two 

alternative potential models of evolution, the dispersalist (origin in different area, coming 

together secondarily), and parallel evolution model (parapatric or allopatric), can be advanced to 

explain the origins of the contrasting forms, the authors noted.  Assuming a whole molecule 

substitution rate of 2% per million years a divergence of about 875,000 years ago was suggested.  

The stream-lake pairs on Graham and northern Vancouver Islands apparently arose by parallel 

evolution.  It could not, however, be resolved whether these pairs arose sympatrically, or 

allopatrically,  The divergence between parapatric and stream Gasterosteus has occurred at least 

twice in the North Pacific, they concluded.  Different scales of evolutionary divergence exist 

within major clades.  Whether or not trophic dichotomy of threespine sticklebacks in British 

Columbia lakes represent species pairs or intrademic trophic dimorphism has been questioned by 

Skúlason and Smith (1995).  McPhail (1984, 1992) pointed out quite early that they represent 

species pairs, not local dimorphisms. 

 

 Iceland is particularly rich in morphological forms.  The island has only six fish species 

but highly diversified freshwater systems.  Excellent examples of polymorphic forms are found 

in the sticklebacks (Kristiansson et al 2002a), and Arctic charr (Johnsson 2002).  Sticklebacks 

show parallel morphological differences between mud and lava habitats in Icelandic lakes.  The 

level of differentiation differs, however, between the lakes.  Differences include morphology, 

physiology, and behavior (Kristjansson et al 2002a).  Sticklebacks also show divergence in the 
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Scottish highlands.  Those from low altitudes are deeper bodied and those from higher latitudes 

more slender-bodied and streamlined.  Population level variation was found in mouth size, gill 

raker number and eye size.  One loch contained two morphs, one with pelvic spines and another 

lacking these (Arnott et al 2002). 

 

 Many of the counterpart forms of stickleback polymorphism breed true: they thus 

represent distinct species.  The first worker to demonstrate this was Larson (1976).  He 

hypothesized that morphology, behavior, spatial distribution preferences, and feeding habits 

would persist when members of the two groups were transferred to aquaria.  This was found to 

be the case.  The benthic morphs retained their solitary habits, aggression, and attraction to 

bottom cover, and the limnetic ones continued to be gregarious, non-aggressive, and attracted to 

surface cover.  The former fed more successfully on benthic organisms, and the latter on 

zooplankton. 

 

 Morphometric counterparts in West Coast sticklebacks occur in estuaries and lakes, 

entrant streams and lakes, and within small, isolated, relatively homogenous lakes.  Parallel 

morphologies occur in equivalent habitats in different geographic areas.  In many cases they, 

hence, have evolved independently in equivalent habitats in different geographic areas. 

Equivalent selective factors have produced comparable body forms.  Genetic drift can be 

discounted as an explanation.  (It is worthy of note, as demonstrated by the fossil record, that the 

production of ecomorphotypes in sticklebacks has had a long history.)  In the Miocene ancestor 

(Gasterosteus doryssus) character state frequences exhibit temporal heterogeneity, and their 

means have temporal trends; the trends are also subject to reversals (Bell et al 1983).  One trend 

is pelvic reduction and although this is caused by selection its expression is constrained by 

development and other factors (Bell 1988).  The study of pelvic reduction in a wide range of 

contemporary populations shows it to be favored by the absence of piscivorous fishes and 

increased predation by insects (Bell et al 1993; Bell and Orti 1994).  A phylogenetic analysis of 

the full Holarctic populations of G. aculeatus using mitochrondial (mtDNA) sequences, has 

shown the existence of two divergent clades in modern forms.  One is widespread in Japan but 

has representatives in Alaskan and British Columbia lakes.  The other common in Europe and 
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North America: this suggests a recent origin of Atlantic populations, and that the west coast 

populations survived glaciation in refuges there. 

 

 Despite earlier belief to the contrary it can now be accepted that, commonly, 

ecomorphological pairs in sticklebacks are not just phenotypic variants but distinct species.  

Even so, the origin of these demands better explanation.  What is the basis of the spatial isolation 

that enabled genera differentiation to continue without reuniting of the diverging stocks? 

 

9.14.3 Body shape evolution in centrarchids: littoral verses limnetic forms 

 

 Differences in body shape in sunfish (Lepomis macrochirus and L. gibbosus) have been 

documented relative to micro-habitat within lakes.  In Lake Rush, southwestern Oklahoma, first 

summer bluegill regressions of body depth, caudal peduncle length, and ratio at head length to 

standard were found to vary with microhabitat within the littoral zone.  Fish collected at depths 

of 50 cm were more robust (less fusiform) in body shape, and grew faster in both length and 

weight than those taken at 150 cm, and intermediate depths (Layzer and Clady 1987).  There 

were also depth differences in numbers of lateral line scales, but numbers of fin rays in the dorsal 

and anal fins did not vary. 

 

 Subsequently, Ehlinger and Wilson (1988), and Ehlinger (1990, 1993) found that 

bluegills from vegetated areas within some Ontario lakes have deeper bodies and longer pectoral 

fins suited for the slow, precise, searching tactics required for manoevring while feeding in 

vegetation (Webb 1984a, b).  Fish from open water, by contrast, had more fusiform bodies and 

shorter pectoral fins which Ehlinger suggested to be efficient for cruising greater distances in the 

open water habitat.  In subsequent aquarium studies (Ehlinger 1990) showed that when captive 

fish of both morphological types were provided with the alternatives of feeding amongst 

vegetation verses open water those individuals with longer pectoral fins consistently searched 

more slowly and spent more time in the vegetation compared to those with shorter fins.  The 

latter fed more rapidly and effectively in open water.  Viewed against the adaptive background of 

optimizing on foraging efficiency Ehlinger (1990) concluded, although the genetic bases of the 

differences remained unknown, that:  (1) the bluegills selected foraging habitats and allocated 
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searching effort as a function of differences in return rate between habitats;  (2) the fish were 

able to modify their habitat-specific search tactics and adjusted relative to their morphology;  

and, (3) choice ultimately related to varying foraging abilities. 

 

 Comparable morphological plasticity relative to habitat and resources was subsequently 

found for pumpkinseed sunfish in Adirondack lakes (Robinson et al  1993).  Again it was not 

resolved whether the differences were genetic or phenotypic.  In lakes where bluegill and 

pumpkinseed co-occur the former is classically a planktivore and chironomid larva feeder; the 

latter, after an initial age period when a comparable diet is shared with bluegill, a molluskivore; 

The former is both a littoral and limnetic zone species, the pumpkinseed a littoral dweller.  That 

is the situation is as in Opinicon.  In lakes from which bluegill are absent the pumpkinseed may 

be an open-water dwelling planktivore, with reduced molluskivory.  Moreover, in the major 

Adirondack study lakes (Paradox and Lewey Lakes) the planktivorous pumpkinseed were more 

bluegill-like in body form, with shallower and longer bodies and longer pectoral fins.  

Morphological convergence thus had occurred.  The gaps between the gill-rakers were up to 38% 

smaller in the planktivorous fish.  This was achieved by increasing the area and angle of overlap 

between adjacent rakers, not by an increase in the number of rakers.  There were also 

reproductive differences. 

 

 Later work on the pumpkinseed has shown that the morphs also differ in gill raker and 

pharyngeal jaw traits thus linking the differences also with diet (Parsons et al 2002).  In Ashby 

Lake, Ontario, robust, deeper-bodied, mollusk feeding morphs occur in the littoral zone and 

streamlined fusiform-bodied ones specializing in zooplankton in the limnetic zone.  In the latter 

the gill-rakers were longer, ventrally tilted, and had smaller gaps in the apical and ventral arch 

and a longer gill arch across the back.  There were also significant differences in the lower 

pharyngeal jaw architecture between the two morphs (Petrovic 2002; Baitz 2002).  In four of five 

Ontario lakes pumpkinseeds differed significantly in morphology but degree of difference was 

highly variable (Fox et al 2002).  Littoral individuals had larger molars and wider spacing 

between gill rakers than pelagic individuals.  Tests showed strong site fidelity which, the authors 

suggest, might lead to reproductive isolation.  By using a range of populations of the 

pumpkinseed Robinson (2002) tested the hypotheses that selection should result in replicate 
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patterns of morphological divergence between forms that use littoral and limnetic zones and that 

the fitness of intermediate forms should be inferior.  The first hypothesis was supported but the 

second, it was found, did not necessarily apply. 

 

9.14.4 The new world cichlids, molariform verses papilliform pharyngeal dentition 

 

 Polymorphism involving both pharyngeal dentition, with molariform and papilliform 

teeth as the alternative traits, and for benthic verses limnetic life has been described for a few 

species of Mexican and Nicaraguan cichlids (Kornfield and Koehn 1975;  Sage and Selander 

1975;  Barlow and Munsey 1976;  Kornfield et al 1982;  Liem and Kaufman 1984; Meyer 1987).  

In the original documentation Kornfield and Koehn (1975) described forms of Cichlasoma from 

the Cuatro Cienegas Basin, Coahuila, Mexaco, in which the most abundant species possesses 

very fine pharyngeal teeth and light supporting musculature, and feeds primarily on algae and 

detritus; a less abundant form, by contrast, is characterized by thick heavy pharyngeal teeth 

which are used primarily for feeding on snails.  External morphology and electrophoretic 

phenotypes at all studied loci were identical between the two species.  In a later study Kornfield 

et al (1982) complementary studies in genetics and reproductive biology were carried out.  The 

results confirmed the findings of Sage and Selander (1975) that the two morphs formed a single 

polymorphic biological species.  Equivalent work on Nicaraguan polymorphic Cichlosoma 

(Barlow and Munsey 1976; Liem and Kaufman 1984) has shown that the same conclusions apply 

here.  Genetic polymorphism is well-known, in African Rift Lake cichlids (some references in 

Lowe-McConnell 1987; and Robinson and Wilson 1994). 

 

9.15 Polymorphic forms, significance 

 

 Polymorphism proves to be complex.  It is not just a case of the production of alternative 

forms - see reviews by Robinson and Wilson (1994), and Smith and Skúlason (1996).  They 

found fifty citations on the subject spanning five families.  Five were on salmonines, 22 on 

coregonines, whilst 14 sticklebacks, 34 on Old and New World cichlids, four on goodeids, three 

on cyprinids, four percids, and seven on centrarchids.  See documentations of Ferguson (1986), 

and Ferguson and Mason (1981) for trout;  Hagen (1973), and Ridgeway and McPhail (1984) for 
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sticklebacks; White and Turner (1984) for goodeid fishes in Mexico; Hindar et al  (1986) for 

Arctic char;  and Borowsky (1990) for poeciliids.  In the salmonines one case refers to lake - 

stream differences, two benthic/limnetics, one a benthic/limnetic, one a deep water/lacustrine, 

and one a "dwarf/normal" pair.  Amongst the coregonids all cases of polymorphism were benthic 

compared to limnetic whilst one was a "dwarf/normal" contrast.  In the cichlids the morphs 

differed in having molariform verses papilliform dentition, a couple benthic verses limnetic 

forms, and one is a "sucker /biter" pair.  The three cases of polymorphism in cyprinids involve a 

benthic verses limnetic form.  One differed in dental formula.  In percids littoral verses pelagic 

forms were involved.  In the poecilids the phenotypes related to still verses flowing waters.  The 

stickleback cases were all benthic/limnetic morphs with one involving gill rakers.  The described 

cases of polymorphism in the centrarchids are of littoral verses pelagic dwelling, and one 

(Wainwright et al 1991; Mittelbach et al  1992) of the use of hard verses soft prey.  The 

evolution of littoral and pelagic forms is a recurrent event in lacustrine fish: it has been recorded 

in at least 31 species in 19 genera (Robinson et al  1993).  A more fusiform body in open water 

forms is widespread in fishes (Webb 1982, 1984a, b).  Robinson et al  (1993) suggest that trophic 

polymorphism only occurs in the absence of serious interspecific competition for available 

niches, but there are some seeming exceptions for example, in Paradox Lake, where there are 14 

species of fish.  Whilst the basis of many polymophisms remains unexplored a genetic basis has 

been documented for 17 of 45 documented cases in fishes.  (This figure has probably now been 

exceeded.) 

 

 Various authors have noted the properties of lakes that would favor the development of 

polymorphic forms.  Lakes are characterized by contrasting littoral and limnetic zones.  The 

northern lakes in which the coregonids occur represent a mosaic of lakes that were subject in the 

recent past to glaciation, geological rebound, headwaters capture, and changing histories of 

connection (Robinson and Wilson 1994;  Bell 1988; and McPhail 1992, 1994).  Note that the 

stickleback Gasterosteus aculeatus, that has repeatedly produced differentiated limnetic  and 

littoral zone forms, represents an old marine form with a propensity for colonizing rivers and 

lakes that form from geological activity.  Whilst the marine form living in a stable environment 

is relatively homogeneous morphologically it rapidly lends itself to genetic differentiation in 

freshwater systems. 
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 In a series of later papers Schluter and McPhail (1993), Schluter and Nagel (1995), and 

Schluter (1996, 2000), have considered co-occurring ecomorphic forms and sympatric species of 

fish in North American lakes in a wider context.  They note the very widespread nature of 

diversification events in the 10,000-15,000 years since the last glacial, and that in virtually every 

case space resource in lakes has been divided up in a consistent way.  Commonly one member of 

a pair is a planktivore of the open water and the other a benthic form taking macro-invertebrates 

from the vegetation and sediments, as noted.  The limnetic form is typically smaller, has a more 

narrow mouth;  and longer, more numerous gill rakers than the benthic species:  the differences 

are correlated with differences in the feeding performance in the two habitats.  Such pairs of 

forms have arisen in Prosopium, a characteristic benthic taxon, and in, alternatively, planktonic 

ciscoes of the Coregonus sardinella, and C. artedii complexes.  Sympatric species may be more 

diverse than those of closely related species living alone nearby may may.  The generalizations 

apply both to whitefishes and sticklebacks.  Such parallel evolution, defined as a form of 

homoplasy in which the same trait has evolved independently in separate closely-related 

lineages, is thus very widespread.  The repetitiveness of the changes under similar or comparable 

conditions strongly implies that natural selection, not genetic drift, is the cause.  In many/most of 

the cases these fish species pairs meet the basic criteria for demonstrating parallel specialization:  

separate phylogenetically independent populations;  ancestral and descendent populations 

reproductively isolated;  and separate discrete populations inhabiting similar environments.  The 

fourth criterion is that natural selection is involved in the change; this is strongly inferred. 

 

 The question of whether co-occurring ecomorphs with their array of different features 

have the possibility of developing sympatrically into species has also been taken up by Schluter 

(1996).  He argues that many of the pairs display four remarkable attributes that give rise to the 

possibility of sympatric speciation.  These features are:  (i) because the lakes are only 15,000 

years old there has been the rapid evolution of assortative mating;  (ii) the forms persist in 

sympatry despite some history of gene flow between them;  (iii) the lakes exhibit a high degree 

of niche difference (for example, benthic verses pelagic life with accompanying morphological 

differences;  and  (iv) there is a high level of introgressive viability and fertility of interspecific 

hybrids;  thus there is not breakdown due to incompatibility.  Separation, hence, he suggests is 
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not genetic but must have an ecological basis.  More direct evidence for ecological speciation 

comes, he further suggests, because there is preliminary confirmation of three predictors:  (i) that 

selection against hybrids has an ecological basis: hybrids have been demonstrated in at least a 

couple of cases to have a reduced ability to exploit the main resources on which parental types 

are specialized;  (ii) premating isolation may be linked to morphological traits in the divergent 

forms; for example, body size not only related to feeding efficiency but the probability of 

successful mating;  and (iii) premating isolating methanics have evolved in parallel in similar 

environments. 

 

Despite great enthusiasm down through the years on these kinds of situations 

representing incipient speciation it is still interesting to find what a high proportion of the cases, 

once proper genetic analysis is done, represent the secondary coming together of forms that 

evolved allopatrically.  This finding even applies to some of the cases of seeming sympatric 

speciation in African Rift Lakes, for example Tanganyika with its species of distributionally 

local rock-dwelling cichlids: data now shows that Lake Tanganyika was actually three lakes 

200,000 years ago (Cohen et al 1993). 

 

 That resource polymorphism might have been underestimated as a diversifying force 

with, potentially, playing an important rose in population divergence and in the initial steps to 

sympatric speciation has been suggested by Skúlason and Smith (1995) who tabulate 15 cases of 

this in fishes, two in Amphibia, and one each in Amphibia and mammals.  They note the 

widespread nature, hence, of genetic plasticity and that some of the morphological, behavioral, 

and life history characters separating pairs of ecomorphs are under simple genetic control.  In a 

follow-up article Griffiths and Bell (1996) suggest that the argument that intermediate forms 

between the two morphs are less efficient than the 'pure' types only holds part of the time;  and 

that some of the distinctive features of the two types are simply a consequence of body size 

differences and hence not adaptive, and that this extends right down to features that success in 

feeding, and gaining mates. 

 

 Central to all thinking about the basis of the co-evolution of two distinct phenotypes 

within systems is that polarization is encouraged by intermediate types being inadequate or 
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disadvantaged.  Subsequently Van Tienderen (1997) has modelled a quantitative genetic model 

for selection in which two habitats differ in the optimal value for a focal trait, with random 

dispersal among habitats.  Without any limits to plasticity optimal adaptive reactions evolved.  

Without any genetic variation for plasticity, a compromise strategy with an intermediate fixed 

phenotype evolved, whereas in the presence of costs a plastic compromise between the demands 

of the habitats and the costs associated with plasticity was found.  Specialization and phenotypic 

differentiation only occurred when selection within habitats was severe and optimal phenotypes 

for different habitats were widely different.  Most of the cases documented of ecomorphic types 

or sibling species in whitefish and sticklebacks, where specialization is to the contrasting 

benthic-littoral and open water limnetic systems, could be said to fit the last requirement. 

 

 The subject is an interesting one and will obviously command continued attention. The 

importance lies in the rapid evolution of distinct morphological forms and differences, showing 

how comparable and frequent they are, and the nature of the environmental forces shaping them.  

 

Relative to the present Chapter interest in ecomorphs and polymorphic species lies in (i) 

what they reveal about the correlation between basic structures (body shape, mouth size, body 

size, gill raker counts) and the environmental factors that may influence these: the physical 

environment, occurrence of unused ecological opportunities and possibly, presence/absence of 

competitors; (ii) extent to which trends are replicated in different systems; (iii) the repeated 

constant replication of trophic types; (iv) determining if the forms have only a phenotypic or 

have a genetic basis (that is both of the latter are involved).  Various authors have stressed that 

the contrasting stocks can only be about 12,000 years old, since the lakes did not exist pre-

glacially.  The finding of Thompson et al  (1997) that the stocks may be of very different ages 

necessitates some rethinking of the time framework. 

 

 Polymorphic forms are thus of considerable ecological and evolutionary influence. Could 

they indeed by incipient species?  However, it would be revealing to know more of their survival 

potential.  It can, within a time frame, be assumed that they represent temporary adaptations with 

no evolutionary future. 
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9.16 The correlation of form and function in fishes, theoretical considerations 

 

Evolution operates, not on characters in isolation, but on suites of characters 

simultaneously.  There is hence a close relationship between a species “morphological mosaic” 

and its ecological role (Rickleffs and Travis 1980; Wainwright and Richard 1995).  Single 

structures (univariate measurements), nevertheless, commonly demonstrate good correlations 

between form and function.  These are cases where a single member of a complex is exaggerated 

(and a link between two variables occurs repeatedly).  Needed, of course, is the testing of the 

suites of morphological characters against spectra of habitat, dietary, and other features in the 

fish.  Such multivariate ecological studies have had a relatively long history in birds (Karr and 

James 1975;  Wiens 1989a, b).  Only lately were they introduced to freshwater fish studies. 

 

The multivariate approach was pioneered for stream fishes by Gatz (1979a, b, 1981), 

Matthews (1982), Matthews and Robison (1988), and Mahon (1984).  Most subsequent studies 

have continued to be on stream assemblages (Table 9.2).  The number of morphological 

measurements made has ranged from 53 by Gatz, down to 15-20 by later workers (for example, 

Sheldon and Meffe 1995; Motta et al 1995a).  Latter workers who have endeavoured both to 

focus on potentially more meaningful and more mutually independent factors - see Bendell and 

McNicol (1987), Matthews and Heins (1987), Winemiller (1991), Winston (1995) and Norton 

(1995).  Some of the attempts that have been made to consider the occurrence of different body 

forms in fishes and their results, are summarized in Table 9.2. 

 

In his initial study Gatz (1979a, b) could not establish meaningful correlations between 

body structure and way of life other than such obvious ones that bottom feeders have ventually 

placed mouths and that gibbose-bodied forms like sunfishes cannot occur where stream flow is 

marked.  Gatz suggested that the failure was because most body structures in fish have several 

not just one function.  Species separated, however, on family boundaries.  Patterns of 

morphological distance were separated across drainages, and were non-random.  In turn, Felley 

(1984), whilst finding no substantial relationships between morphology and current speed, 

substrate type, and feeding habits, discovered a seeming link between fin structures and water 
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column use.  Mahon (1984) in Polish and Ontario streams noted a morphological separation of 

benthic and water-column dwellers.  There were no structurally convergent species in the two. 

 

Other workers have variously found a clustering of suites of morphological characters 

with habitat (Page and Swofford 1984).  In etheostomine darters;  seeming positive results were 

obtained with one group but not another (Wood and Bain 1995).  Again, the clustering of 

characters was largely on the basis of familial identity, that is the phylogenetic component was 

dominant. 

 

The apparent absence of correlations in the Gatz and other cases quoted earlier could 

have various explanations.  Time may have been too short past glacially and habitats too 

dynamic and unpredictable for new morphological types to evolve. Again, whilst there may have 

been a strong selective pressure for changes in some features for example, pharyngeal feeding 

apparatus –see Liem (1990) - emphasis overall has been to remain generalized.  Lastly, the 

choice of communities for study may have been bad and composed of ones (for example, all the 

species closely related) from which no correlations could be expected. 

 

Some such considerations are explored by Matthews (1998), who brings out inherent 

problems with ecomorphological analysis.  Too much should not be expected of it (Douglas and 

Matthews 1992): and caution must be applied, especially in extending analysis across families.  

Matthews (1998) concluded that studies so far carried out are apparently more useful as a 

surrogate for microhabitat than for trophic performance. 

 

9.17 Form and function: history of thought and modern theory 

 

 The following summary is partly based on the various reviews quoted below.  Interest in 

the relationship of form to function goes back at least to Aristotle in the sixth century B.C.  

Johann Wolfgang von Voethe, George Cuvier, and Louis Agassiz discussed it in the 18th and 

19th centuries; with the concepts of homology and analogy being introduced by Richard Owen, 

and the mechanistic analysis of development patterns considered by Wilhelm Roux (Russell 

1916, 1982; Hall 1994; Lauder et al  1995).  Thompson (1917) considered possible physical 
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determinants of morphological features.  The issues raised by all these workers remain relevant 

but perhaps none more so than the famous principle of correlation of Cuvier (1826):  "... all the 

organs of an animal form a single system, the parts of which hang together, and react upon one 

another; and no modifications can appear in one part without bringing about corresponding 

modifications in all the rest."  Later discussions of the way in which modification of one system 

will influence others have been introduced by Taylor and Weibel (1981), and Weibel (1984).  It 

impinges on a central problem of modern phylogenetic classifications, the need to find 

independent characters, i.e. ones that are not interrelated, to construct meaningful phylogenetic 

trees. 

 

 Early workers, preoccupied with the wonders of the complex "design" of organisms were 

necessarily concerned with a designing force.  The oft-cited example of Paley (1836) is an 

example of this.  He pointed out that the finding of a watch (a complex device) implied the 

existence of a Grand Designer, or watchmaker, whereas this does not apply in the case of a stone.  

It was subsequently left to Darwin (1859) to identify such a mechanism (natural selection) 

whereby complex organisms could evolve.  He thus introduced the era of modern scientific 

thought.  An appropriate recent summary of contemporary knowledge on the subject is that of 

Dawkins (1987).  He points out that natural selection acts like a “blind watchmaker”.  Basic 

biological processes (variation, heredity, selection) serve to generate design and biological 

complexity; mutations that provide new variability are random but selection is not random; it 

acts on existing variation, modifying it through the generations.  Integrated structural systems are 

thus built up progressively over along period; past history thus provides the variation and 

constrains future changes by past eliminations. 

 

 Various recent workers have advanced knowledge and clarified issues in the form and 

function debate.  Lauder (1996), for example, has noted that two central concepts/terms, 

"adaptation" and "function" have been subject to varied usages, thus muddying discussion.  He 

stresses the appropriateness of the commonly used definition of adaptation (Gould and Vrba 

1982; Coddington 1988; Harvey and Pagel 1991; Baum and Larsen 1991; Arnold 1994) that it is 

a trait that enhances fitness and that arose historically as a result of natural selection for its 

current biological role.  The acknowledgement of a historic component, in addition to 
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contemporary selection pressures, should again be noted.  The term "function" as used by most 

contemporary morphologists means the use, action, or mechanical role of phenotypic features 

(Amundson and Lauder 1994; Bock and von Wahlert 1965); selective advantage is inferred, that 

is the function of the trait is a property of the trait and has been subject to past selection.  In the 

case of the body the importance of a historic component, in addition to contemporary pressures, 

should be noted.  Past history needs to be known in order to make an informed statement.  This 

leads Lauder (1996), and others, to agree that fruitful understanding about form and function 

should be "hung" on a phylogenetic tree. 

 

 Just how complex structures evolve has long puzzled biologists.  Darwin and others have 

cited the vertebrate eye that would seemingly have only been functional when perfected as a 

classic example.  If form and function are only loosely coupled during the evolutionary process, 

achieving the complex end product might not be difficult.  Lauder (1991) notes that two 

approaches have been used to focus on the problem: biomechanical and philosophical analysis to 

elucidate relationships between environmental demands and the design of the biological systems 

and, secondly, historical phylogenetical analysis to elucidate evolutionary sequences of structural 

and functional change.  So far, however, only minimal work of this kind has been carried out on 

fishes.  One of the few studies, that of Wainwright and Lauder (1986) on the biomechanical and 

phylogenetical analysis of prey capture by sunfishes, has shown motor patterns to be extremely 

similar in four genera.  In other words, all later adaptations, behaviors, and structures, and 

differing feeding performances, are not major innate changes but only later additions on a 

common basic versatile system.  The findings of Wainwright and Lauder (1986) about the 

"generalized" nature of the locomotory systems controlling feeding in the centrarchids, matched 

with Leim's data on the extreme versatility of feeding mode and mouth structure in fishes, 

provides a framework for understanding the evolution of the structural differences such as those 

separating largemouth bass, rock bass, and bluegill.  Mouth size differences could have evolved 

simply by allometric growth, with selection pushing the "overgrowth" of mouth size back into 

embryonic development.  Note that all species increase mouth size with age and the largemouth 

bass larvae hatch with disproportionately large mouths.  A suctorial component to feeding is 

basic to all.  This is retained, or possibly has progressively been enhanced (extended further into 

adulthood), in the bluegill by restructuring the mouth fringes to form an improved "tube".  By 
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contrast, suctorial feeding has been downplayed in the large-mouth piscivorous largemouth bass.  

Differences in structure of the pharyngeal dentition and gill raker number could likewise have 

been evolved progressively rather than saltatorially.  Changes to these are also obviously easy to 

achieve to judge from the number of cases of species being polymorphic for them.  This suggests 

that a minimum number of genes control them.  The same applies to body shape: many 

populations are dimorphic for this feature. 

 

The above rationalizations, superimposed on the findings of Wainwright and Lauder, and 

Liem, provide a pathway for the evolution of the multiple and, at first sight, complex differences 

separating the various species of centrarchid fishes.  The scaling of physiological processes with 

body size in animals (Calder 1984) has already been noted. 

 

 The discussions in this Chapter, and the numerous cases of close correlation claimed 

follow "classical" rationalizations.  This is that current features of organisms are a priori optimal 

ones produced by natural selection for current functions.  Such beliefs certainly dominated the 

thinking of evolutionists until the 1970's and are still widely held (see some of the papers in 

Thomason 1995).  Most of the correlations drawn for the Opinicon fishes are logical and difficult 

to refute - even if we only know part of the story.  Others are tentative.  In later years various 

authors have challenged many of the glib correlations advanced down through the years by 

morphologists.  In a well-known paper Gould and Lewontin (1979) challenged the use of natural 

selection to explain all conceivable features of all conceivable organisms.  Again, Futuyma and 

Moreno (1988) criticised empirical studies of speciation on three grounds:  (i) lack of evidence 

of the underlying genetic variation which makes an evolutionary history of the species difficult 

to infer; behavioral mechanisms could, for example, be more important than genetical ones in 

populations composed of phenotypes that occupy multiple niches;  (ii) studies of functional 

tradeoffs between species are inappropriate because those tradeoffs often evolve after ecological 

specialization and therefore are of little use in explaining how the species first arose;  and, (iii) 

evidence of functional tradeoffs within single species are rare.  As warnings for the need to 

maintain stringent criteria these rationalizations are appropriate.  They are also, however, 

misleading, inferring that there is little evidence to support some of the most basic ideas as to 

how specializations evolve (Robinson et al 1993), leaving the disturbing impression that there is 
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little evidence to support some of the basic ideas.  Rose and Lauder (1996) have challenged 

many of the form and function correlations accepted in the literature as over-simplistic, 

misleading if not, indeed, wrong.  Writers, they note, have been over-ready to postulate 

hypothetical relationships on the basis of expected patterns of function.  Moreover, a large 

number of complexities have been discovered that render structure-function relationships more 

obscure than previously supposed (Gans 1983; Lauder 1995).  The criticisms may be 

summarized as follows:  (i) a change may not necessarily be adaptive and hence subject to 

selection;  (ii) function may not necessarily be associated with theoretical advantage;  (iii) a 

structure may not, in reality, function as supposed: for example the centrarchid jaw muscles 

studied by Lauder and Gillis (1997) may have alternative uses; the phenotype that prevails may 

vary with the particular environment; the relationships here between structure and function are 

complex and there is no obligatory historical coupling at a specific level;  (iv)  the claim that 

relevant design criteria can be specified a priori to allow the analysis of biological design 

amounts to a claim that we can specify in advance the problems that the design is supposed to 

solve;  (v)  some features are very evolutionarily conservative (for example, the jaw opening 

apparatus of teleosts);  others not;  hence, presumably, the former are less subject to selection;  

(vi) change may involve structures that lack evolutionary significance, structures that are carried 

because they are linked genetically to others;  How are we to know if selection has really acted 

on the structure under analysis?  The widespread effects of pleiotropy make it difficult to (i) 

assert that any trait could be the single target of selection; and (ii) to dissassociate any one 

feature of design for analysis. 

 

 These objections are valid and important.  Whilst only some can logically be raised 

relative to any data setm and need cause no worry much of the time, they must be taken into 

account as modern, more elaborate, correlations are attempted.  This certainly applies as 

investigators attempt to penetrate beyond the generalizations of earlier workers down into 

complex and multidimensional levels. 

 

 Recently, methods have been suggested whereby many of the seeming unresolvables can 

be clarified or resolved.  One is to develop improved and quantitative measures of the structure 

being analysed.  Thus the body shape of fishes should be measured using multivariate 
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morphometrics, as have Bookstein et al (1985), and Ehlinger (1993) in their respective studies of 

cottid and bluegill body shape. Mathematical modelling of organismal design can, in turn, 

potentially abstract salient features of structure into a precisely defined series of relationships 

that permit manipulation to stimulate morphological change in ontogeny or phylogeny (Lauder et 

al  1995). 

 

 Another way in which the form verses function dilemma may be clarified is by 

combining morphological, developmental, and genetic analyses - see for example the study of 

mouse mandible ontogeny study of Atchley and Hall (1991). 

 

 Further studies should dispense with statements about the supposed superiority of a 

design without performance analysis, Lauder et al point out.  Questions that might be asked are: 

(i) where are the physiological or biomechanical experiments needed to support the assertion;  

(ii) have alternative designs been compared for performance;  (iii) do analyses of traits as 

adaptations provide supporting data on:  (a) patterns of selection (past or present); (b) character 

correlations to demonstrate that selection either did, or did not, act on the trait of interest; and (c) 

comparative performance tests;  vide has the criteria on which the design was atomized into parts 

and that justified the analysis of only a few components of that design, been explained. 

 

 Considered by many modern workers as basic is to develop evolutionary reconstructions 

and analyses in a historic framework:  only by "hanging" these on a previously developed 

phylogenetic tree is it possible to disentangle historical patterns and sequences of the 

diversification of traits (Lauder et al  1995;  Brooks and McLennan 1991;  Huey and Bennett 

1987).  Since the estimate of the correlation itself depends importantly on the phylogeny of the 

group under study this means first developing a phylogenetic tree.  Indeed, the statistical 

significance of the correlation may depend on the assumed model of evolution (Lauder et al  

1995).  However, since it cannot be assumed that species represent independent sets of data 

points traditional statistical methods cannot properly be applied to comparative data sets 

(Clutton-Brock and Harvey 1977;  Felsenstein 1985);  hence phylogenetically based comparative 

methods must be used to correct for these problems (Harvey and Pagel 1991;  Martins and 

Garland 1991). 
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 Various examples of how prior reconstructions of lineage histories, and associated 

physiological biochemical diversities have helped understand complex situations are summarized 

by Lauder et al  (1995).  Warnings are also included.  In their summary they note that authors 

have pointed out that:  (i) frogs, though they have commonly been used in studies of how 

amphibians first colonized land, are quite inappropriate for this purpose since they are highly 

specialized (Gans 1970, 1988); (ii) the long-held assumption of neurophysiologists that the head 

sensitive pit organs of rattlesnakes represent adaptations to feeding is found to be seemingly 

secondary to the evolution of stationary defensive behavior when the analysis is set on a 

phylogenetic framework (Greene 1992);  (iii) again, in studies of squamate snakes by Schwenk 

(1994) has demonstrated that the use of a non-genealogical classification led to incorrect 

generalizations about squamate vision and chemoreception, and their environmental correlates; 

and (iv) failure to consider phylogenetic relationships led to inflated estimates of the correlation 

between morphological and biogeographic parameters in explaining the distribution of large- and 

small-acorned forms of oaks (Jensen 1992; Summary from Lauder et al 1995). 

 

 Developing investigations in a phylogenetic framework, Lauder et al  (1995) suggests, 

can also help answer such questions as to why some characters are more phylogenetically 

conservative than others and/or if all components of a complex system tend to change together.  

A historical perspective is also useful in detecting evolutionary anarchonisms, i.e. in response to 

traits that evolved relative to conditions no longer existing.  Note here that the giant fruits of 

some Neotropical trees might have evolved as adaptations for dispersal by a former Pleistocene 

megafauna (Janzen and Martin 1982), and the presence of flight motor neurons, now 

nonfunctional, in flightless crickets probably reflects an ancestry from flying forms (Dumont and 

Robertson 1986). 

 

 Notwithstanding the well justified enthusiasm of most modern workers for basing 

interpretations on phylogenetic reconstructions, and without wishing to undermine the previous 

rather elaborate rationalizations, warnings must be advanced about shortcomings in modern 

phylogenetic methods.  The phylogenetic trees are based on successive branch points and 

reliability is dependent on the correctness of these.  In his original formulation of the cladistics 
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method Willi Hennig stressed that the branch points should be based on multiple characters.  

Commonly, however, only one character (admittedly one that is correctly seen as of critical 

importance), is used.  In reconstructing evolutionary pathways parsimony, that is that the most 

direct pathway has been taken, is assumed (Farris 1970):  the rationalization is inherent in the 

method but may not apply.  Characters are generally treated as being independent because there 

is a perceived difficulty in rigorously testing the causes of morphological character covariation 

(Kluge 1989).  Some of these problems with the phylogenetic method have been discussed by 

Miyamoto and Finch (1995), and Emerson and Hastings (1998).  The last authors point out that 

not paying proper attention to the independence of characters is a problem.  Secondly, 

assignment of equal weights to characters assumes that they have an equal probability of change.  

They note that character complexes do not evolve independently, that though the extent of a 

correlation does not reveal its underlying cause it often offers clues that lead to testable 

hypotheses; that correlation amongst characters is an unacknowledged form of character 

weighting.  Finally, when parsimony is the primary criterion used to choose amongst alternative 

hypotheses character correlation becomes a significant issue.   

 

 There is an embarrassing potential for circularity in thinking about multiple characters.  It 

has been argued throughout this Chapter that characters necessarily co-evolve and hence are 

correlated. Yet if a correct phylogeny necessitates the use of independent characters and these 

are largely lacking or, at least, are in short supply, then basic procedural problems emerge.  We 

may be left once more with being limited to an acknowledgement of complexities.  Obviously 

the modern worker seeking to improve understanding of the old and fundamental 

structure/function correlation must be prepared to bring alternative approaches to bear on the 

problem. 

 

9.18 Structure, way of life and feeding in fishes: an integration 

 

 The field of functional morphology in animals, the expression of function by structure 

has had a long history with early roots (Motta et al 1995b) – see Remane (1943), Kuhnelt (1943) 

and, for fishes, Kryzhanovsky (1949), Barlow (1961), and Kryzhanovsky et al (1953).  The 

theoretical underpinnings of the subject can, however, be dated at least as far back as Charles 
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Darwin (Bock 1990).  It was early noted that minimal morphological differences characterize co-

occurring species (Hutchinson 1959;  Hutchinson and MacArthur 1959).  Important ideas 

relative to the study of adaptation and differentiation between function and biological role were 

set out by Bock and von Wahlert (1965), Motta et al , note.  Avian ecologists, among them Karr 

and James (1975) saw quantitative morphology as a tool for defining the ecological niche, 

community structure, and resource planning.  With such a link it could theoretically be possible 

to predict ecological role from measurements (Rickleffs and Travis 1980, and others).  

Goldschmid and Kotrschal (1989), and Bock (1990), have provided histories of the 

ecomorphology concept. 

 

 Relative to fish Norton (1995) has referred to the study of Keast and Webb (1966) on the 

morphology of Lake Opinicon fish relative to their ecology and diet as representing a 

fundamental study.  It was, however, simply an outgrowth of the massive theoretical background 

of earlier workers - see, in particular, studies of Fryer (1959a, b), and Fryer and Iles (1972) on 

Malawi fishes.  Subsequent important North American contributions in the area include Ciardelli 

(1967), Werner and Hall (1976, 1979), Chao and Musick (1977), and the innovative work of 

Gatz (1979a, b) on stream fish morphology.  African Great Rift Lakes faunas have continued to 

contribute disproportionately in the ecomorphology area, for example, Barel (1983a, b, 1984), 

Barel et al (1989), Hoogerhoud et al (1983), Witte et al (1990) - Chapter 11.  The subject has 

gained momentum in later years.  A symposium on the subject was organized for the 1992 

annual meeting of the American Society of Ichthyologists and Herpetologists and papers from 

this have been published as a special issue of Environmental Biology of Fishes (Volume 44, 

1995).  These reviews (for example, Westneat 1995; Motta et al 1995a) have provided a splendid 

history and update of the subject. Some of the contents of these papers may be summarized. 

 

 Thus, study of functional morphology in fishes has been grouped into descriptive 

morphology, functional morphology (biomechanics), and ecomorphology.  The first infers the 

role of a morphological feature or shape of a fish from observations in the field or laboratory, or 

from linking prey and mouth size (Hora 1952; Keast and Webb 1966; Matthews et al 1982).  It 

builds on general data on fish body shape relative to the aquatic environment (Aleev 1969;  

Alexander 1967;  Gosline 1971).  Many valid generalizations have been revealed.  Functional 
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morphology, through testing hypotheses concerning the relationship between form and function 

has the potential of properly establishing relationships and refuting spurious correlations – see 

Rose and Lauder (1996).  From this a much stronger argument for causality in terms of 

morphological and functional transformations affecting changes in ecology can be made (Norton 

1995;  Westneat 1995).  Thus, Lauder and Wainwright (1992), and Wainwright and Lauder 

(1992), quantitatively measured capacities for mouth structures to perform in predictable 

manners; testing and building on the earlier calculations such as those of Aleev (1969) and Webb 

(1975).  Aerts (1992) has summarized and discussed basic fish biomechanics to various aspects 

of fish biology. 

 

 Ecological morphology has, as its central focus, the study of the interaction of 

morphological and ecological diversity among organisms both in present and over evolutionary 

time;  patterns of variation in ecological characteristics are compared to patterns of variation in 

morphological ones (Motta et al 1995a).  The phenotype of an organism and its realized niche 

are both products of complex interactions between the environment and factors intrinsic to the 

organism, with the environment influencing characters both directly and indirectly (Norton et al 

1995).  As previously discussed the appropriate approach is to measure large numbers of 

morphological and environmental characters and using principal components analysis, or an 

equivalent technique, seek hidden relationships.  Discovery of these is important since 

morphological systems are built on multiple factors.  The environment, in turn, presents a wide 

array of variables relative to which an organism can respond.  The method can only, of course, 

point to possible correlations;  it cannot reveal the reasons for these. It is argued that the 

“ultimate” meaning of structure clusters is to optimize on energetic efficiency.  Better exploring 

this is a subject for future ecomorphologists.   

 

Ecomophological studies on fishes (Table 9.2) have been variously reviewed by Douglas 

and Matthews (1992), Motta et al (1995b), and Matthews (1998). There have been long 

discussions of the need for tests of seeming correlations (Felley 1984;  Douglas and Matthews 

1992;  Norton et al 1995;  Wood and Bain 1995).  Seeking relationships by this method has been 

described as the shotgun approach (Motta and Kotrschal 1992;  Liem 1993). 
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 Reservations about the much favored multivariate ecological method have been 

expressed by various workers.  As noted, Liem (1980) has pointed out that an ill-adapted 

structure might persist if, by its changing, another more important one became less efficient.  

Wiens and Rotenberry (1980) argue that under many conditions in nature resources are not 

limiting so there is not need for an animal to evolve a more efficient structure, i.e. correlation 

with the environmental variable.  Motta (1995a, b) suggests that it is also unreasonable to expect 

a perfect match between morphological and ecological variation and note that some authors have 

concluded that only limited, or no, correlation exists between ecological variables.  In turn, 

Gould and Lewontin (1979), Brooks and McLennan (1991), and Lauder (1992) argue that to 

suggest that a specific morphological feature has evolved to access a particular resource requires 

that preceding morphological, histological, and ecological, transitions have been coincident.  

Most interpretations should also take ontogeny into account (Norton et al 1995;  Motta et al 

1995b). 

 

9.19 Ecology and body structure in lake fishes: a summary 

 

The central role of morphology in defining way of life and ecology is self-evident.  

morphology evolves in response to ecological opportunity.  Once established it provides 

specialization and a much more efficient use of resources. Morphology may provide a ready 

monitor of ecological role.  It is a factor permitting the co-occurrence of multiple species.   

 

The way in which body structure channels fish to a specific ecological role has long been 

appreciated.  A literature on form and function goes back at least to Cuvier (1826) and since that 

time many leading mophologists and evolutionists have at some time published on the subject.  

Striking demonstrations of the link that enabled writers such as Simpson, by using current 

demonstrations to calculate or suggest the ecology of fossil forms.  Lately attempts have been 

made to use morphology as a measure of how different structurally two species must be to 

successfully co-occur. 

 

There is a hundred years of literature demonstrating, espousing, or claiming the form and 

function link.  Some modern workers like Lauder have, however, protested against the surfeit of 
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"assumed" correlations in the literature, pointing out that these can be proven only by 

experimentation.  They also reassert the early observation that evolution works on complexes of 

characters, not single ones.  Single ones may not show and trend.  Nevertheless, it is surprizing 

how many single factor correlations do occur. 

 

The first half of the Chapter is devoted to an analysis of body structures in fish.  Some of 

the adaptations relate to life in the aquatic environment but others, those of interest here, 

represent adaption to role.  It is relevant to determine how far structural variation within an organ 

system can go.  A resultant scale provides opportunity for assessing degree of variation in 

freshwater lake fishes.  Notwithstanding the extreme structural specializations found in the 

piscivorous pike and chemo-sensory feeding ictalurids most variation tends to be modest.  

Seemingly, hence, in these systems there is a priority in retaining structural generality. 

 

The second section looks at the range of body forms found in the fishes of a species-rich 

small Ontario lake.  This is tabulated as an end in itself.  When this is done it is found that much 

of the variation relates to lineage, not evolution within the lake.  In the fauna studied, and this 

applies also to most small Ontario lakes, a high proportion of species belong to different 

families.  We are dealing, hence, with assemblages of morphologically different species that 

have combined secondarily because of ability to live together.  This is, then, an example of the 

Diamond "species assembly rule" concept. 

 

There is no point here in trying to assess, for example, the functional significance of the 

generalized fusiform body shapes of the cyprinodont killifish verses the small cyprinids.  At this 

stage, this would involve unwarranted assumptions. 

 

Most structure in fishes is genetically based.  There are, however, some interesting 

demonstrations of adaptation at the phenotypic level.  This can be viewed as an example of a 

possible evolutionary pathway (modification without total cange) that could lead to species 

differences. 
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Much attention is given to polymorphism in freshwater fishes.  This is of great interest in 

demonstration, for modern, recently-derived forms:  (i) the close correlation between role and 

body form;  (ii) circumstances under which this can occur (parallelism is inherent);  and, (iii) 

evolution in action.  It can be noted that some of this variation is intraspecific (it was originally 

thought that this applied to most of it) but it has not been repeatedly demonstrated that most is at 

the genetic or, at the species level.  Thus, there is an evolutionary advantage in consolidating 

structure genetically, something asserted by the earlier speciationists. 

 

The final section to the Chapter is a detailed review of the form and function debate in a 

historical and theoretical framework.  The subject has long been a favorite with evolutionists.  It 

gets to the very heart of the evolutionary process.  The review, hence, gives a much needed depth 

to the widely accepted notion amongst ecologists that a species ecology is rooted in its 

morphology. 
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Table 9.1. Major structural and functional features of the fishes of Lake Opinicon, Ontario. 

 

 

Species 

 

Body 

Length 

adult 

mm 

 

 

Body form 

 

 

Eye 

% 

S.L. 

Mouth Form Pectoral fin  

 

Caudal 

peduncle 

form 

 

 

 

Caudal fin 

 

 

Protrusibilitiy 

premaxilla % 

 

 

Position 

 

 

Aperture 

mm 

 

 

Form 

Dorsal 

fin % 

S.L. 

Pectoral/ 

pelvic 

spacing 

% S.L. 

 

 

Form 

 

 

Movement 

Alosa 

pseuharengus 

150 Compressed 

fusiform 

.06 33 Dorso-

terminal 

13.0 Scoop 19 26 Rectangular Synchronized 

beat 

Moderately 

long 

Deeply 

forked, 

pointed tips 

Umbra limi 70 Foreshortened 

tubular 

.06 - Terminal 4.7 Scoop 22 26 Rectangular Undulating Thick Rounded 

truncate 

Esox lucius 580 Elongate 

tubular 

.03 - Terminal 60.0 Broad beak 13 post 25 Rectangular Undulating 

when small 

Short Deeply 

forked, 

rounded tips 

Notemigonus 

crysoleucas 

120 Compressed 

fusiform 

.05 49 Dorso-

terminal 

4.6 Scoop 12 22 Sub-falcate Synchronized 

beat 

Long and 

slender 

Deeply 

forked, 

rounded tips 

Notropis 

heterodon 

60 Compressed 

fusiform 

.05 48 Dorso-

terminal 

3.2 Scoop 14 21 Sub-falcate Synchronized 

beat 

Long and 

slender 

Deeply 

forked, 

rounded tips 

Pimephales 

notatus 

75 Rounded 

fusiform 

.05 30 Ventro-

terminal 

3.0 Tubular 23 23 Sub-falcate Synchronized 

beat 

Long and 

slender 

Deeply 

forked, 

rounded tips 

Ictalurus 

nebulosus 

190 Flattened head; 

compressed 

body; sensory 

barbels 

.02 - Terminal 19.5 Broad but 

low scoop 

10 + 

adipose 

23 Rounded Extended as 

hydrofoils; 

intermittent, 

synchronized 

beat 

Short Emarginate 

Fundulus 

diaphanus 

70 Rounded 

fusiform 

.06 35 Dorso-

terminal 

3.9 Sub-tubular 21 17 Spatulate Independent 

beat; rapid 

Long Truncate 

Perca flavescens 160 Compressed 

fusiform 

.05 20 Terminal 10.8 Scoop Double 

47 

5 Rounded Alternating 

beat, 

horizontal 

plane; mile 

wrist action 

Moderately 

long 

Shallowly 

forked 

Percina caprodes 100 Elongate 

tubular; snout 

knob 

.06 - Ventro-

terminal 

4.5 Small; 

snapping 

Double 

52 

3 Spatulate Synchronized, 

oar-like 

sweep; bottom 

props 

Moderately 

long 

Emarginate 

Micropterus 

salmoides 

550 Compressed 

fusiform 

.03 17 Terminal 64.0 Cavernous 

scoop 

Part 

split 38 

0.6 Rounded Alternating 

beat; minor 

wrist action 

Functionally 

short 

Shallowly 

forked, 

rounded tips 

Lepomis 

macrochirus 

160 Gibbose .07 48 Terminal 8.1 Sub-tubular 

also 

nipping 

Part 

split 52 

0.6 Falcate, large Independent 

beat; marked 

wrist action 

Functionally 

short 

Shallowly 

forked, 

rounded tips 

L. gibosus 160 Gibbose .07 48 Terminal 8.3 Sub-tubular 

also 

nipping 

Part 

split 50 

0.6 Falcate, large Independent 

beat; marked 

wrist action 

Functionally 

short 

Shallowly 

forked, 

rounded tips 
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Species Body 

Length 

adult 

mm 

Body form Eye 

% 

S.L. 

Mouth Form 

 

 

 

 

Pectoral fin Caudal 

peduncle 

form 

Caudal fin 

Protrusibilitiy 

premaxilla % 

Position Aperture 

mm 

Form Dorsal 

fin % 

S.L. 

Pectoral/ 

pelvic 

spacing 

% S.L. 

Form Movement 

Ambloplites 

rupestris 

170 Sub-gibbose .09 20 Terminal 16.8 Scoop Part 

split 45 

3 Rounded Independent 

beat; slight 

wrist action 

Functionally 

short 

Shallowly 

forked, 

rounded tips 

Pomoxis 

nigromaculatus 

180 Gibbose .06 39 Dorso-

terminal 

14.4 Scoop Part 

split 41 

0.7 Rounded, 

large 

Independent 

beat; slight 

wrist action 

Functionally 

short 

Shallowly 

forked, 

rounded tips 

Labidesthes 

sicculus 

75 Elongated 

tubular 

.06 15 Dorso-

terminal 

3.7 Fine 

beaklike 

16 1.3 Falcate, high 

on body 

Independent 

beat; wide 

sweeping 

movements 

Long Deeply 

forked, 

pointed tips 
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Table 9.2.  Some multivariate studies relating combined morphological attributes to habitat and diet. 

 
Fish 

community 

No. Morphol 

characters 

used 

Investigator Conclusions 

Stream fishes, 

U.S.A. 

56 Gatz 1979a, b Species separated on basis of family features.  Hence patterns of morphol distance similar across drainages and non-

random. 

Stream fishes, 

U.S.A. 

56 Felley 1984 Significantly to fin 4 characters related to height or location; scale size to depth in water column intestine length and size 

of cerebellum to kind of food.  No substantial relationships to current speed, depth, food habits, vegetation use or 

substrate type. 

Stream fishes, 

Poland and 

Ontario 

12 Mahon (1984) Benthic fish of fast waters separated from water column dwellers of slow waters, and small active swimmers from slow 

swimmers. 

Stream fishes, 

North Borneo, 5 

assemblages 

15 Watson and 

Balon (1984) 

(i) Species clumped relative to caudal fin aspect ratio, lateral compression, eye position, pectoral fin aspect ratio; (ii) 

head length, mouth width and height, body depth, pectoral and caudal fin areas;  (iii) body size and peduncle 

compression and length;  (iv) mouth orientation and ventral flattening.  Suggested that these axes corresponded to 

surface, pelagic, benthic and substrate dwelling species, respectively. 

Darter spp (78) 

(Etheostomatina

e) 

66 Page and 

Swofford 

(1984) 

Strong correlations between several suites of meristic, measurement or miscellaneous morphological variables and 

typical species habitats.  Therefore, much evidence for morphological convergence of unrelated species to habitat. 

Stream fishes, 

rain forest, Sri 

Lanka 

14, as per 

Gatz 

Moyle and 

Senanayake 

(1984) 

All species separated on body shape or trophic variables, were more similar within than between families.  

Morphological separation coincided with microhabitat and diet separation. 

Stream fishes, 

U.S.A. and 

Paraguay 

various Matthews and 

Heins (1987) 

using data of 

other workers 

All assemblages overlapped strongly in multivariate space.  Mean nearest neighbour distances in morphospace was not 

significantly different but morphological variance was greater in species rich assemblages. 

Latitudinal 

comparisons: 

Alaska, 

neotropics – 

Africa 

30 Winemiller 

(1991) 

Evidence that both morphological divergence with phylogenetic divergence, and ecomorphological convergence of 

distantly related taxa.  Therefore it was suggested that:  ecomorphological patterns indicated that (i) interspecific 

competition influences assemblages;  (ii) assemblages with more species had more ecomorphological diversity; (iii) 

morphological convergence amongst distantly related tax was common;  (iv) there was more morphological and 

ecological diversification in tropics. 

Riverine 

cichlids, Costa 

Rica, 

Venezuela, 

Zambia 

29 Winemiller et 

al (1995) 

All 3 faunas overlapped considerably in morphospace and trophic space.  There were more morphologically specialized 

cichlids in Costa Rica. 
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Fish 

community 

No. Morphol 

characters 

used 

Investigator Conclusions 

Cyprinids, 

Oklahoma and 

Arkansas 

56 Winston 

(1995) 

Morphologically very similar species pairs co-occurred in 219 assemblages, less than would be expected by chance; this 

suggested that competition between morphologically very similar pairs is sufficient to maintain complementary 

distributions of such species. 

 

 

Roanoke River, 

Virginia.  17 

spp in 5 families 

34 Douglas and 

Matthews 

(1992) 

Sought to test if a classification of species based on morphology concurred with one ecological traits.  Results were 

uninformative.  Measurements grouped largely by family confirming that families may be important determinates of 

general trophic ecology.  Phylogenetic history and food use were related to body shape. 

Seagrass fishes, 

Florida 

15 Motta et al 

(1995a) 

Separation of species along morphological axis was more related to microhabitat than diet.  Cruising mid-water 

planktivores had compressed fusiform bodies, forked caudal fins, long and closely spaced gill rakers, short to 

intermediate length pectoral fins, short heads, large eyes, terminal of sub-terminal mouths.  Slow-swimming epibenthic 

fishes had rounded caudal and pectoral fins, short or no gill rakers.  There were some cases of convergence in trophic 

and microhabitat utilization characters. 

Stream fishes, 

Alabama 

21 Wood and 

Bain (1995) 

Morphological shape components provided a wide separation of species within the minnows and darters but not in the 

centrarchids.  For former there was a significant regression between PC axes based on ecomorphology and microhabitat, 

but not for centrarchids. 
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Figure 9.1  Body size in the fishes of a small lake system (Lake Opinicon).  Adapted from Keast and Webb (1966).  
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Figure 9.2  Heads of common Opinicon fishes to show mouth features (position on head, relative sizes, and shapes).  

Crepuscular and nocturnal species (rock bass) have large eyes; the chemo-sensory feeding bullhead, in which sight 

is less important, small eyes.  Ietalurus has chemosensory barbels.  From Keast and Webb (1966).
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Figure 9.3  Contrasting pharyngeal dentitions, six species, adapted from Keast (1978). 
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Figure 9.4  Receptor density at the back of the retina; area of greatest concentration relates to whether species is a 

bottom or mid-water or generalist feeding: rock bass (bottom feeder), largemouth bass (piscivore), bluegill 

(generalist), and mid-water feeder.  Adapted from Williamson and Keast (1988).  
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Figure 9.5  Evolutionary relationships of the Centrarchidae.  Many of the genera go back to the Miocene. 
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Chapter 10   

ORIGINS, EVOLUTION, NATURE, AND BIOGEOGRAPHY 

FRESHWATER FISHES OF THE NORTH TEMPERATE ZONE 

Keywords: Europe, North America, Glaciation, Fossils, Genetics 

  

 This, and the following Chapter, treat freshwater fish at a broader continental and 

biogeographic scale.  The present one explores the evolution and historic development of 

northern freshwater fish communities and how this underlies and dictates many of the features of 

modern communities.  The subject is treated in the broader framework of processes. The 

following chapter (Chapter 11) covers quite a different subject, tropical freshwater fish 

assemblages in their various dimensions.  An objective of this is to bring out the full 

evolutionary potential of lake fishes as shown by unique tropical species: exuberance, radiations, 

body diversities, and space use patterns.  As feeding and dietary data is available this is also 

treated in detailed comparisons with northern faunas. 

 

10.1 Origin of North Temperate fishes 

 

Modern freshwater fishes are the inheritors of a legacy that goes back to the Devonian 

geological period, 410 million years ago.  Living already then in rivers and lakes were filter-

feeding planktivores (the ostracoderms) and piscivorous large-sized and large-mouth 

placoderms. Lungfish (Dipnoi), with single modern descendants in freshwater in South America, 

Africa, and Australia, and crossopterygians (with relict populations in the seas of Madagascar 

and Indonesia), were other prominent elements of the Paleozoic.  Aquatic organisms had already 

learned to optimize on environment at opportunities 300-400 million years ago. 

 

 The earlier history of freshwater fish diversification and distribution is inadequately 

known.  The fossil findings are scattered. Triassic beds, however, show the existence of three 

families of primitive Paleonisciformes, two genera of semionotids, a lungfish, and hybidont 

sharks then (Cavender 1986). Here already at this time existed an assemblage of species with a 
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range of adaptive body forms and shapes comparable to some of those found in modern lake fish 

faunas (McCune et al 1984; McClune 1996).  Remnants of Mesozoic forms persist in Europe and 

the Great Lakes today in the form of sturgeons, gars, and Amia. 

 

 In the early Mesozoic, the world’s land was grouped into northern and southern super-

continents of Pangaea and Gondwana.  Then, dispersal opportunities, and dispersal constraints, 

for freshwater fishes would have been easier than today.  The fossil freshwater faunas of Asia 

and Europe were similar in the Mesozoic (Buffertaut and Suteethorn 1998). The fossil faunas of 

Thailand and Europe, similar in the early Cretaceous (about 10 million years ago) indicate that 

there was then a extensive land junction between the two. 

 

 Eastern North America and Europe formed a single land-mass in the Cretaceous.  The 

former, however, was isolated by sea from its future western half which was joined to Asia. Until 

the Early Eocene North America and Europe shared a common freshwater fish fauna, as 

indicated by fossil gars Lepisosidae (Wiley 1976), bowfins Amiidae and, possibly percids 

(Collette and Bănărescu 1977) – see discussions in Patterson (1981), and Briggs (1987). The 

opening of the North Atlantic in the Eocene 45-50 million years ago with the severance of the de 

Geer land bridge, separated the faunas.  The terminal stages of the junction were a time of 

benevolent northern climates – note the occurrence of fossil horses, primates, and crocodiles then 

on Ellesmere Island in the Canadian Arctic.  

 

 Following the separation (McKenna 1973, 1975) the two continental faunas evolved 

independently and developed major differences.  Later, in the Tertiary, there was intermittent 

contact between North America and Asia, especially during brief junctions of the Bering Strait 

landbridge.  Limited ichthyofaunal exchange occurred through this filter system.  Throughout 

both fish faunas have been supplemented by limited colonizations from the sea.  
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10.2 Freshwater fishes of the world 

Traditionally freshwater fishes have been divided into three physiological categories on 

the basis of degree of dependence on freshwater (Myers 1938).  These are:  (i) "primary division" 

fish that belong to exclusively freshwater lineages and are completely confined to fresh water;  

(ii) "secondary division" forms that belong to groups that have secondarily invaded freshwater 

from the sea, that is they had marine ancestors and;  (iii) "peripheral division" fish species that 

spend part of their lives in the sea, and part in freshwater.  The second group are characterized by 

lineages like the diversified largely tropical Cyprinodontiformes that include both estuarine and 

freshwater species.  There are only a few of the last category, some salmonids and the freshwater 

eel (Anguilla rostrata) belong to it. 

This simple three-way physiological and biogeographic categorization of freshwater 

fishes has been partly rejected by later workers seeing it as grossly oversimplistic. Burr and 

Mayden (1992) note that many primary division freshwater fishes can tolerate a range of 

salinities.  Again, it has commonly been assumed that secondary division fishes, by definition, 

had dispersed through the sea.  Some later workers like Rosen (1976) argue however, that 

disjunct distributions such as those in the brackish water cyprinodontiform fishes can better be 

explained by land separation.  Notwithstanding the criticisms, the 3-way categorization of fishes 

represent a useful starting point.   

Forty-one percent of the 20,000 species of fish in the world are freshwater dwellers, 56% 

are marine (Moyle and Cech 1982), and 1% of species migrate between fresh and salt water.  

Ninety five percent of North American temperate freshwater fishes in 30 families can be 

considered as "freshwater dispersants", and the remaining members in 20 families as "saltwater 

dispersants" (Burr and Mayden 1992).  The former group includes the cyprinids, percids, 

catostomids, ictalurid catfishes, centrarchids, and fundulids.  These make up over 67% of the 

fauna.  Endemic lineages that have undergone considerable radiation in freshwater dominate - 

see the North American richly speciose centrarchids, ictalurids, and etheostomines. Saltwater 

dispersants include Cyprinodontiforms, atherinids, sturgeons, and clupeid herrings.  These are 

equally shared between North America and Eurasia. 
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The existence of a partial division of Northern Hemisphere freshwater fishes into a 

northern “cold temperature” group, with temperature optima below about 16°C, and a more 

southern set (optima, 22-25°C), especially in North America (Hubbs and Lagler 1958;  

Hokanson 1977, Chapter 3) might also be noted.  Again the division is somewhat arbitrary and 

simplistic.  However, such a division has been as the basis for discussion in this book.  

 

Of particular interest in the evolution of northern fishes are the glaciations of the 

Pleistocene and Early Recent, with their major faunal dislocations, extinctions, opportunities for 

speciation, and post-glacial dispersal into new habitats.  They can be looked at relative to both 

the North American Great Lakes and European ichthyofaunas. 

 

10.3 The North Temperate freshwater fishes composition, taxonomic categories, 

ecological roles, origin in the fossil record 

 

The freshwater fish fauna of North America, inhabiting waters north of 20  latitude in 

Mexico, total 48 families, 195 genera, and 986 species (Mayden 1992).  Europe has 27 families, 

83 genera, and 207 species (Tables 10.1, 10.2, Kottelat 1997).  In terms of number of species 

these faunas do not match the unique and structurally diversified 2500 species of South 

American freshwater ichthyofauna (Chapter 11), or those of Asia with 1600 species, and Africa 

1800 species (Gilbert 1976).  Arid Australia, with all but a few modern species marine-derived, 

has only about 230 species of freshwater fish. 

 

Figs. 10.1 and 10.2 illustrate examples of Great Lakes fish fauna.  Initial appearances of 

the major fish lineages in the fossil record are summarized in Table 10.2 and Fig. 10.3.  The 

North American data is from Cavender (1986), Briggs (1986), Wilson and Williams (1992), and 

the various papers in Mayden (1992);  that for Europe from Lalek (1980), Holčik (1989), 

Hoestlandt (1991), and Bănărescu (1991).  Fig. 10.3 is an abbreviated version, restricted to major 

lineages, of the "time of origin" chart in Wilson and Williams (1992).   
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10.3.1 North Temperate fish groups: lineages, geological origins, adaptive zones 

 

The major Holarctic native freshwater fish species, their base ecological roles, and fossil 

histories, are as follows: 

The archaic "holostean" fishes:  Polyodontidae (paddlefishes), Acipenseridae (sturgeons), 

Lepisosteidae (gars), and Amiidae (bowfins) (Fig. 10.1). 

 

These archaic remnant fishes from the Mesozoic, primitive large-bodied fishes and with 

low population turnover rates, are today restricted to the larger water-bodies like the Great 

Lakes.  Gars and paddlefishes are now absent from Europe.  Paddlefishes occurred as Cretaceous 

fossils in both northern continents.  The first sturgeons were Cretaceous and marine: an early 

marine origin is indicated.  Fossil gars are known from late Jurassic deposits in Europe, Asia, 

and South America.   

 

The unique monophyletic paddlefishes, with long paddle-shaped snout, covered with 

elaborate series of sense organs used in locating prey, despite their large size, feed exclusively on 

microscopic organisms.  There is one contemporary species in North America and the Great 

Lakes;  one in Asia.  The sturgeons are represented by 33 species, with eight occurring in North 

America.  The group is anadromous, the members are diet generalists.  In feeding the snout is 

used to root amongst vegetation for chironomid larvae, mayfly nymphs, mollusks, polychaetes, 

small fish, and vegetable material.  The piscivorous gars consist of two genera and seven Recent 

species, with five in North America (Wiley 1976).  Bowfins (Amia) are today limited to the 

single extant North American species.  These inhabit swampy vegetated bays, and are slow and 

clumsy stalking predators, using both scent and sight to capture fishes, crayfishes, and frogs. 

These primitive fishes are not important components in today's ecosystems such as those studied 

here.  

 

Anguillidae - freshwater eels (Fig. 10.1) 
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Anguillid eels are represented in the north by the single Holarctic Anguilla rostrata.  

Adults are piscivores and insect-eaters.  They first appear in the Pleistocene fossil record.  Only 

part of the life history is spent in freshwater.  Though widespread eels are not important 

components of most northern ecosystems. 

 

Clupeidae - herrings  

 

This important cosmopolitan marine group is represented today by an array of brackish 

and freshwater species in North America and in the Black, Caspian and Aral Seas, and coastal 

rivers of Europe.  They are numerically unimportant in Africa and Australia. Most clupeids are 

planktivores.  Some species take insects and, rarely, small fishes.  Many have the high gill-raker 

counts associated with filter-feeding. 

 

Ten species occur in North America and there are two genera and species in the Great 

Lakes.  Here the alewife (Alosa pseudoharengus), a late colonizer, and shads (Dorosoma), are 

numerically prominent.  When abundant they may influence resource levels and, hence, 

populations and other planktivorous fish. There are landlocked populations in various lakes.   

 

The oldest herrings are of Paleocene age (Fig. 10.3).  They first colonized freshwater in 

the mid-Paleocene (Grande 1982).   

 

Salmonidae - salmons and whitefishes  

 

The salmons are northern and are examples of the classic peripheral-division component.  

Some are true fresh water dwellers, others are marine as adults and return to freshwater to spawn. 

The whitefishes (Coregonus) are exclusively freshwater dwellers. 
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Salmonids are invertebrate feeders in their earlier years in freshwater;  largely 

piscivorous as adults.  Coregonines are commonly planktivores and invertebrate feeders, with 

some piscivory.   

The contemporary North American salmonid fauna consists of seven genera and 44 

species. The Great Lakes have about 6 genera and 21 species (Bailey and Smith 1981;  

Underhill, 1986;  Table 10.3).  The lake and brook trouts (Salvelinus namaycush and S. 

fontinalis),  and the landlocked form of the Atlantic salmon (Salmo salar), like their Palearctic 

relatives, are 'cold-water' adapted; that is they are “temperate stenotherms” in the classification 

of Hokansen 1977).  They spawn at temperatures of 5-13oC (Scott and Crossman 1973). 

 

A Cretaceous marine origin has been suggested for the salmonids (Patterson 1970).  The 

North American Eocene Eosalmo, the oldest authenticated salmonid, could represent a North 

American stem group.  Body scales from a Cretaceous marine form could, however, be salmonid 

(Wilson and Williams 1992).     Typical Salmo are known from the late Miocene in North 

America (Patterson 1970).  Smith and Stearley (1989) have suggested that the original Salmo 

may have been a freshwater dweller like the modern Thymallus, and that there followed a 

phylogenetic transition through partly anadromous taxa (European Hucho, Salvelinus) to the 

progressively more marine Salmo and Oncorhyncbus.  Various modern studies (Burr and 

Mayden 1992) have sought to elucidate the relationships within the Holarctic Salmonidae.   

 

The whitefishes, Coregoninae, form a closely-related group.  In the cold-adapted 

whitefish, (Coregonus clupeaformis) genetic data indicates glacial period survival in three 

refuges, the Yukon, Mississippi-Missouri and in a previously undetected refuge in the Northern 

Territories of Canada (Foote et al 1992).  Comparable stock divisions occur in Europe 

(Bernatchez et al 1999). 
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Umbridae - mudminnows  

 

The North American cool water-adapted mudminnow Umbra limi is a prominent 

inhabitant of the dense vegetation of ponds and streams in the north.  It is an insect larva - pupa 

feeder (Chapter 4). 

 

Three genera and four species of umbrids are known from North America, one genus and 

species from the Great Lakes drainage.  Three have relict distributions.  There is one Eurasian 

species.   

 

Umbrids first appear in the Oligocene.  Relationship to the Alaskan blackfish Dallia, and 

the pikes is indicated.   

 

Esocidae - pikes   

 

The North American esocid fauna consists of four species, all in Esox.  The northern 

pike, E. lucius, common to both land masses, probably colonized North America from the west 

over a Pleistocene land-bridge.  It retains a northern range and, like the salmonids, can feed and 

breed at temperatures only a few degrees above freezing (Scott and Crossman 1973).  There are 

two North American morphological forms of the northern pike, (McPhail and Lindsey 1970), 

probably resulting from postglacial expansion from both the Yukon-Alaska and Mississippi 

refugia (Fig. 10.5) 

 

Pike are highly specialized and efficient piscivores, hunting from ambush, and darting out 

to secure prey.  The predator-prey relationships of pikes have been documented by many 

workers, including Crossman (1959, 1962). 

 

North American, Eurasian, and a common Holarctic origins for the esocids have 

variously been argued but results are inconclusive.  Recent fossil studies have extended the 
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North American esocids back to the Paleocene Esox tiemani (Wilson and Williams 1992; Fig. 

10.3).  Surprisingly, and of special interest here, is that at this time they had already achieved all 

the specialized features of modern pikes:  depressible teeth, dorsoventrally flattened mouth, 

edentulous maxilla, prominent palatine and vomerine dentition, and elongated body with 

posteriorly placed median fins.  The combined North American and Eurasian fossil record 

suggests greater taxonomic diversity.  Their perfected piscivore morphology would seem not to 

have demanded any "improvement" with time, even though the physical environments, and 

available prey species have obviously changed greatly. 

 

Cyprinidae - minnows  (Fig. 10.1) 

 

Today the Cyprinidae, the mostly small-bodied “minnows”, constitute one of the largest 

family of fishes in the world.  They are exclusively freshwater dwellers and have over 2,070 

species distributed through Eurasia, North America, and Africa (Fig. 10.4).  Radiation occurred 

to a remarkable degree in Asia and Africa (Chapter 11) but they never reached South America or 

Australia.  Though true primary division groups are few, Asian species have “jumped” marine 

barriers to reach Sulawesi and Mindanao.  Some 302 species in 50 genera and two sub-families 

are recognised in North America (Johnston and Page 1992), representing 34% of the total 

freshwater fish species.  There are some 188 species in 179 genera in Europe, where the family, 

with 55% of total fish species, is disproportionately important.  Several European species are 

commercially significant and support major fishing industries. 

 

Ecologically the cyprinids can be thought of as the “rodents” of the aquatic world.  They 

are highly speciose, abundant, schooling, have high population turnover rates and occupy fine 

niches often in specialized habitats.  They are the dominant group in small streams and ponds.  In 

the Great Lakes region species occur in habitats as diversified as the pelagic zone of large lakes 

(emerald shiner, Notropis atherinoides);  gravelly riffles in swift-running creeks (blacknose dace, 

Rhinochthys cataractae), large rivers (river chubb, Nocomis micropogon), and the uppermost 

drainages and weed-choked ponds of creek systems (finescale dace Phoxinus eos) - see Chapter 
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2. Cyprinids exhibit a wide range of reproductive strategies (Johnson and Page 1992).  

Morphologically they lack marginal teeth and a formed stomach.  This seemingly severe 

structural limitation has not, however prevented a few exceptional species from becoming 

piscivores - see, for example, the North American West Coast Ptylochelys (Weisel 1962).   

 

The Great Lakes region supports some 54 species of cyprinids in 20 genera, a remarkable 

radiation (Table 10.3).  All are fusiform-bodied, small, and some are highly mobile and 

maneuverable pursuers of zooplankton.  At the other extreme others are more sluggish bottom-

feeders, or lie-in-wait predators.  Within a common superficial morphological shape are major, 

and minor, differences in mouth size, pharyngeal dentition, and placement, shape, and degree of 

mobility of the fins.  Habitat specialization and species replacement in terms of habitat is marked 

- see Scott and Crossman (1973), and other data sets (Chapter 2).  Common Ontario species, 

whose ecologies are documented in this book, include the golden shiner (Notemigonus 

crysoleucus) and blackchin shiner (Notropis heterodon), which are planktivores;  the detritus-

feeding bluntnose and fathead minnows (Pimephales notatus and P. promelas), and the large-

mouthed insectivorous and marginally piscivorous creek chubb (Semotilus atromaculatus). 

 

Cyprinids probably originated in Eurasia before the Oligocene (Cavender 1986).  The 

history of lineages is inadequately known but a phylogenetic analysis by Cavender and Coburn 

(1992) reveals that the cyprinids fall into two basic subfamilies, the Cyprininae and Leuciscinae.  

Burr and Mayden (1992) postulate than the cyprinine lineage early specialized in benthic food 

gathering, with the head held more or less rigid with respect to the trunk.  By contrast, the 

leuciscines, where the head can be “lifted”, have evolved to exploit many types of highly mobile 

prey, filling the roles of benthic insectivores, drift feeders, piscivores and also filter feeders.  

They note that Alexander (1969) correctly interpreted the feeding mechanism in leuciscines as 

primitive because of less modification to the mouth parts.  The North American cyprinids belong 

to the Leuciscinae.  The time of separation of the cyprinines and leuciscines is unknown.  The 

prominent and widely-distributed North American golden shiner, belongs to a European group of 

leuciscines (Cavender and Coburn 1992) although no close counterpart there has been 
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discovered.  Its ancestor would hence, be a secondary colonist of North America.  That different 

subfamilies predominate in North America and Eurasia, respectively, suggests an initial 

Holarctic range with subsequent separation of stocks.   Within North America the cyprinids fall 

into distinct eastern and western clades.  The western North American Pogonichthys is closely 

related to the Asian Tribolodon, indicating a later dispersal via Bering Strait.  The cyprinids fall 

into several ecomorphological lineages, including shiner and chub clades (Burr and Mayden 

1992).   

 

Probably many major cyprinid lineages had already assumed modern roles by the 

Miocene, and that in the Pliocene and Pleistocene there was their rapid speciation and radiation 

into the kinds of roles they occupy today.  Active speciation continues in river drainages in 

southern United States, (see species distribution maps in Page and Burr 1991). 

 

In view of the importance of the cyprinids it is a pity that our knowledge of their early 

biogeographic history is limited. 

 

Catostomidae - suckers   

 

Suckers may form a dominant group in streams, often with high biomasses.  They are 

mainly bottom feeders.  Some species are large-bodied.  The Great Lakes drainage supports 8 

genera and 17 species (Table 10.3).  The family is Holarctic with 14 Recent genera and 71 

species:  thirteen genera and about 70 species occur in North America (Burr and Mayden 1992).   

 

Catostomids probably originated in Asia post-Eocene (Cavender 1986).  Smith (1992) 

notes an early Cenozoic occurrence in Asia and North America, with initial early steps in 

radiation involving the development of an elaborate upper jaw extension and retraction, an 

enlarged Weberian apparatus, and tetraploidy.   
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It can be assumed that the catostomids have been prominent planktivores and small 

invertebrate feeders in North America through the latter half of the Tertiary.  Post-glacial stocks 

show different colonization routes (Lafontaine and Dodson 1997). 

 

The catfishes:  North American Ictaluridae (bullheads) (Fig. 10.1); Eurasian Bagradae, and other 

families 

 

The catfishes have the unique feature of feeding largely by chemo-sensory, non-visual, 

means.  Prey is located by means of receptor barbels projecting laterally from the front of the 

head and taste receptors scattered over the body.  The eyes are small and vision is poor.  These 

adaptations fit them for prey location in muddy water, and at night. They form a world-wide 

assemblage with many families, mostly marine.  The North American ictalurids are commonly 

nocturnal feeders and/or inhabit muddy water dwellers.  They are insectivores and scavengers 

with a few taking detrital material, or being piscivores.   

 

The ictalurids form a diversified component in the North American fish fauna with, 

commonly two or three species co-occurring.  Their European counterparts, (for example, the 

silurids) are usually only represented by single species in a geographic area, or lake. 

 

Ictalurids are probably derived from ancestral bagradid catfishes that crossed from Asia 

with the formation of an early trans-Bering land bridge (Lundberg 1992).  The ictalurids are 

monophyletic and remain uniquely North American (Lundberg).  In the Eocene non-ictalurid 

catfishes, the Hypsidoridae, inhabited North American waters.  Extinct Late Cenozoic (Fig. 10.3) 

bullheads from the western United States are of biogeographic interest in that they point to 

former drainage and faunal connections across the modern continental divide (Lundberg 1992). 

 

The Paleocene Astephus indicates the existence then of a stem group leading to modern 

Ictalurus (Ameiurus), with an unnamed Oligocene form providing the earliest record of jaw 

adductor muscle invasion of the skull roof, a striking feature of modern forms.  Within the genus 
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Ictalurus, fossils of the channel catfish I. punctatus and yellow bullhead, I. natalis, are known 

from the Miocene (Lundberg 1992).  Noturus is unknown as a fossil. 

 

The ictalurids have 48 recent and at least 14 extinct species in 8 genera (Lundberg 1992).  

They are largely confined to waters to the east of the Great Divide but six occur in the Pacific 

drainages of Mexico.  Twenty-seven species are diminutive madtoms (mostly placed in the genus 

Noturus), a group to which there is no Eurasian counterpart. 

 

The unique catfish morphology and adaptive zone had presumably been perfected by the 

mid Tertiary. 

 

Fundulidae, Cyprinodontidae - killifishes, topminnows (Cyprinodontiformes) ( Fig. 10.1, 10.2) 

 

The cyprinodontids are predominantly brackish water and continental-edge forms, with a 

wide range through the marine tropics (Fig. 10.4).  They are able to withstand a high level of 

salinity, and this apparently even applies to freshwater forms.  Sub-groups (poeciliids) have 

radiated in central America.  The desert pup-fishes (Miller 1966a and b), and highland endemic 

Oryzinae of Lake Titicaca, further emphasize the adaptive versatility of the broader lineage.  The 

cyprinodents, small-bodied generalists, have radiated markedly in later times. 

 

There are three Great Lakes species of Fundulus, included the common eastern banded 

killifish (F. diaphanus) which is widespread, ecologically plastic, and a small invertebrate feeder 

or pond systems (Keast 1965). 

 

The Cyprinodontiformes, that have now been split into several families (Parenti 1981), 

may have originally had a wide dispersal in the Cretaceous:  this would account for the circum-

tropical distribution of contemporary forms (Briggs 1986).  Parenti (1981), however, has 

suggested that ancestral types could possibly have originated as early as the Late Triassic.   
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Following a molecular analysis of relationships Parker and Kornfield (1995) have 

suggested a Tethyan, pre-continental drift, origin for the ancestral cyprinodintid lineage, with an 

early range expansion to the Americas following the formation of epicontinental seas.  The 

actual fossil record is much later.  Fundulus sensu strictu is first known from the Oligocene of 

Europe and as far back as the mid-Miocene in North America.  A cladistic analysis of the 

relations of Fundulus is awaited (Cashner et al 1992).  Parenti (1981) removed the Fundulidae 

from the Cyprinodontidae, with which they bear close relations, to constitute an endemic North 

American group (Fig. 10.4).  The 37 North American species are currently placed in 4-5 genera. 

 

Atherinidae - silversides and related forms (Fig. 10.2) 

 

This group is both Palearctic and Nearctic with a few species prominant in southern 

Europe.  They are of marine origin with many inhabiting brackish coastal waters.  Australia has 

many freshwater species.  Pliocene fossils are known from Arizona (Cavender 1986).  There are 

35 contemporary North American fresh water species in six genera.  One genus and species 

occurs in the Great Lakes.  The bulk of Nearctic species are concentrated on the Mexican 

plateau.  

 

The brook silverside (Labidesthes sicculus), of the Great Lakes, also widespread in 

temperate North America, has high placed pectoral fins and is surface swimming, schooling, and 

planktivorous. 

 

Gasterosteidae-sticklebacks   

 

This Holarctic group of diminutive fishes, first known from the Miocene, has an 

extensive, largely northern and peripheral distribution, inhabiting marine and freshwater 

shallows (Chapter 9). Small invertebrates, especially chironomid larvae and amphipods, 

dominate the diet.   
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There are six North American species in four genera.  Three genera and four species 

occur in the Great Lakes area (Table 10.3) with the brook sticklebrook (Eucalia inconstans) 

being common in weeded creeks and ponds.  Some sticklebacks are characterised by high levels 

of behavioral and morphological variability (Haglund et al 1992).  In British Columbia and 

northern lakes there are commonly co-occurring inshore and offshore ecomorphotypes (McPhail 

1984, 1985; Chapter 9).  

 

Centrarchidae - North American sunfishes and basses   

 

This primary division, exclusively North American group (Fig. 10.4) is diversified in 

body form, with shapes ranging from gibbose to sub-fusiform.  It is highly structurally and 

ecological diversified.  It fills a series of major and important ecological roles in small to 

medium-sized lakes (Chapters 4, 9), where they are often dominants. 

 

Contemporary classifications allow 32 species in 9 genera.  Generic relationships are 

shown in the phylogeny derived by Wainwright and Lauder (1992) (Chapter 9).  There is a relict 

lineage to the west of the Rockies, the Sacramento perch, Archoplites. 

 

The ecomorphology of the centrarchids has been studied by G.V. Lauder and colleagues 

(see references in Wainwright and Lauder 1992) and Chapter 9, using newer methods and 

focussing on the skeleton and musculature.  As yet, however, the data set is too incomplete to 

fully relate these new findings to ways of life. 

 

Centrarchids first appear in the Eocene of Europe (Cavender 1986; Fig. 10.3).  Stenton 

(1980) suggests that otoliths of that age could belong to the contemporary North American 

Lepomis. The genus Lepomis could, however, conceivably be Eocene in age (Stenton 1980).  The 

family is, hence, secondarily extinct in Europe. 
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Ages in the geological record of dominant Great Lakes centrarchid species and 

ecomorphotypes (see Chapters 4, 9) are as follows:  Pomoxis (crappie), a mid-water invertebrate 

feeder with high gill-raker count - Miocene; Ambloplites (rock bass), a large-mouthed odonate 

nymph, crayfish, and small fish predator - Pliocene;  Micropterus dolomieui (small-mouth bass), 

a major invertebrate predator - Miocene, and M. salmoides (large-mouth bass), specialist 

piscivore - Late Pleistocene;  Lepomis (sunfishes):  L. gibbosus (pumpkinseed) specialist 

molluskivore with grinding pharyneal dentition,  and L. macrochirus (bluegill) small-mouthed 

small invertebrate feeder and planktivore - late Pleistocene.   

 

As a group, the modern centrarchids are of southern warm temperate, not northern origin (Fig. 

10.4).  Dominant species penetrate northwards in different degrees (Fig. 10.5). 

 

Percidae - perches  (Fig. 10.2) 

 

The perches an exclusively Holarctic group (Fig. 10.4), are known from Europe in the 

Late Cretaceous:  they probably colonized North America from there in the Neogene (Collette 

and Bănărescu 1977;  Briggs 1986).  The North American yellow perch Perca flavescens, a close 

relative to the Eurasian P. fluviatalis represents a late colonization from Asia (McPhail and 

Lindsey 1970).  The two are equivalent ecologically but morphological and allozyme studies 

indicate that specific distinctness has now been reached (Thorpe 1977, Marsden et al 1995).  

 

 The distribution of the northern-derived yellow perch, co-occurring widely with 

centrarchids has a very different continental distribution to that of the "southern" ones (Fig. 

10.5). 

Many European systems support 2-3 percid species.  By contrast, the group has radiated 

in North America to a spectacular degree, developing into five genera and 165 species.  This 

makes it the second largest freshwater family.  The bulk are endemic small-bodied darters 

(Etheostoma, Etheostomatinae), grow to only 80 mm.  The Great Lakes drainage supports five 

genera and 121 percid species (Table 10.3).  The percids are monophyletic (Wiley 1992);  who 
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advances a classification in which Perca (Percinae), constitutes a sister group to all others 

(Etheostomatinae).  The large piscivorous walleye (Stizostedion) aligns with the darters.   

 

Perca  and Stizostedion are active swimmers and predators of larger-bodied invertebrates 

and fishes.  The darters (Etheostoma) are bottom feeders with chironomid larvae and other small 

invertebrates being a major prey.  They are relatively erratic and ineffective swimmers.  Their 

reproductive behavior and habits are varied.  The North American and Eurasian Perca are 

amongst the most studied of the northern fishes and have contributed more to the understanding 

of diet and growth, including stunting, than any other species. 

 

Cottidae - sculpins   

 

This primarily marine or euryhaline family is represented by two genera and 27 species in 

North America, with 25 of the latter belonging to the genus Cottus (Burr and Mayden 1992).  

There are two genera and four species in the Great Lakes (Table 10.3).  They are bottom 

dwelling, benthic feeders of cold deep lakes and swift-flowing streams. The oldest fresh water 

fossils of cottids are Late Miocene (Cavender 1986) suggesting a relatively recent history in this 

habitat. 

 

10.4 The division of trophic roles in northern systems: Cretaceous to Pleistocene 

 

 The Northern Hemisphere fish fossil record is sufficiently good to show that the earlier 

nucleus of archaic Mesozoic fishes, many to soon become extinct, was progressively 

supplemented through the Tertiary by newer forms, in a discernible sequence, complimented by 

some colonizers from the sea.   

 

 Though the fossil record tells little about the major stages in the evolution of northern 

fish lineages, when this is combined with morphology, some insights emerge.  Much of the 

modern familial differentiation occurred in the early to mid-Tertiary (the time of appearance of 
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many common genera). The early appearance of the clupeids and salmonids suggests that the 

pattern of simultaneously occupying both freshwater and saltwater is old.  Modern secondary 

division fish (Fundulus, atherinids) indicate a continuing colonization of freshwater and 

Notemigonus is an example of an older inter-continental interchange, a later one by Perca, and a 

recent one by Esox lucius.  These must have had a modifying influence on the endemic lineages. 

 

 The dominant fish groups during the successive periods of the Tertiary would have been 

as follows: 

Cretaceous (135-65 my before present (BP))  The dominant planktivores were the 

Polyodontidae;  generalized invertebrate feeders, Acipenseridae;  generalist predators, Amiidae; 

and specialist piscivores, the Lepisosteidae.  These roles would have been shared with members 

of extinct groups. 

Paleocene (65-53 my BP)  The planktivore role was now shared with catostomids and clupeids;  

and the invertebrate feeder role with the Percopsidae and Percichthyidae.  New morphologically 

highly specialized piscivores in the form of the esoscids supplemented the gar pikes in that guild. 

The specialist non-visual and chemo-sensory feeding ictalurids, equipped to harvest to 

invertebrate prey at night and in muddy water, now introduced a new specialization and feeding 

stratum. 

Eocene (53-38 my BP)  Salmonids (invertebrate feeders and part piscivores) colonized from the 

sea.  The first centrarchids, with the ancestral forms probably generalized invertebrate feeders, 

appeared.  The Eocene was a time of rapid evolution.  No fewer than 15 new freshwater fish 

families appeared and became extinct.  This suggests that, as with terrestrial mammals, there was 

an accelerated evolution into new or specialized roles.  The reasons for the loss of so many 

lineages is unclear. 

Oligocene (38-25 my BP)  The appearance of the versatile cyprinids introduced an increasingly 

fine division of "ecological opportunities".  The cyprinids probably also entered the adaptive 

zones of the extinct lineages.  Umbrids (sluggish, small thick lipped insect-eaters that today 
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occupy weeded creeks and ponds) appeared.  By the Oligocene, fish assemblages, and the 

division of ecological roles, had taken on modern faces. 

Miocene (25-5 my BP)  Cyprinododontidae and Fundulidae;  generalized, small invertebrate 

feeders, secondary division fishes of marine origin, became prominent.  Gasterosteids 

(planktivores and small invertebrate feeders occupied small streams and bog ponds).  The marine 

cottids (insectivores) colonized freshwaters.  In North America the centrarchids how radiated to 

fill diversified ecological roles, as indicated by the appearance of Pomoxis (specialized 

planktivore with high gill raker count);  Ambloplites (crayfish predator);  and Micropterus (large-

mouthed piscivore).  The Miocene fish fauna was essentially modern. 

Pliocene (5.0-1.8 my BP)  The Percidae appear and begin a diversification that is to lead to a 

diverse assemblage that ranges from small-bodied bottom-feeding insect-eaters to large-bodied 

open water dwelling piscivores.  Planktivorous atherinids, a predominantly marine group, enter 

freshwater systems of the northern continent from the sea. 

Pleistocene  The fauna was now completely modern.  Contemporary species are recognisable.  

These include the catfish Ameivrus nebulosus;  the yellow and log perch, Perca flavescens, 

Percina caprodes, and eastern banded killifish (Fundulus diaphanus). 

Increasing ichthiofaunal diversification occurred through the tertiary.  For the 

Mississippi, the core area for the North American ichthyofauna Ross (1972) has suggested an 

early Tertiary dominance by archaic chondrosteans and holosteans. Lampreys, pickerels, and 

killifishes were present in the Mississippi system in the Middle Tertiary (Robison 1986).  These 

were replaced in the Miocene - Pliocene, as the climate cooled, by cyprinids, catostomids, 

percids, and centrarchids. Miller (1965) suggests that about 60% of the living fauna of the 

Mississippi-Missouri system is probably of Late Miocene to Early Pliocene age. 

 

The Holarctic freshwater fish faunas can be thought of in terms of four categories.  These 

are (i) archaic forms (paddlefishes, Amia), that were originally distributed right across the north 

and that survive as relicts in one, or both, landmasses;  (ii) families endemic to one continent, for 
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example, centrarchids to North America;  (iii) lineages that arrived in one continent from the 

other across the intermittent Bering Strait land-bridge and;  (iv) endemic radiations that occurred 

in situ in the two continents.  

 

Neither in the case of Europe or North America did the adjacent southern continent, 

Africa or South America, respectively contribute to the taxonomic composition and buildup of 

the fauna.  The necessary interconnecting south-north fresh water systems have never been 

available.  A few African elements have reached the Levant.  The tenuous isthmus land 

connection between South and North America only came into existence in the late Pliocene.  

Central America has no south-north flowing river system.  Movement between the Americas has, 

thus, been largely limited to secondary-division fishes able to withstand estuarine conditions.  

There has been, both in Mexico and central America remarkable radiation of 

Cyprinodontiformes and atherinids - see discussions in Miller (1966a, b), and Briggs (1984, 

1986).    

 

Various authors (Gilbert 1976;  Holcik 1989;  Collette and Bănărescu 1977;  Briggs 

1986) have attempted to deduce histories of the members of category (iii), using as criteria time 

of first appearance in the fossil record (Fig. 10.3) and contemporary centre of greatest diversity.  

The latter, with some justification, is commonly used to infer long occupation.  Gilbert (1976) 

suggests that the Cyprinidae, Percidae, Catostomidae, Esocidae, and Umbridae, originated in 

Asia;  and that eight families (Hiodontidae, Percopsidae, Aphredoderidae, Amblyopsidae, 

Goodeidae and, of course, the endemic Ictaluridae, Centrarchidae, Elassomatidae, and 

Etheostomatinae, initiated in North America. Holčik (1989) agrees that the Umbridae, Esocidae, 

and peripherally distributed Acipenseridae originated in North America and, that, since 

maximum diversification of the cyprinids, cobitids, and silurids today is in eastern and south-

eastern Asia they probably had an origin there (in the Eocene).  Subsequently, he postulated, they 

extended to Siberia and, in the Oligocene, to Europe when a northern colonization pathway 

across the intervening shallow sea opened.  Up to this time the truly European freshwater fish 

fauna had been concentrated in Finnoscandia (Nordquist 1903).  Entering from Siberia also now 
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were leuciscine cyprinids, four genera of Cobitidae and the cryophilic freshwater marine derived, 

Thymallus, Hucho, and Lota. 

 

A common Holarctic origin for the Percidae in the Cretaceous pan-northern continental 

system is seen by Collette and Bănărescu (1977).  The Percinae extended subsequently their 

extended range into the North American part of the continent, subsequently splitting into two 

tribes, Percini and the uniquely North American Etheostomatini, when the two continents 

separated.  From the Oligocene to Pliocene periodic or frequent periods of land junction 

permitted some subsequent exchanges, with Perca and Stizostedion reaching Siberia.  Briggs 

(1986) broadly agrees with the histories suggested, but stresses the needs for conservatism in 

making interpretations.   

 

The contemporary freshwater fish faunas of North America and Eurasia are distinct.  

Each represents the end point of long, semi-independent histories.  Some lineages have 

interchanged between the two, others not.  "Ecological opportunities" were obviously sometimes 

comparable, at other times not.  Extinctions were presumably greater in Eurasia.  This continent 

largely lacks the great long-standing north-south flowing river systems of North America with 

their assemblages of many endemic species, as indicated in Page and Burr (1991);  Echelle and 

Echelle (1992), Gorman (1992), and other authors.  North America lacks the central east-west 

continental mountains that in were a barrier to colonization to and from the southern peninsulae.   

 

10.5 Acquisition of the contemporary North American freshwater fish fauna 

 

 This review shows that the contemporary Palearctic fish fauna is a composition of 

elements of different ages, that evolved in different areas is a composition of elements of 

different ages, that evolved in different areas, at different rates, evolved in response to well 

defined and less well defined ecological opportunities.  The fauna has been a long time in the 

evolving.  Pikes, catfishes, and others acquired their morphological specializations early, not in 

response to any later or contemporary events.  Modern radiations like those of the cyprinids are 
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obviously responses to ecological opportunities and the Miocene and later periods and many of 

the species are doubtless only Pleistocene. 

 

 Nothing substantial can be said about the selective pressures downward through the 

Tertiary, or of phases of radiation and the inevitable extinction events. 

 

 In summary, the contemporary fauna is the end point of old and modern evolutions, 

archaic and modern ecological opportunities and needs, filtered over long periods by constant 

and fluctuating climates and selective events.  The contemporary fauna is a mixture of 

morphological specialists and morphological generalists, evolution tested adaptive types and, 

ultimately, to contemporary continental features and opportunities. 

 

 In the earlier days of competitive exclusion thinking it was accepted that species roles 

were responses to interactions with other contemporary forms in the environment.  Modern data 

shows that much of this is invalid. 

 

10.6  The contemporary North American ichthyofauna 

 

10.6.1 North American regional ichthyofaunas 

 

The largest family in contemporary North America is the Cyprinidae with 51 genera and 

279 species.  This is followed by the Percidae, most of which are etheostomine darters, with 5 

genera and 146 species; and the Poiciliidae (Cyprinodontiformes) with 7 genera and 69 species.  

There are 13 genera and 68 species of suckers (Catostomidae).  Other important groups are the 

ictalurid catfishes, with 7 genera and 44 species; salmonids, including coregonids, with 7 genera 

and 43 species;  Centrarchidae with 9 genera and 30 species;  and other cyprinodontidontiform 

families, for example,  Goodeidae, with 16 genera and 42 species, and Fundulidae, with 3 and 

33, which are largely southern in distribution. 
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How do the different parts of the North American continent compare in terms of capacity 

to support freshwater fishes?  Where are the major centres of ichthyofaunal richness?  What 

environmental and other factors determine richness and diversity?  The North American 

ichthyofauna shows strong regional features - see Miller (1965), and the various papers in Hocutt 

and Wiley (1986), and in Burr and Mayden (1992).  Faunal richness patterns for the major North 

American drainage systems, is summarized in Fig. 10.6.  It represents a simplification from the 

maps of these authors. 

 

The Mississippi-Missouri system, draining the vast central portion of the continent is by 

far the richest region with 31 families, 69 genera, and 375 species (Fig. 10.6).  It is followed by 

the southeast, southern Georgia and peninsular Florida, as a major centre of endemism (Smith et 

al  1986), with 31, 63 and 268 species;  Central Mexico (25, 84, and 205 species, a high 

proportion of which are endemics), and the central Appalachian - Atlantic drainage system, with 

28 families, 62 genera, and 177 species. 

 

The Great Lakes system ichthyofauna extends back post-glacially in its present form only 

6,000-12,000 years.  Colonization occurred overwhelmingly from the Mississippi-Missouri, and 

to lesser extent from the Atlantic refuges.  It consists of 27 families, 67 genera, and 168 species.  

Endemics are virtually lacking, as would be expected from its recency. 

 

Other major drainages with diversified ichthyofaunas are:  The Rio Grande has 21 

families, 62 genera, and 134 species;  the Western Gulf drainage, 24, 93, and 143 species.  

Peripheral areas with small drainages, or that are dry colder or insular have poor ichthyofaunas.  

The West Coast segment, with few westwards flowing streams and remaining natural lakes, 

many impermanent freshwater systems, and recent extinction episodes, has only 16 families, 43 

genera, and 98 species in the southern;  and 11, 27, and 60 species in its northern, section. The 

desert section in the southwest, has only 7 genera and 32 species of freshwater fish:  these 

include various local species of pupfishes inhabiting isolated drainages relict from the former 

fluviatile period. 
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The vast northern section of the continent (4,000,000 sq km) has a limited ichthyofauna.  

The Hudson Bay drainage has only 19 families, 46 genera, and 101 freshwater fish species 

(Crossman and McAllister 1986);  the Alaska-Yukon drainage, 14, 39, and 65.  This is despite 

the latter having been an ice-free refuge in glacial times.  Northern and peripheral Labrador and 

Newfoundland have 9 families, 13 genera, and 16 species of fish;  the Arctic islands has only 3 

genera and 8 species.  Power (1997), noting that Arctic fishes are still in the early stages of post-

glacial establishment have some morphological, physiological, and behavioral adaptations. The 

relatively impoverished fish faunas of the north emphasize the limitations of the cooler latitudes 

as fish habitat;  despite its large area, it has only 180 species (18% of the total fauna).  A mere 

ten species are endemic to the region (Gilbert 1976;  Scott and Crossman 1973). 

 

Ischmaic central America (Fig. 10.6), a narrow neck of land with only short west- and 

east-flowing rivers, has only 7 families, 38 genera, and 70 species.  The fauna is made up almost 

entirely of secondary division fishes, with only a few species of primary division fishes entering 

from the south and north (Briggs 1984).  The fauna is dominated by 23 genera and 82 species of 

poeciliids, and 6 and 84 of cichlids (Miller 1966a, b;  Briggs 1984).  The short streams are also 

used by life cycle stages of marine forms. 

 

The only freshwater fishes in insular Cuba and the Antilles are also secondary division 

forms:  there are no relict Mesozoic forms, nor is there in other animal and plant groups (Briggs 

1984).  Cuba has 11 genera and 27 species;  Hispaniola 6 genera and 29 species;  Jamaica, 4 and 

9;  the Bahamas, 3 and 5;  Puerto Rico, nil (Briggs 1984).  Faunal relationships with North and 

Central America are demonstrable.  Rosen and Bailey (1963), and Rosen (1976) advanced a 

vicariance model of Caribbean ichthiogeography based on postulated former land continuity and 

rafting.  There is no real geological support for this.  Briggs (1984) confirms the orthodox view 

that the Antillean islands have occupied fixed positions throughout their history, and that their 

impoverished fish faunas have been derived from over the sea. 
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This, through the continent faunal diversities and richness, follow predictions. The 

Mississippi-Missouri, with its huge size, long history of permanence, and great habitat diversity, 

exceeds all other areas in ichthyofaunal richness.  It was the major refuge area during periods of 

glacial advance and retreat.  The larger and old Atlantic coastal rivers, with much smaller but 

still extensive drainage systems also have rich fish faunas and high endemism.  The short, 

individually isolated central American systems, and those of dry California, have poor faunas.  

Atlantic Labrador and Newfoundland have only 20 and 12 species respectively (Underhill 1986). 

 

Regional patterns of ichthyofaunal richness, at least in terms of latitude and temperature, 

rainfall and biological productivity, compare broadly with that in other animal groups. 

 

10.7 The Mississippi-Missouri system, centre of origin and refuge: ichthyofaunal richness 

and history 

 

The Mississippi, length 3778 km (6211 km with the Missouri added), is the greatest 

temperate river system in the world.  Its provides a broad spectrum of fish habitats.  These 

include rivers and creeks of various sizes, slow and fast-moving areas, main stream and 

backwater areas, cataracts,  sandy expands and gravel beds, large and small lakes, ponds, oxbow 

lakes, and swamps.  Six major sections, the upper Mississippi, Ohio-Tennessee, Missouri, 

Arkansas River, Red River, and lower Mississippi drainages (Robison 1986), provide ample 

scope for ichthyofaunal replication.  Forty-three per cent of the North American continent's 600 

species of primary division fishes occur in the Mississippi-Missouri (Moyle and Cech 1982).  

Most modern adaptive radiations are centred here:  for example, those in the minnows Notropis 

and Hygopsis (Cyprinidae), the darters Etheostoma and Percina (Percidae), the redhorse suckers 

Moxostoma (Catastomidae), ictalurid catfishes of the subgenera Amiurus and Noturus, and 

sunfishes Lepomis (Centrarchidae) - see Smith (1981) and Robison (1986).   

 

The system has had a long history of permanence (Robison 1986;  Burr  and Page 1986;  

Starnes and Etnier 1986;  and Cross et al 1986).  The basin originated as an extension of the Gulf 
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of Mexico that, in Cretaceous times extended as far north as the Missouri (Robison 1986).  

Through its history the size and drainage patterns of the basin have varied considerably.  Prior to 

the Pleistocene the middle and upper parts of the Missouri did not flow south, but northward to 

enter Hudson Bay (Flint 1957).  The Great Plains drainage was, at times, independent of the 

Mississippi system, encouraging speciation there.  The pre-Pleistocene precursor of the Ohio and 

upper Mississippi was a relatively huge Teays system:  this has been cited as a major centre of 

dispersal, particularly to the Atlantic slope (Ramsey 1965;  Jenkins et al, 1972).  This drainage at 

this time was the major southward flowing river system in the east-central United States in the 

Pliocene (Robison 1986).  The extent of the earlier drainage history of the contemporary Great 

Lakes area during pre-glacial times is a matter for speculation.  Radforth (1944) has theorized 

that in late Tertiary-Pleistocene there was a large Laurentian stream system in the present area of 

the Great Lakes that drained eastwards into the Atlantic. 

 

In Pleistocene times, the north-south direction of the Mississippi-Missouri systems 

permitted fish to move southward ahead of the advancing glaciers and return northwards again as 

these retreated (Smith 1981).  Note the Pleistocene fossil occurrences of muskellunge (Esox 

masquinongy), yellow perch and the minnows Notropis nubilus and Hybognathus hankinsoni 

hundreds of kilometres to the south in Illinoian glacial times.  Cross (1970) suggests that there 

must have also been increased volumes of aquatic habitat then to the south of the ice.  The 

persistent richness of the Mississippi-Missouri can also be linked also to the lack of extinction in 

the late Cenozoic.   

 

The Pleistocene glaciations had a drastic effect on the Mississippi and its subsidiary 

systems.  Temperatures cooled and rainfall possibly dropped with major areas of habitat to the 

north eliminated, drainages and flow rates changed drastically, and new drainages were created 

when large periglacial lakes overflowed (Gilbert 1980).  Drainages were diverted and changed 

during glacial - interglacial cycles.  Major shifts included the diversion of drainages from 

Hudson Bay and the Plains rivers into the system, presumably added to its ichthyofauna (Metcalf 

1966).  Stream captures created new dispersal routes (Gilbert 1976), and had major impacts on 
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stream ichthyofaunas (Burr and Page 1986).  In the far north glacial scouring changed 

headwaters habitats (Pflieger 1971). 

 

Post-glacially, the Mississippi-Missouri basin was the major supplier of the highly 

diversified northwards colonizing fishes that repopulated the newly available Great Lakes and 

Hudson Bay basins, and hinterland of central and northern Canada (Crossman and McAllister 

1986) - see Fig. 10.7.  The Great Lakes drainage today represents the northern limits of many 

groups, for example, the centrarchids (Fig. 10.5). 

 

10.8 Climatic change and extinction: the ichthyofauna of western North America 

 

The extensive western section of the North American continent to the west of the Rocky 

Mountains has today only 25% of the fish species of the east.  The ichthyofauna is a biased 

subset of the continental one.  It is dominated by cyprinids (including genera like Gila and 

Rhinichthys);  suckers (Catostomus and Chasmistes), trouts and salmonids (Salmo, Prosopium, 

and others),  and sculpins (Cottus and relatives) (Smith 1981).  There has, however, been 

extinction.  Centrarchids, except for, Archoplites, and catfish Ictalurus, were formerly 

widespread but became extinct in the Pleistocene.  To the southwest and into Mexico the fish 

fauna is a mixture of western and eastern elements plus endemic groups. 

 

The history of the western fish fauna, of interest both in a wider biogeographic 

framework and relative to that of eastern North America, because some features are in contrast. 

(Miller 1959; Smith et al 1975; and Smith 1981).  Data on specific groups are given in the 

Mayden (1992).  Data in the late Cenozoic the western interior basins held great lakes of varying 

permanence.  The largest of these were comparable in size to the eastern American Great Lakes.  

Lake Idaho, with two large stable phases of at least a million years each, was the size of modern 

Lake Ontario;  Bonneville in Utah (the size of Lake Michigan), Lahontan, and others in Nevada 

were less permanent.  The dry nature of much of the American west is recent.  During their 
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height the large lakes had rich and diversified fish faunas, as fossils show.  Most of these 

belonged to modern groups that still survive in the west with reduced richness. 

 

The impoverished nature of the contemporary western ichthyofauna can be attributed to 

its unstable history, changed drainages, and dessication (Smith 1981).  The west has not had the 

long-term stability of the eastern half of the continent.  The huge late Cenozoic lakes contained 

fewer species than would be expected from their size:  Bonneville had eight fossil and 19 Recent 

species, Lahontan (half its size) four fossil and 10 Recent species, whilst the older and young 

phases of the long-standing Lake Idaho contained at least 17 genera (Chalk Hills deposits) and 

28 (Glenns Ferry deposits) species (Smith 1981).  By contrast, modern Lakes Ontario and 

Michigan in the east, contain 91 and 95 species, respectively (Bailey and Smith 1981). 

 

Contemporary western North America provides a good example of extinction as a 

biogeographic process, and of selective and differential elimination of lineages. 

 

10.9 The Great Lakes faunal history and fauna, development 

 

10.9.1 The environment and evolution background 

 

Biologists have always been fascinated by the impact of the Ice Ages on distributions. 

Adams (1905) commented on how these 'sterilized' the northern third of North America.  Early 

paleontologists correctly linked southern fossils of northern animals to their being pushed 

southwards ahead of the ice.  Oft-quoted examples were walruses in Virginia and musk oxen in 

West Virginia, Kentucky, and Iowa (Hay 1902;  Hatcher 1902).  Distributions thus have a strong 

historic component (Ortmann 1902;  Adams 1905).  The position and nature of the major mid-

continental glacial refuge area was discussed early (Dixon 1895;  Adams 1902a, b). The 

existence of an Alaskan refuge in addition to the main central continental and Atlantic ones was 

documented by Nelson (1987). 
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The northern third of the North American continent was ice-covered for the entire 

duration of the Wisconsin period, about 100,000 years (Figs. 10.7, 10.9).  In Europe ice covered 

the northernmost parts of the continent plus the montane areas further south (Fig. 10.8).  A major 

review of Ice Age biogeography in northern North America is that of Scudder (1979).  This 

covers the fauna and flora generally.  For fish biogeography see Crossman (1969), Scott and 

Crossman (1973), and Lee et al (1980).  Radforth (1944), Ryder et al (1964), Crossman (1976), 

and Dadswell (1980) have focussed on Ontario;  McAllister (1965) the north;  and Magnin 

(1977), and Legendre and Legendre (1983), on Quebec.  The broadest picture has been brought 

together in the integration of Crossman and McAllister (1986).  Reviews focussing especially on 

the Great Lakes fishes and the build up of this fauna post-glacially include Hubbs and Lagler 

(1959), Chandler (1964), Bailey and Smith (1981), Underhill (1986), and Mandrak and 

Crossman (1992).  Crossman and McAllister (1986) on the Hudson Bay drainage, and Underhill 

(1986) on the Great Lakes include comprehensive literature reviews.   

 

Since the fish communities discussed in detail in this book are a subset of those of the 

Great Lakes, it is of pivotal interest to detail the post-glacial physiographic geological history of 

this basin – see Hough (1958, 1963),  Prest (1970), Bailey and Smith (1981), and Underhill 

(1986).  The major successional stages in the northward withdrawal of the ice are summarized in 

Fig. 10.7 developed from the Bailey and Smith (1981) maps.  Colonization pathways can clearly 

be deduced (Fig. 10.7b). 

 

At 18-15,000 years BP the northern half of the continent and area of the future Great 

Lakes was still ice covered (Fig. 10.9 panel 1).  Northward withdrawal of the ice began about 

13,000 years BP, with the accumulation of vast amounts of melt water creating huge lakes 

(Chicago and Maumee) along the receding edge (Fig 10.9 panel 2).  With further northward 

withdrawal, and additional accumulation of water in the lower areas the southern outlines of 

some of the present Great Lakes began to emerge.  A marine arm, the Champlain Sea extended 

up the future St. Lawrence Valley into the eastern limits of the basin at about 12,000 years BP 

(Fig. 10.9 panel 3).  Fossil sperm whales from the Ottawa Valley, and belugas from Smith Falls 
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demonstrate the penetration of marine conditions and emphasize how very different the 

environment in this part of the continent was until recently.  Relict populations of salt water 

estuarine plants in the eastern Great Lakes also presumably had their origins at this time. 

 

At about 11,800 years BP there was a temporary glacial readvance (Fig. 10.9 panel 4).  A 

huge transitory lake (Duluth) formed in the future Lake Superior basin.  To the west the huge 

lakes Agassiz, Barlow, and Ojibway, spread from west to east across the trailing edge of the 

continental ice sheet. 

 

Subsequently, by about 10,300 years BP (Fig. 10.9 panel 5), with rapid northward retreat 

of the ice the general outlines of the future Great Lakes became established.  Now with a pattern 

of drainages southwards into the major tributaries of the Mississippi and Missouri (Fig. 10.9 

panel 5), plus ones to the east (via the receding Champlain Sea), and southwards into the Atlantic 

coastal rivers multiple pathways led to an accelerated entry of fish species from the south.  By 

6000 years BP, at the so-called Nipissing Stage (Fig 10.9 panel 6) barriers had interrupted most 

of the southwards drainages and water-movement from the Great Lakes became entirely to the 

east through the Ottawa and St. Lawrence Rivers.  The modern geography of the Great Lakes 

dates from that time. 

 

Today the North American Great Lakes occupying latitude 48o10'-50o30'N; and 

longitudes 74o30'-93o20'E, are one of the world's great lacustrine systems.  Their drainage area is 

502,693 km2, the total shoreline 15,042 km (Chandler 1964).  The largest lake, Superior, has an 

area of 82,367 km2;  the smallest of the five, Ontario, 19,684 km2.  The deepest (Superior) 

reaches 408 m;  the shallowest (Erie) 96 m.  The coldest (Superior) has a mean August 

temperature of 55oC;  shallow Erie, 74oC (Hubbs and Lagler 1958).  Thermal stratification 

occurs in early June in Lake Erie, in mid-July in Superior.  Water levels fluctuate annually by 

about 0.45 m.  The waters of the Great Lakes are relatively hard:  total alkalinity ranges from 

46.0 ppm in Superior to 11.3 in Michigan.  The pH range is 7.4-8.5 (Chandler 1964).  

Precipitation is evenly distributed throughout the year, with an annual value of 75-100 cm.  The 
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mean annual discharge eastwards to the Atlantic by way of the St. Lawrence River exceeds 

5,664,000 1/second. 

 

 The Great Lakes have a great diversity fish habitats.  As the ice withdrew there was 

eustatic rebound faulting and down cutting by stream channels to prove of a huge diversity of 

rivers and creeks.  The nature and extent of these, and interconnections between them, varied 

through time.  Impoundments of all shapes and sizes developed.  It is estimated that in the Great 

Lakes drainage there is some 50,000 small lakes.  (A figure of 110,000 lakes is commonly 

quoted for the Province of Ontario.)  The Figure in Chapter 1, developed from the map in Bailey 

and Smith (1981) show the complexity of the drainage systems of the Great Lakes Basin.  

Obviously postglacially dispersing fish were able to easily find preferred habitats. 

 

 A feature of the Great Lakes is the recency of their present form.  

 

10.9.2 Acquisition of the Great Lakes fauna post-glacially 

 

The contemporary ichthyofauna of the Great Lakes has representatives of 28 families, 67 

genera and 150 native species, amounts to 16 % of the total North American species (Gilbert 

1976).  Represented are the archaic paddlefishes, sturgeons, gars, and Amia.  There is one eel, 

two species of herrings, 21 salmonids and coregonines, an umbrid, 4 esocids, 54 cyprinids, 54 

catostomids, 11 ictalurid catfishes, 3 killifishes, 4 sticklebacks, 13 centrarchids, 21 percid 

species, and single species representatives of about another 8 families (Table 10.3).  There are 

also 5 lamprey species.  The larger-bodied archaic fishes are confined to the major lakes, as 

noted.  The smaller bodied and ecologically versatile cyprinids, suckers, etheostomine darters, 

and centrarchids occupy the great spectrum of smaller water-bodies where they exhibit much 

habitat specialization.  The fauna is, nevertheless, less than half of that of the large African Rift 

lakes. 
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The individual Great Lakes differ in species richness.  Lake Superior has 44 species, its 

tributories 70;  Lake Michigan, 78 and 130;  Lake Huron, 49 and 71;  Lake Erie, 67 and 89;  and 

Lake Ontario 95 and 118.  The St. Lawrence River draining the system supports 98 species;  

Ottawa River, 79:  Lake Champlain in New York State, 78;  the Gulf of St. Lawrence tributories, 

22.  Whilst the major elements occur in all of the above systems they still to significantly 

increase fish species diversities.  One important facets of contempry lakes is their post-glacial 

buildups. 

 

Various authors have studied the entrant routes.  Species use of genetic markers have 

now been involved in this.  Focus has been on the preponderant element of southern origin in 

(Fig. 10.5 and 10.7) – see Hubbs and Lagler (1958), Bailey and Smith (1981), Underhill (1986), 

Crossman and McAllister (1986), and, most recently, Mandrak and Crossman (1992). Northern 

deep colder water fishes that occupied the glacial front lakes must have followed much simpler 

post-glacial pathways (Dadswell 1972).   

 

Bailey and Smith (1981) deduce that one hundred and twenty two of a total of 153 

southern native species (80%) entered the Basin exclusively from the Mississippi basin refugium 

(Fig. 10.7);  15 (about 9%) from the Atlantic drainage refugium;  whilst 18 (12%) had dual 

origins from both sources (Fig 10.7).  Lake Ontario and its tributories have a higher proportion of 

species from the Atlantic Refugium than the other lakes (Underhill 1986).  Several of these 

colonizers are still restricted to the southern tributaries of the lake and remain uncommon.  

Thirty-one fish species are present in the Lake Ontario drainage but are absent from the St. 

Lawrence River.  The salty Champlain Sea, he suggests, may formerly have been a major barrier 

to the migration of freshwater fishes.  The failure of some Lake Ontario fishes to colonize 

eastwards remains less explained (Underhill 1986).  Later workers, for example, Crossman and 

McAllister (1986) and, especially, Mandrak and Crossman (1992) with use of new distributional 

data and computerization, have been able to satisfactory resolve the origins of 91 of the 117 

species of Ontario freshwater fish.  Thus, 72 species spent the last glaciation in the Mississippian 

refugium, 13 in the Atlantic coastal refugium, 4 in both of these, one in a Missourian refugium 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

(isolated by the Des Moines and James lobes of the Laurentide ice sheet), and one species 

simultaneously in all three.  Only thirteen species did not fit any of the patterns.  The authors 

concluded that most species with similar distributions in Ontario shared the same refugia and 

dispersal routes.   

 

DNA work is now showing that species with a wide geographic range in the north but 

show no morphological variation may actually be composed of two or more distinct stocks 

entering, by contrast, from the Mississippi-Missouri and Atlantic coastal river refuges.  In the 

brown bullhead (Ameirus nebulosus) belong to different genetic stocks and each in turn, is 

separated into two sub-stocks (Murdoch and Hebert 1997).  In the white sucker (Catostomus 

commersonii) there are dual origins that entered from the northwest and southeast of the St. 

Lawrence drainage system.  In the lake trout (Salvelinus namaycush) distinct genetic stocks 

inhabit New England, the Canadian maritimes and most of Quebec, and from the Atlantic refuge.  

Ontario populations are dominated by Mississippi colonizers, whilst populations of northwestern 

Ontario and northern Quebec contain also Beringean lake trout (Wilson and Hebert 1996).  The 

development of these three from a common ancestor 0.1-0.7 million years ago was suggested. 

 

For the northern glacial front fish, Dadswell (1972) has deduced a post-glacial dispersal 

of Cottus ricei, Myoxocephalus quadricornis, Pungitius pungitius, and Percopsis omiscomayeus.  

He suggests that their glacial-period distribution coincided with the maximum extent of the large 

intercontinental Wisconsin glacial lakes, whose outlet channels and areas were inundated by 

postglacial marine waters.  Contraction or dispersion, accordingly, occurred early in the period of 

glacial withdrawal, between 17000 and 6000 years ago.  Hinch et al (1991) have suggested 

alternative post-glacial arrival times for contrasting northern cold-water and southern warm-

water fishes to explain contemporary distributional anomalies.  These include the absence of 

southern species from highland lakes.  They suggest that by the time the latter arrived, eustatic 

rebound had elevated these to the extent that they were isolated by a steep gradient and could not 

longer be reached.   
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For the Hudson Bay drainage to the north, Crossman and McAllister (1986) and 

(Mandrak 1990) have concluded that patterns of ichthyofaunal richness clearly reflected post-

glacial colonization pathways. Here, 21 species have unique or individual distributions; sixty 

species have limited; and 9 moderately wide ones.  Only 25 species can be considered widely 

distributed.  Only three species have truly general distributions, the northern pike (Esox lucius), 

white sucker (Catostomus commersoni), and burbot (Lota lota).  Whilst the overwhelming bulk 

of contemporary Hudson Bay fishes obviously colonized the area from the south, three species, 

apparently entered from the Beringian Refugium to the northwest (Fig. 10.7).  This runs counter 

to the conclusion that this Refugium did not contribute post-glacially to the Great Lakes fauna to 

the south (Bailey and Smith 1981).  Underhill (1986) prefers to maintain an open mind on the 

subject. 

  

Modern biogeographic data, now being reinforced by biochemical studies thus, provides 

considerable insights into how fish faunas and communities originated and developed.  

Contemporary communities have progressively built up in the last 12,000 to 5,000 years.    

 

10.10 The European ichthyofauna 

 

10.10.1 European and North American faunas and their origins compared 

 

The contemporary European ichthyofauna, embracing that section of Eurasia from the 

Caspian Sea to the British Isles, consists of 27 families (plus lampreys), 83 genera, and only 

about 207 species (Table 10.1).  Kottelat (1997), however, in a recent list based on the literature 

that includes large numbers of allopatric forms and “overlooked” species, using a phylogenetic 

species concept, lists 358 differentiated forms.  This compares to the contemporary North 

American fauna of 48 families, 195 genera, and about 986 species (Mayden 1992, Table 10.1).  

The impoverishment of the European ichthyofauna is, even so, notable. 
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The major groups, in numbers of genera and species (Table 10.1), are:  cyprinids 26 

genera, and 82 species (Kottelat gives 25 genera and 120 species), salmonids and coregonids (6 

and 22), gobies (5 and 15), percids (6 and 13), and sturgeons (2 genera and 8 species).  

Subsidiary groups are cobitids, cyprinodontids, mugulids, and sculpins.  There is one widely 

distributed species of eel, a few catfishes (Ariidae, Siluridae, Bagradiae), one umbrid, a smelt, a 

blenny (a marine group with one species adapted here to freshwater), a thymallid, a cod, three 

atherinids, 3 sticklebacks, a syngnathid, a serranid, and a couple of pleuronectids.  There are five 

genera and nine species of lampreys. 

 

The degree of taxonomic difference between the modern European and North American 

fish faunas is striking, both in terms of groups occurring, and in which are the dominant groups.  

The differences have progressively build since separation of the continents.  Thirty of the 

families represented in North American freshwaters are absent from Europe;  the reverse applies 

to only 8 families.  Most of these are families with only one or two species (Table 10.1);  many 

are fresh water derivatives of marine groups.  As species numbers are small these groups make 

minimal impact on ecosystems.  In the case of the shared families, importance differs.  Cyprinids 

account for 40% of the total native European fresh water fish species (older standard lists):  in 

North America the percentage is 28.  Comparative percentage figures for other groups are:  

percids Europe, 6;  North America, 15;  salmonids and coregonids, 11 and 4;  atherinids, 1.5 and 

3;  cobitids, 6 and nil;  clupeids, 2.5 and 1;  and gobies, 7 and 0.7. 

 

The major difference in the two ichthyofaunas lies in the remarkable radiations of 

endemic groups in North America:  ictalurid catfishes (7 genera and 44 species;  the latter 

making up 4.4% of the total fauna);  centrarchid sunfishes (9, 30, 3%);  and percids (mostly 

etheostomine darters with 5, 146, and 15%).  North America has a small endemic group of blind 

cave-fishes (Amblopsideae), with 5 genera and 6 species.  The southern parts of the North 

American land-mass support considerable faunas of secondary division cypriniform fishes and 

atherinids.  The radiation of secondary division fishes (atherinids, cypriniformes, clupeids) in the 

southern parts of Europe is modest by comparison. 
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10.10.2 Ichthyofaunal diversities 

 

Why is the diversity of freshwater fishes in North America been so striking and that of 

the western section of the Palearctic so puny?  There are obviously several factors.  Total land 

area is one.  The main difference is that the spread of Europe is east-west, not north-south.  

During glacial periods, when in North America faunas were pushed south into the benevolent 

Mississippi-Missouri system European ichthyofaunas were pinned in the north by the east-west 

chain of mountains extending across southern Europe and the Mediterranean to the south of this.  

They could not withdraw to the south because of the marine Paratethys Sea that extended from 

southern France to the Aral Sea (Holčik 1989) and, subsequently, by the Mediterranean, and 

mountains.  Even if they had been able to move south by bridging the latter, there would have 

been little good habitat in arid northern Africa.  There has only been a limited penetration of 

African fishes into Eurasia vide from the Nile into the Middle East, but none of the reverse 

(Yom-Tov and Tchernov 1988). 

 

Southward land extensions towards Africa like the Iberian and Italian Peninsulas and 

Greece had only small coastal rivers, the land areas were small and incapable of supporting many 

species, and they were only partly accessible.  Subsequently, the peninsulas would not have had 

diversified ichthyofaunas with which to supply northern Europe.  The absence of large lakes in 

Europe now and in the past is notable. 

 

10.10.3 Geographic glacial history, Europe 

 

The history of glaciation in Eurasia and of its impact on freshwater faunas merits 

exploration.  The extent of the ice sheet at the height of glaciation about 20,000 years ago (i.e. 

Wurm = Wisconsin glaciation) is shown in Fig. 10.8, developed from Bănărescu 1991).  A vast 

sheet of ice covered the northern sections of the continent, eliminating Scandinavia, northern 

Germany, and most of Britain, as fish habitat.  To the south montane glaciers, and around them 
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periglacial conditions, extended outwards from the Alps, Pyrannees, and Caucasian Mountains.  

The ice-sheets eliminated the northern European fish faunas (which in the warmer Eocene and 

Oligocene, had been quite rich).  The formerly widespread and relatively uniform ichthyofaunas 

that had extended from Central Europe to Siberia must have been disrupted.  Some species 

survived as disjunct populations in restricted ranges.  In Siberia only 12 eurythermic primary 

division freshwater fishes survived (Holčik 1989).  Glacial conditions would have indirectly 

impacted the formerly rich fish fauna of the pre-Aegean Balkans.  In southern Europe relatively 

small fish faunas became isolated in the Iberian and Italian Peninsulas. 

 

This left central eastern Europe, including the Danube basin drainages of the Black Sea 

and Turkish Peninsulas as the major centres of fish survival and, post-glacially, centres for the 

restocking of Europe by fish.  Post-glacial colonization in Europe thus was presumably 

importantly from east to west.  In North America it was from south to north.  Compare the maps 

of Pleistocene ice cover and post-glacial dispersion patterns in North America (Fig. 10.7). 

 

10.10.4 European ichthyfaunas, origins and status 

 

 A recent regional species richness map does not seem to have been developed for Europe 

compared to that for North America. There remains also some problems with systematics  - see 

Kottelat's "alternative" numbers of species.  With the help of mtDNA analysis some of these are 

being overcome.  I have attempted to develop a small contemporary regional fish fauna map of 

Europe from published distribution maps in Blanc et al (1971), Lalek (1980), and Holčik (1987) 

(Fig. 10.8 panel c).  The inadequate map suggests little more than that peripheral areas have 

fewer species and that the non-glaciated area from the Danube into southeastern Europe has 

more freshwater fish species. 

 

The late Tertiary and Pleistocene geological history and history of the fresh water biotas 

of Eurasia has been summarized by Bănărescu (1991), and specifically for fishes by Holčik 

(1989).  This history explains contemporary distribution patterns and suggests the location of 
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centres of endemism.  In Europe clusters of distinct species (using an older established 

classification) are grouped regionally as follows (Fig. 10.8c):  Tigris-Euphrates system, 20;  

Anatolia-Turkish drainages, 41;  Levant (Israel, Syria), 13;  eastern Black Sea drainages, 25;  

general Black Sea region, 3;  Balkans, 17; relictual Lake Ohrid in Macedonia, 8;  Italian Lakes 

and northern Italian Peninsula, 6;  Iberian Peninsula, 14;  central Europe and Alps, 7;  general 

area of Aegean, 1;  Italy plus Balkans, 1;  Greece, 1;  general southern distribution, 1.  These 

figures need updating.  Species that today have a wide east-west range from eastern Europe to 

the North Sea are about 20.  An additional 12 are confined to the more eastern segment of this.  

There is a northern assemblage of fishes, mostly salmonids and coregines, that obviously 

inhabited the cold waters along the glacial periphery in glacial times.  Subsequently they have 

moved northwards or westwards to be the dominant elements in Scandinavia and northern 

Europe, and to the south to sometimes leave behind relict populations in the cooler lakes of 

central Europe (Table 10.4). 

 

In the south, the Tigris and Euphrates lie in a distinct basin draining into the Persian Gulf:  

there has been only minor exchange to the west through Syria.  Anatolia and the Turkish 

Peninsula originally lay to the south of the Parathethys Sea and has hence were variously isolated 

by salt water. This segment has had a complex long history of independence (Bãnãrescu 1991).  

The Levant at the eastern end of the Mediterranean also had a history of semi-isolation.  Much of 

the current biogeographic interest here stems from the occurrence of some Nilotic elements that 

have bridged the eastern Mediterranean (Yom-Tov and Tchernov 1988).  The contemporary fish 

fauna of Israel is made up of 25 species (Goren 1974).  This is composed of 7 genera and 10 

species of cyprinids, one genus and species of Clariidae, one genus and 4 species of Cobitidae;  2 

genera and species of Cyprinidontiformes, one blenny (Blennidae), and 3 genera and 7 species of 

Cichlidae.  Irrespective of the ultimate origin of some of the cyprinids the clariid and cichlids are 

of African origin.  The modern Israeli fish fauna provides a good example of a peripheral 

Mediterranean freshwater fish fauna.  Variously species occur, or are restricted to, larger water-

bodies such as the Jordan and Lake Kinneret (Sea of Galilee), fast and slow moving streams of 

the Jordan system, swampy ponds, small streams on the Golan Heights, and small coastal rivers. 
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The relict Lake Ohrid in Macedonia, the oldest and deepest lake in Europe, has a rich 

endemic invertebrate fauna, and various relict and semi-relict fish species.  A long history of 

isolation since its presumed appearance in the Pliocene, is indicated.  The fauna has affinities 

with that of the Adriatic slope rivers. 

 

The Ponto-Caspian fish fauna (Black and Caspian Seas) is historically anchored to the 

Miocene Parathethys or Sarmantian Sea, and late Pliocene seas.  These became variously 

separated into several smaller basins with a gradual freshening of their waters (Bãnãrescu 1991).  

During this history, new fish species were obviously generated, with the evolving faunas being 

progressively supplemented by intruding species, including some of marine origin. 

 

The Danube River basin (Fig. 10.8c) has today the richest aquatic fauna on the European 

continent (Bănărescu 1991).  It is, however, in its present shape and size, quite young.  The 

retreat of the sea from the region began post-Pliocene in the west, and progressed gradually 

eastwards.  The upper reaches of the Danube are, hence, older than the middle and lower sections 

(Bănărescu 1991).  Towards the late Pliocene remnants of the former seas had become two large 

freshwater lakes.  The numerous Danube basin endemics possibly antedate the basin in its 

present-day shape.  During the Ice Age the Black Sea was a freshwater lake with a high water 

level.  Much of the post-glacial of fish into Europe from east to west occurred, as noted, by way 

of the Danube.  The endemic fish faunas of the Iberian Peninsula and Italy, isolated by the Alps 

were achieved by river-capture:  they are related to species of central Europe (Holčik 1989). 

 

The contemporary post-glacial fresh water fish faunas of Scandinavia, western Europe, 

and Britain are species poor.  To reach these countries fish had to disperse over a greater 

distance, negotiate various drainages, and establish in habitats that remain less diversified than 

those of the stem Danube and eastern systems.  The Baltic Sea had a freshwater phase. 
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The fish fauna of the upper Danube, with 12 families, 35 genera, and 48 species (Table 

10.4) (Jungwirth 1984;  Schiemer and Waidbacher 1992) is less than that of some upper sections 

of the Mississippi.  Species numbers for other European rivers like the Nida with 27 species 

(Mahon 1984), and Seine 45 (Belliard et al 1992);  the Vistula and Rhine, are also on the low 

side.  The fauna of the Upper Danube, as with other rivers separates into the categories of 

limnophilic (open water dwelling), rheophilic, and eurytopic, species.  The numbers of species as 

documented by Schiemer and Waidbacher (1992) belonging to each 8, 31, and 13. In addition, 

four species of large anadromous Acipenseridae formerly migrated annually upstream into the 

area from the Black Sea.  Some such upstream/downstream movements;  often associated with 

spawning, characterize rivers generally.   

 

The impoverishment of the European ichthyofauna relative to the North American ones is 

also seen for small lakes (for example, Tonn et al 1990) although species members vary widely 

and hence it is difficult to make general statements from a few lakes. Table 10.4 provides 

taxonomic lists for a few several Austrian lakes, lowland and alpine.  The number of families 

represented in the lakes ranges from 6-8, genera 4-7, and species 6-33.  Other lakes like the 

Masurian system in Poland, the Danish lakes and Windermere in Britain are at the lower end of 

the system.  The cold deep alpine lakes are impoverished relative to the more diversified ones on 

the adjacent lowlands.  Taxonomic groups in the European lakes are represented more or less 

proportionately to their occurrence in the continental fish fauna as a whole.   

10.11 Fish community comparisons between North America and Europe:  ecological 

verses historic factors 

10.11.1 Faunal comparisons 

Given the different histories and the smaller fish fauna of Europe compared to North 

America how, within the systems, do regional and local ichthofaunas compare?  This has been 

variously explored by Mahon (1984) for a pair of river systems, Tonn et al (1990) for series of 

small Finnish and Wisconsin lakes, whilst Oberdorff et al (1997) have sought to determine 
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whether differences in species richness between western European and North American rivers 

have a historic or an ecological basis.  Moyle and Herbold (1987) focus on differences in life 

history patterns in creeks in the two continents. In all cases the investigators went to a 

considerable trouble to find, and compare, equivalent systems.  (For discussions of 

“equivalence” in ecological systems see Cody and Mooney (1978).  Orians (1987), and Moyle 

and Herbold (1987).)  In all the comparisons major differences were found.  However, 

convergences in community structure and species morphology of components species were 

absent. 

 

The ichthyofaunas of the Nida River near Cracow, Poland, and Grand River, Ontario, 

have 27 and 36 fish species respectively:  they differ in distributional patterns within the system, 

life histories, and the ecomorphologies of the component species (Mahon 1984).  Cyprinids 

dominate both systems, composing 60% of species in the Nida and 42% in the Grand.  In the 

former non-cyprinid species were evenly distributed among the remaining families whereas in 

the Grand percids and centrarchids account for 17% and 11% of species, respectively.  In the 

Polish system, with a domination by large nectonic cyprinids the fishes are larger, longer lived, 

later maturing, relatively more fecund, and have longer reproductive spans.  A significantly 

higher proportion of the total fauna occurs in the downstream section.  The Grand has several 

small-bodied species restricted to the small upstream section (which the author suggested could 

be accounted for by past opportunities for speciation).  The Nida fishes, by contrast, mostly 

retain the strategy of seasonal and ontogenetic longitudinal migration.  In a search for equivalent 

ecomorphological types twelve major body features were measured.  These were then related to 

environmental features in the streams (headwaters verses downstream, water depth, flow rates) 

using principal components analysis, and the results compared for the two systems.  No 

morphological counterparts could be found.  Accordingly, Mahon rejected the hypothesis that 

fish taxocenes in physically equivalent river systems in Poland and Ontario are similar in 

structure. 
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In their comparative study of the composition of small lake systems in Finland and 

Wisconsin, Tonn et al (1990) also found profound differences in species composition and 

attributes of the associations.  The Finnish lakes were dominated by perch (Perca fluviatilis), 

roach (Rutilus rutilus), and Crucian carp (Carassius carassius) but in Wisconsin seemingly 

equivalent lakes supported three different kinds of assemblages dominated, respectively, by 

largemouth bass, pike, and mudminnow.  The Wisconsin lakes were characterized by the 

presence/absence of species whereas the Finnish assemblages presented a heriarchical continuum 

based on species additions.  It was suggested that the contrasting assemblages of Wisconsin were 

due to species there showing habitat specializations and the presence/absence of predators that 

dictated the compositions of the lakes.  The Wisconsin systems studied had 1.5 times the species 

pool to that available to the Finnish lakes.  The European species were more ecologically 

generalized.  A high proportion of the species occupied a diversity of different habitats, for 

example rivers, streams, large lakes, and small forest lakes.  Wisconsin fishes, by contrast, 

showed greater habitat specialization, beta species richness was significantly higher. 

 

In trying to explain the differences Tonn et al in the two faunas drew attention to the very 

different topographies (for example, distribution of mountains), of the two continents and nature 

and orientation of drainage systems.  These topographies, it was noted, must have extended back 

into the Tertiary.  Associated with them are different distributional histories, isolations and 

junctions, opportunities for speciation, and selective pressures, have applied at the regional, as 

well as broader, scale. The recent history of Finnescandia has been quite different from that of 

Wisconsin and the Upper Mississippi.  Finnescandia was covered by expansive bodies of fresh 

and brackish water from 8500-8000 years ago and the major Lake Ancylus was already in 

existence then (Svärdsen 1970, 1976).  Modern species, it has been suggested (Nordquist 1903) 

were already in situ in Finland at this time and they have simply persisted through the subsequent 

phases of shrinking lake sizes. Fennescandia, because of its geography, has not been so easily 

recolonized as the upper reaches of the Mississippi. 
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 In their comparative studies of river faunas Oberdorff et al (1997) compared 132 systems, 

91 European and 41 North American analysing the faunas relative to nine contemporary 

ecological variables and two historical ones.  The variables were:  (i)  total surface area of the 

drainage basin;  (ii)  mean annual discharge at mouth;  (iii)  mean latitude of river;  (iv)  latitude 

range;  (v)  temperature range in the middle course of the river;  (vi)  net terrestrial primary 

productivity;  (vii)  climatic zones;  (viii)  peninsula or island effects;  (ix)  whether the system 

was a main river or tributory;  (x)  surface of drainage basin area covered by the ice sheet;  (xi) 

distance of each river from the large refugial areas.  Relationships were quantified by simple and 

stepwise multiple regression procedures.  Ecological factors were found to statistically explain 

most of the variation in freshwater fish species richness in both continents.  There was a 

significant and positive relationship between species richness and river size (surface area of the 

drainage basin).  The highest species richness was found in tributaries compared to rivers.  

Effects of historical factors were statistically significant but added only a little to the variances 

already explained by ecological factors.  The influence of past dispersal processes (for example, 

distance of each river from the refugial area and river basin orientation) accounted for only a few 

proportions of the variability.  No relationship found (contra the hypothesis of Currie (1991) – 

between available energy in the systems and number of species. 

 

The absence of convergence in structure of the North American and European fish 

systems studied by Mahon, and Tonn et al is interesting in that some investigators of 

"equivalent" terrestrial communities on different continents have found evidence of community 

convergence -  see studies on birds, mammals, and reptiles, by Amadon (1973), Pianka (1973), 

Cody (1974), Fuentes (1976), Cody and Mooney (1978), Blondel et al (1984), Dorst and 

Vuilleumier (1986), and Schluter (1986). Rickleffs and Travis (1980), and Lawton (1984), 

however, failed to do so.  Relative to fish Gatz (1979a, b) earlier considered the ecological 

significance of 54 body attributes and correlations in 28 species of stream fishes (Chapter 9).  

Note that he found that relatively few of the characteristics studied could be unambiguously 

related to a particular mode of life so that seeking any convergence between morphology and the 

role was pointless.  Coregonies and sticklebacks within systems may repeatedly produce 
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contrasting structural types adapted alternatively for life in the benthic zone (with bottom 

feeding) and water-column limnetic zones (Chapter 9).  This represents convergence. 

 

Post-glacial communities of fishes may be too recent to have developed convergent 

associations. 

 

10.12 mt-DNA studies on origins and paleogeography of European fishes 

 

10.12.1 Ranges and speciation 

 

Limitations to fish association and comparative dietary studies in European fishes are 

partly countered by the extensive developing and outstanding literature on fish paleogeography 

suing mtDNA analysis.  This demonstrates that as in North America the history of fish lineages 

may be complex with stocks colonizing simultaneously from different sources.  Equivalent data 

from North America is slower in coming.  Part of the reason for the European focus is a 

preoccupation with Ice Age phenomena; it is largely, however, stimulated by the fascination of 

trying to disentangle evolutionary histories on a continent with a multiplicity of semi-

independent river systems and mountain block barriers. 

 

Interest in plant and animal distribution in Europe relative to glaciation goes back to De 

Candolle (1820).  Major later European works include those of Huntley (1990) on plant 

distribution.  Various papers exist on mammals, birds, newts and insects - see listings of the 

literature in Taberlet et al (1995, 1998), Hewitt et al (1999, 2000), Nebø et al (1999). 

 

Later day fish literature on European fish paleogeography is now available for a range of 

ecological types and distribution patterns.  These both elucidate evolutionary processes and 

contemporary phenomena. 
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In the brown trout (Salmo trutta), a species with an extensive range from northern Europe 

to North Africa many minor geographic forms based on superficial morphological criteria 

occurring in different drainage systems have been recognized.  The mtDNA studies of 

Bernatchez and Osinow (1995) now strongly support a lineage of ancient monophyletic origin 

for all populations.  Alternative competing hypotheses to explain evolutionary history that (i) 

stocks originated in the Atlantic basin and colonized westwards from there via the paleo-Rhine 

and Danube basins;  and (ii) that Caspian populations are the primitive ones, were refuted.  A 

strong (subsequent) genetic partitioning between northern systems (White, Barents, Baltic Sea), 

and southern (Black, Caspian, Aral Seas) was found.  The relevance of the minor "races" was 

largely discounted although some regional differentiation occurred both in the northern and 

southern stocks. 

 

A divergence between two main clades, dated at greater than 18,000 years BP was also 

found in the Atlantic salmon (Verspoor et al 1999).  Beyond that it was concluded that 

paleogeographic deductions that have been made are purely speculative and of no relevance.  In 

a third salmonid, the grayling (Thymallus thymallus), a species with a wide range in northern 

Europe contrasting genetically differentiated lineages were found in Finland and Northwest 

Russia, and Germany, Poland, and western Fennoscandia (Koskinen et al 2000).  It was 

concluded that (i) north  European populations originated pre-glacially from ancient eastern and 

central European refugia;  (ii) divergence of population groups within northern Europe were 

substantial and geographically distinct; and (iii) the remaining European populations originated 

in a Danubian refugium. 

 

A different distributional history was found in the cyprinid chub (Leuciscus cephalsae) 

Durand et al (1999).  Here DNA variation showed, for European rivers, four highly divergent 

mitrochondrial groups with allopatric distributions.  Two of the lineages are Mediterranean and 

two north European.  The evolutionary sequence suggested was (i) eradication from Europe 

during the maximum glacial extent; (ii) survival in four refugia (Adriatic side of Balkans, 

Aegean rivers of eastern Greece; southern tributories of the Danube; and periphery of Black and 
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Caspian Seas; (iii) a differential post-glacial colonization of mid- and northern Europe from the 

last two refugia only; and (iv) colonization in two steps, a Riss-Warm and a Holocene one.  The 

authors found no fewer than 27 haplotypes. 

 

In the European bullhead, Cottus gobio (Cottidae), a small, bottom-dwelling and largely 

riverine fish, studies by Englebrecht et al (2000), and Kontula and Väinöla (2001) indicated that 

the founder population apparently stems from the Paratethys Sea region of Southern Europe in 

the Late Pliocene.  Colonization of western Europe then occurred by way of the Danube, 

extension into eastern Russia occurring simultaneously.  The North Sea was apparently reached 

in the late Pliocene followed by colonization of the coastal rivers there.  The Cottus populations 

of the Upper and Lower Rhine were found to be very distinct.  This was explained by the two 

being disconnected until a million years ago.  Closely related by still distinct populations were 

found to occur in the Elbe, and Main and Upper Danube.  These were presumed to be of 

Pleistocene age.  There has subsequently been some peripheral mixing of populations, especially 

in northern Europe.  Here the populations of the Swedish lakes are colonists from the southwest 

(Germany); the lineage in Estonia apparently arrived from northwest Russia and a third, 

inhabiting the south and southeast of the Baltic, apparently descended from the rivers draining to 

the Black Sea from the north.  The authors note that relative to northern Europe the fresh- and 

salt-water phases of the Baltic Sea would, alternatively, have permitted, and denied, range 

spread. 

 

The Eurasian perch (Perca fluviatilis) was found by Nesbø et al (1999) to be made up of 

four populations inhabiting:  (i) southern group (Greece and southern Danube); (ii) western 

European drainages; (iii) an eastern drainage one;  and (iv) a north Norway one.  For the western 

and northwestern populations colonization from three main refugia located respectively in 

southeastern, northeastern and western Europe, was indicated.  The Baltic Sea area has 

subsequently been colonized by all three.  The mtDNA findings indicated that the southern 

European population was the most ancient and the founder of all lineages. 

 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

Underlying all these somewhat contrasting fish phylogeographic histories have, of course 

been the rapid climatic changes, with expansion and contraction of the ice sheets during the last 

2.5 million years.  With each glaciation ice-caps increased in size.  The last full glaciation has 

been followed by warming since the last 18,000 years.  Apart from the sheets extending down 

from the north, the higher mountains maintained glaciated areas.  The line of mountains have 

continued to form a barrier across southern Europe from east to west (Fig. 10.8b taken from 

Hewitt 1999).  This has limited fish expansion.  Regional histories of glaciation and distribution 

of ice-free areas are complex. 

 

Much has been written on the phylogeography of plants and animals other then fish-see 

reviews and comparative assessments in Taberlet et al (1998), Hewitt (1999), and Nesbø et al 

(1999).  In most groups (trees, rodents, newts, hedgehog and shrew, and the brown bear (Ursus 

arctos)), the refuges in the three southern peninsulas Iberian, Italian, Greek are relatively more 

important than in freshwater fishes.  Taberlet et al (1998) pinpoint the "suture zones" where the 

spreading elements from different refuges approached each other.  Commonly, as in the fish, 

areas have been colonized from multiple sources.  This applies to Scandinavian populations of 

rodents (Jaarola et al 1999), and the brown bear (Taberlet et al 1995, 1998). 

 

Because the east-west line of mountains represented by the Pyrinnes, Alps, and Caucuses, 

and fact that the countries to the south are peninsulas of limited areas, with the saline 

Mediterranean forming the ultimate distributional barrier south/north distributional shifts have 

been of minimal importance in European fish. 

 

There was a close contemporary parallel between the southern spreads of the ice sheets in 

Europe (and that in North America).  The two continents differed somewhat in Pleistocene 

effects.  There were no glaciated mountains in central North America.  The postulated refuges 

for fish in Europe can be assessed in broad outline (Fig. 10.8).  The most ready post-glacial 

colonization for fish in Europe would have been presumably east-west.  Non-glaciated regions 

like the Danube and Black Sea area would here have been of importance. 
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This leads to the all-important subject of congruence.  If deduced phylogeographies show 

much concordance then the major refuge areas are pinpointed.  How helpful can this approach 

really be?  This obviously varies with the past complexity of the continental physiography and 

climate, not to mention ecological needs of the species being compared. 

 

10.13 North Temperate fish features, development and evolution, a summary 

 

 Understanding of the evolutionary biogeography of North Temperate fishes faunas and, 

particularly, of those of North America, can be said to be understood in broad level.  Overall, 

however, data is skimpy and limited to the glacial and post-glacial periods.  For major groups, 

that commonly go back at least to the Eocene-Oligocene, we are only seeing the end points of 

long modification, change and modernization.  Ecological opportunities of the present day have 

doubtless been available for a long time.  Groups like the pikes show that morphological 

specializations add adaptations are not recent but go well back into the Tertiary. 

 

 The adaptations and resource use patterns of modern species explored in the chapters of 

his book are set in this heritage. 

 

 The survey of this Chapter confirms or establishes the histories of North Temperate 

fishes: 

(1) The contemporary fauna includes a very few ancient archaic forms (sturgeons, Amia) that 

go back to the Mesozoic.  As noted earlier as unique Triassic faunal assemblage (McClune et al 

1984; McClune 1996) demonstrates that patterns of complex within lake fish radiations systems 

occurred well back in the fossil record. 

(2) Lingering major lineages common to North America and Eurasia persist from the 

Paleozoic before separation of the northern continents (pikes, catfish). 

(3) Tertiary colonizers entered North America by way of Beringia (cyprinid lineages, modern 

northern pike and perch); and colonization proceeded in both directions. 
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(4) There was supplementation of brackish water lineages from the south and tropical places 

(cyprinodontids) but not of South American primary division freshwater lineages. 

(5) Limited interchanges between North America and Europe occured by the sea (salmonids, 

sturgeons). 

(6) Marine lineages have repeatedly colonized. 

(7) Massive radiations of endemic North American primary lineages occurred in the Tertiary. 

(8) (Allometric) regional speciations of some groups occurred, for example, in the different 

drainage systems (see listing of regional ichthyofaunas). 

(9) Extinctions occurred- see Eocene faunal losses and those from now dry western lakes like 

Idaho. 

(10) Glaciation and associated climatic events led to major distributional shifts. 

(11) Isolation and differentiation in glacial refuges occurred in many groups (very clearly 

illustrated by the Mississippi-Missouri, Atlantic coast rivers, and Yukon-Alaska). 

(12) Post glacial dispersions to achieve contemporary distributional patterns have come from 

more than one refuge and pathway, genetic studies establish.  Stocks to the north of the Great 

Lakes are examples.  The entrants came from Mississippi and Atlantic rivers.  Newer genetic 

European work has demonstrates an even more complex history there. 

 

 The existence of two "sub-faunas" in the area of the Great Lakes, colder-adapted 

southwards colonization from the glacial edge melt lakes (or from the Yukon refuge) and south 

(Mississippi-Missouri) is very interesting (although an oversimplification). 

 

Several authors (Brooks 1985; Brooks and McLennan 1992;  Van Vankenbyrgh 1995) 

have suggested that it may be possible to reconstruct the biogeographic histories of whole biotas 

by the use of multiple phylogenies based on sound cladistics data, that is data that ostensibly 

provides precise information on evolutionary relationships.  Geological and other evolution 

altering events, it is reasoned, should be reflected by simultaneous evolutionary changes in many 

different lineages.  The idea of assessing the evolution of ecosystems, faunas, and communities 

in such a heiarchical framework is appealing.  Gorman (1992) has claimed success with this 
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approach in deducing the history of some local stream lineages of fishes in the southern United 

States.  The all-important congruence that would show past spatial and evolutionary pathways is 

to be expected in physiographically "simple" continents like Australia where refuge areas are 

likely to have been repeatedly created in the same places (Keast 1961).  Accordingly, Cracraft 

(1991), and, more recently Brooks and Brooks, using the Cracraft approach have claimed 

congruence in bird faunas.  Over-simplistic data was, however, used.  The potential of the 

approach in unravelling biogeographic histories invites study with modern genetic and 

equivalent data. 

 

Other examples of obvious "predictability" are, as noted, the genetic markers in fish from 

the Mississippi-Missouri and Atlantic coastal river drainages of North America, and repeated 

examples of differentiation in the southern European peninsulas (Hewitt 1999).  Hybrid zones, in 

turn, indicating secondary junctions, identify secondary distributional approaches. 

 

In contrast to Cracraft's finding in Australian birds, Zink (1996), also working with birds, 

failed to find congruent phylogentic patterns in five codistributed North American bird species.  

This suggested to him that they may or may not have had a history of co-association.  Taberlet et 

al (1996) found only a small degree of congruence in the phylogenies of ten European taxa when 

different groups (4 mammal species, amphibians, arthropods, and plants) were compared.  The 

east-west mountain chain of southern Europe has obviously had an influence in this, he noted.  

These have been a barrier to fish but not some other groups. The generalities proposed by 

Cracraft, and Brooks and Brooks do not (necessarily) apply when dissimilar groups are being 

considered.  

 

The ichthyfaunas of contemporary North America and Europe are made up by large 

numbers of lineages.  In the Great Lakes some lineages are represented by many species others 

as few as one.  Adaptations and ecological needs vary.  Contemporary roles, adaptations, 

alternative strategies, and interactions of the individual species, and between these and their prey, 

have an all-important historic component.  Features must be considered in this framework. 
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Table 10.1 Contemporary native fresh water ichthyofaunas of Europe (west of the Caspian), and North 

America.  Data on the former from Lalek (1980) and for the latter from Mayden (1992).  The order in the latter is 

followed, Introduced species are excluded. 

                                                                                                                                                       

Family      Europe       North America 

genera and species  genera and species 

                                                                                                                                                       

Petrozyzontidae  - lampreys   5 - 9    3 - 21 

Acipenseridae  - sturgeons   2 - 8    2 - 8 

Polyodontidae  - paddlefishes       1 - 1 

Lepistosteidae  - gars        2 - 5 

Amiidae  - Bowfins       1 - 1 

Hiodontidae  - mooneyes       1 - 2 

Anguillidae  - freshwater eels   1 - 1    1 - 1 

Engraulidae  - anchovies       1 - 1 

Clupeidae  - herrings   2 - 5    2 - 10 

Cyprinidae  - minnows, carps   26 - 82    51 - 279 

Catostomidae  - suckers        13 - 68 

Cobitidae - cititids    3 - 13 

Characidae  - characins       3 - 4 

Ictaluridae  - bullhead catfishes      7 - 44 

Ariidae   - sea catfishes   1 - 1    1 - 2 

Siluridae  - catfishes   1 - 2 

Pimelodidae  - long-whiskered  catfishes      1 – 3 

Sisoridae  - catfishes   1 - 3 

Clariidae - catfishes   1 - 1 

Bagridae  - catfishes   2 - 2 

Esocidae  - pikes    1 - 1    1 - 4 

Umbridae  - mud minnows   1 - 1    3 - 4 

Osmeridae  - smelts    1 - 1    4 - 6 

Blennidae  - blennys    1 - 1 

Thymallidae  - graylings   1 - 1    1 - 1 

Salmoninae and  - salmons, whitefishes  6 - 22    7 - 43 

Coregoninae 

Percopsidae - trout perches       1 - 2 

Aphredoderidae - pirate perches       1 - 1 

Amblyopsidae  - cavefishes       5 - 6 
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Family       Europe       North America 

genera and species  genera and species 

 

Gadidae  - cods    1 - 1    1 -1 

Gobioscocidae - clingfishes       1 - 2 

Atherinidae - silversides   1 - 3    6 - 32 

Rivulidae - rivulines       1 - 3 

Profundulidae - North American killifishes     1 - 1 

Fundulidae - topminnows       3 - 33 

Poiciliidae - livebearers       7 - 69 

Goodeidae - splitfins       16 - 42 

Cyprinodontidae - pupfishes   2 - 3    4 - 24 

Hemiramphidae  - halfbeaks       1 - 1 

Belonidae - needlefishes       1 - 2 

Gasterosteidae - sticklebacks   2 - 3    4 - 5 

Syngnathidae - seahorses   1 - 1    3 - 3 

Percichthyidae - temperate basses      1 - 4 

Centrarchidae - sunfishes       9 - 30 

Elassomatidae - pygmy sunfishes      1 - 5 

Percidae  - perches and darters  6 - 13    5 - 146 

Sciaenidae - drums        1 - 1 

Cichlidae - cichlids       1 - 14 

Embiotocidae - surfperches       1 - 1 

Mugilidae - mullets    3 - 6    3 - 4 

Eleotridae - sleepers       3 - 7 

Gobiidae - gobies    5 - 15    5 - 7 

Cottidae  - sculpins   2 - 5    2 - 27 

Synbranchidae - swamp eels       1 - 1 

Serranidae - sea basses   1 - 1 

Pleuronectidae - righteye flounders  2 - 2    1 - 1 

Soleidae  - soles        1 - 1 
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Table 10.2 Origins and early history of major Northern Hemisphere freshwater fish families.  Data from sources as 

acknowledged, and see especially Cavender (1986) and Briggs (1986). 
                                                                                                                                                                                                           

Family   Earliest fossil  Earliest North  Data  Likely origins and history 

record   American record Source 

                                                                                                                                                                                    

Cyclostomes  Early Paleozoic  Pennsylanian  Cavender Originally freshwater then 

Petromyzontidae        1966  marine 

Lampreys 

 

Bony Fishes  Late Cretac  Late Cretac  Patterson Asia-N. American fresh water 

Polyodontidae        1981  (Briggs 1986) 

Paddle Fishes 

 

Acipenseridae     Upper Cretac  Cavender Common in Cretacious 

Sturgons         1966  marine 

 

Lepisosteidae  Lower Cretac  Late Cretac  Wiley  Nearly all fossils fresh water. 

Gars   W. Africa  early Eocene  1976  Eocene of Ellesmere Island. 

Northern interchange by  

 deGeer route 

 

Amiidae   Late Jurass,   Early Cretac  Patterson Eocene Ellesmere Island 

Bowfins   Cretac, Europe     1981  suggest N. Atlantic 

S. America, Asia       interchange 

 

 

Anguillidae  Cretac Europe  Lake Pleistocene  Cavender Marine 

eels         1966 

 

Hiodontidae  Paleocene W.  Rel. Lycopteridae  Patterson Endemic N. America 

mooneyes  N. America  Late Jurass China  1981 

 

Clupeidae     Mid Paleocene  Grande  Marine origin 

herrings      fresh-water  1982 

 

Salmonidae  Late Miocene  Eocene   Patterson Cretac. marine, possibly 

trouts         1970  Eurasian 

 

Osmeridae     Late Pleistocene  Cavender Marine 

smelts         1966 

 

Umbridae  Eocene Europe   Oligocene  Cavender Probably Eurasia 

mudminnows  Umbra late Pleist  Umbra late Pleist  1986  

 

Esocidae  Upper Oligocene  Paleocene   Patterson N. American origin 

pikes         1981 
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Family   Earliest fossil  Earliest North  Data  Likely origins and history 

record   American record Source 

                                                                                                                                                                                     

Cyprinidae     Oligocene  Cavender Probably Eurasia 

minnows        1986 

 

Catostomidae  Eocene Aia  Paleocene:  or Eocene; Cavender Probably from Asia mid- 

suckers      modern genera mid- 1986  Eocene (Briggs 1986) 

Miocene 

 

Ictaluridae     Late Paleocene;  Lundberg Endemic N. America,  

N. America     modern groups  1982  earlier Asian ancestor 

catfishes      Oligocene 

 

Aphredoderidae     Oligocene  Cavender Endemic N. America 

pirate perches        1982 

 

Percopsidae     Paleocene  Cavender Endemic N. America 

trout perches        1982 

 

Gadidae      Late Pleist    Probably Eurasion of marine  

cods           origin 

 

Cyprinodontidae  ? Oligocene Europe mid-Miocene  Parenti  origin Late Triassic (Parenti 

incl. Fundulidae,        1981  1981); Briggs (1986) suggest 

Poeciliidae, killifishes         Early Cretac.  

 

Atherinidae     Pliocene   Cavender Southern, marine origin 

silversides     Arizona   1982 

 

Gasterosteidae  Neogene   Late Miocene  Cavender Probably Eurasian, marine 

sticklebacks        1982 

 

Percichthyidae  Paleocene S. America    Paleocene  Cavender Widespread early 

Eocene Eurasian     1982 

 

Centrarchidae     Eocene   Cavender Endemic, N. America 

sunfishes        1982 

 

Percidae   Prob. Europe,  Perca, Pleist.  Collette and N. Atlantic route Eocene 

perches   Late Cretac     Bănărescu (Briggs 1986) 

1977   

 

Sciaendae     Eocene marine  Cavender Probably marine 

drums         1982 

 

Cottidae      Late Miocene  Cavender Probably Eurasia, marine 

sculpins         1982 
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Table 10.3 Composition of the Great Lakes fish fauna.  Figures are from Bailey and Smith (1981), modified 

for numbers of genera, species, from Underhill (1986).  The subspecies numbers are those of Bailey and Smith. 

                                                                                                                                                       

Families    Genera Species Subspecies Alien Forms 

                                                                                                                                                       

Petromyzontidae 3 5 5 0 

Polyodontidae 1 1 1 0 

Acipenseridae 1 1 1 0 

Lepisosteidae 1 3 3 1 

Amiidae 1 1 1 0 

Anguillidae 1 1 1 0 

Hiodontidae 1 1 1 0 

Clupeidae 1 1 1 0 

Salmonidae 6 21 21 7 

Salmoninae (4) (11) (11) (7) 

Thymallinae (1) (1) (1) (0) 

Coregoninae 1 (9) (9) (0) 

Osmeridae Introd. 1 1 1 1 

Umbridae 1 1 1 0 

Esocidae 1 4 4 0 

Cyprinidae 20 54 55 4 

Catostomidae 8 17 17 0 

Cobitidae Introd. 1 1 1 1 

Ictaluridae 3 11 11 1 

Aphredoderidae 1 1 1 0 

Percopsidae 1 1 1 0 

Gadidae 1 1 1 0 

Fundulidae 1 3 4 0 

Poeciliidae Introd. 1 1 1 1 

Atherinidae 1 1 1 0 

Gasterosteidae 3 4 4 0 

Percichthyidae 1 3 3 2 

Centrarchidae 5 13 13 2 

Percidae 5 21 23 0 

Sciaenidae 1 1 1 0 

Cottidae 2 4 4 0 

 

Totals  28 75 180 183 21 

Native 25 67 159 159 
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Table 10.4 The fish faunas of some small central European lakes, and of the Upper Danube.  Numbers of genera and species. 

                                                                                                                                                                                                                 

Water-body Mondsee Neusiedler Konigssee Obersee Oberseebach Upper Danube 

Sees 

 

Source of  Ritterbusch Herzig- Klein et al Klein et al Klein et al Jungwirth (1984) 

Data Nauwerck Straschil (1989) (1990)  (1990) (1990) Schiemer and 

(1991)       Waidbacher (1992) 

Family 

Acipenscridae        1 - 1 

Anguillidae 1 - 1 1 - 1 1 - 1 1 - 1  1 - 1 

Cyprinidae 10 - 12 15 - 20 4 - 4 1 - 1 1 - 1 18 - 24 

Siluridae   2 - 2     1 - 1 

Cobitidae   3 - 3     2 - 2 

Esocidae 1 - 1 1 - 1 1 - 1 1 - 1 1 - 1 1 - 1 

Umbridae   1 - 1 

Salmoninae & 

Coregoninae 3 - 5  3 - 5  1 - 1 1 - 1 2 - 2 

Gadidae 1 - 1 1 - 1 1 - 1 1 - 1 1 - 1 1 - 1 

Gasterosteidae        1 - 1 

Percidae 2 -2  3 - 4 1 - 1 1 - 1 1 - 1 4 - 8 

Gobiidae 1 - 1  1 - 1   2 - 5 

Cottidae    1 - 1 1 - 1 1 - 1 1 -1 

Total 19 - 23 27 - 33 13 - 15 7 - 7 6 - 6 35 - 48  
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Figure 10.1  Representative members of the major groups of contemporary Holarctic fishes, as they occur in the 

North American Great Lakes system.  Outline drawings based on some of those in Hubbs and Lagler (1958). 
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Figure 10.2  Further North American fish families. 
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Figure 10.3  History in the fossil record, major groups of native Holarctic freshwater fishes.  Diagram adapted from 

Wilson and Williams (1992). 

 
 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

 

 

Figure 10.4  Spatial distributions (including extra limited ranges)of 5 groups of Holarctic fish families.  

Distributions and areas of origin vary.  The secondary division Cyprinodontiformes have wide ranges through the 

world's tropical regions and are represented by endemic families in North America.  The cyprinids have undergone 

major radiations in North America, the Holarctic, Africa and southeast Asia.  The percids are Holarctic but with a 

highly speciose North American sub-group, the Etheostomatinae.  The Fundulinae are an endemic North American 

group of cyprinodontiforms that have radiated mainly in the tropics.  The centrarchids (sunfishes) are an endemic 

North American group. 
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Figure 10.5  Distributions of six common North American species.  Contemporary ranges reflect southern verses 

northern origins.  The four centrarchids (top four panels) are at, or towards, the northern limits of their range 

whereas the cooler adapted yellow perch and northern pike have their centres of distribution further north. 
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Figure 10.6  Ichthyofaunas of the major drainage segments of North America.  Figures give numbers of families, 

genera, and species occurring in each.  Adapted from Burr and Mayden (1992), based on figures given in the various 

papers in Hocutt and Wiley (1986). 
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Figure 10.7  a. Extent of ice-cover, North America, 20,000 years ago at the height of the Winconsin (=European 

Wurm) glaciation.  The main inter-glacial refuge areas for fish were the vast Mississippi-Missouri drainage and 

Atlantic coastal rivers to the south of the ice.  There was also an ice-free area in Alaska-Yukon.  Some other smaller 

ones have been postulated but none of these, if they did exist, supported fish. 

 

 b. Major post-glacial recolonization routes into the Great Lakes area and northern parts of the 

continent.  Diagram adapted for the Great Lakes ichthyofauna developed from that of Crossman and McAllister 

(1968) for the Hudson Bay drainage. 
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Figure 10.8  a. Extent of ice in Europe at the height of the last (Wurm=Wisconsin) glaciation.  Map derived from 

data in Holčik (1989), and Bănărescu (1991). 

 

 b. Distribution of east-west mountain barrier that have greatly influenced freshwater fish distribution. 

 

 c. Numbers of fish species, various places in continental region.  Note paucity in peripheral region.  

Based on species range maps in Blanc et al (1971), Lalek (1980), and Holčik (1989). 
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Figure 10.9  Post-glacial history of the Great Lakes region.  As the ice started to retreat northwards extensive lakes 

formed at the retreating edges (13,000-12,000 BP).  There was a re-advance of ice at 11,800 BP, at which time an 

arm of the sea extended up the St. Lawrence valley.  Between 8,000 and 6,000 BP the contemporary Great Lakes 

had formed.  Maps developed from those in Hough (1963), Prest (1970), and Bailey and Smith (1987). 

 
 

 

  



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

 

 

Chapter 11 

TROPICAL FISHES: RADIATIONS, ECOMORPHOLOGICAL TYPES  

SPACE USE AND TROPHIC ECOLOGIES 

Keywords: Feeding Guilds, Adaptation, Australia, Asia, Amazon, Africa 

 

11.1 Introduction 

 

 Tropical systems are celebrated for their ecological exuberance, diversity of 

morphological forms, high species diversity, and as centers of biological evolution.  African Rift 

Lake faunas, and those of the Amazon, Congo, and Mekong, include bizarre and specialist body 

form types as shown by Fryer and Iles (1972), Greenwood, and the newer literature.  The faunas 

are famous for their adaptive radiations, explosive speciations, and diversified behaviors.  Only 

coral reef systems form a parallel to tropical freshwater systems. 

 

 Here, I provide an updated review of tropical freshwater systems.  The objectives are to 

document their basic features, provide a vehicle for comparing tropical and temperate systems, 

and to achieve a more complete picture of freshwater ecological systems generally. 

 

 At the end of the Chapter, an assessment of marine-derived "secondary division" systems, 

those without primary freshwater fishes will be supplied.  These are the systems of Australia, 

New Guinea, and central America.  This will "round off" the third objective.  The chapter will 

conclude with some detailed comparisons of the three system-types. 

 

11.2 The richness of tropical fish systems 

 

 The large tropical rivers and the large Rift lakes of Africa are characterized by huge 

faunas.  The Amazon has 1300 species of freshwater fish, the Congo 560, the Mekong, the great 

tropical river of Asia, more than 500 (Gery 1969, 1984; Marlier 1973; Roberts 1973; Taki 1978; 

Fink and Fink 1979;  Lowe-McConnell 1991).  By way of comparison the temperate Mississippi 

has 250 species; the Zambezi 101; post-glacially depauperate Europe perhaps 60-80 (Briggs 
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1970).  The rivers of the whole of continental Russia support only 300 species (Berg 1949).  The 

Amazon and Congo have, of course, histories extending back into the Tertiary, giving 

consolidated diverse faunas. 

 

 Amongst the African Rift Lakes, Malawai has 400 endemic cichlids and Victoria 500.  

Tanganyika has been aged at 2,000,000 years but it may be 10-12 million years (Banister and 

Clarke 1980), Malawi possibly formed 1-2 million years ago (Danleya nd Kocher 2001).  

Victoria is recent, possibly only 750,000 years in age.  There is convincing geological evidence 

that it was much smaller 14,000 years ago (Livingston 1975, 1980; Stager et al 1986).  Indeed it 

could have dried out about 14,700 years ago and have not filled until about 12,000 years ago 

(Johnson et al 1996). 

 

 As the northern continents have been subjected to glaciations, so have the southern 

continents undergone major hydrological shifts in the last 10,000 years (Barker et al 2001; Gasse 

2001). 

 

11.3 Biogeography: faunal origins and relationships, the ichthyogeography of tropical 

Neotropical and African faunas 

 

The Amazon and Congo fish faunas are subsets, respectively, of the 2500 species strong 

South American continental ichthyofauna and the latter of the 2000 African assemblage.  

 

 The African fish fauna includes of a couple of remnants of archaic elements of wide 

distribution (including a lungfish and osteoglossid that have living relatives in South America 

and Australia).  Some 18 endemic families have evolved in situ.  Gondwanan elements are 

shared with South America, other families are shared with the Oriental region, and there are 

colonizers from the marine (Briggs 1979; and Lowe-McConnell 1991).  About 700 species of 

cichlids exist, mainly lacustrine, and 475 cyprinids are mainly riverine (Daget et al 1984).  Other 

dominant groups are 200 species of Mormyridae and about 155 mochokid catfishes, some 176 

Chariformes, and 100 species each of bagrid and clariid catfishes (Lowe-McConnell 1991). 
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 Africa and South America share, in all, 13 fish clades including longfish, 

osteoglossomorphs, characoids, catfishes, cichlids, nandids, cyprinodonts, polypterids, galaxiids, 

and synbranchids.  Since most of these are exclusively tropical they have been held to be living 

proof of direct Cretaceous land contact between west Africa and Brazil (for example, Roberts 

1973).  Later analysis (Lundberg 1993) has found, however, that only lepidoserine lungfishes, 

polypterid needle fishes, and doradoid catfishes can be fitted to the simple Africa-South America 

drift separation.  Cichlids, nandids, synbranchids, and perhaps Aplocheiloidei and Poeciliidae are 

too late evolved to have been distributed by drift vicariance.  Hence, they must have dispersed 

later over salt water. The tropical lineages, like northern ones have brought with them inherent 

phylogenetic features and potentials. 

 

11.4 The Southeastern Asian tropical ichthyofaunas 

 

 The tropical southeast Asian ichthyofauna exceeds 1000 species (Zakaria-Ismail 1994).  

It is also extremely diverse.  Cyprinids are dominant.  These constitute 38% of the fish fauna of 

Kampuchea, 39% in South Vietnam and Thailand, and 34-54% of the fauna of Malaysian rivers.  

Other major groups are siluroids and gobioids, and many families with marine affinities.  In the 

Malay Peninsula the major river fauna families are Cyprinidae, Channidae, Clariidae, Siluridae, 

Belontiidae, Hemiramphidae, and Cobitidae). 

 

 Regional regions within southeast Asia have very rich species faunas.  Kampuchea has 47 

families, 127 genera, and 215 species of freshwater fish (Kottelat 1985), with the primary 

division Siluriformes having 8 families, 23 genera, and 41 species:  cyprinids have 42 genera and 

81 species.  South Vietnam has 255 species, the Malay Peninsula 384 species in 56 families 

(Mohsin and Ambak 1983).  Insular Sumatra (land area, 469,000 km2) has 272 species of 

freshwater fishes (11% endemic);  Borneo (548,000 km2) has 394 (8%), Java (132,000 km2) 132 

(9%) in 12 families and Sulawezi (196,000 km2), to the east of Wallace’s Line, 68 species (76% 

endemic) – see Kottelot et al (1993). 

 

 The commonality of the Sundaland fish species richness stems from the direct land 

connections with mainland Asia at various times during the Pleistocene, and a former major river 
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system that drained northwards to reach the sea between present-day Borneo and the southeast 

Asian continent.  The center of contemporary river fish diversity is the Mekong with over 1000 

species. 

 

 All three topical land masses like the northern ones (see maps) have series of 

ichthyological provinces.  These are evolutionary centers with species replications.   

 

Africa has 10 provinces.  For South America, 8 have been defined.  Southeast Asian 

freshwater fish group into five zoogeographic segments (Zakaria-Ismail 1994).  These are:  (i) 

Salween basin in Burma (fishes mainly of Indian origin);  (ii) Mekong and associated drainages 

with over 500 species (Kottelat 1985, 1989; Mai and Nguyan 1988; Rainboth 1996);  (iii) Malay 

Peninsula, dominated by Siamese elements;  (iv)  Sumatra-Borneo-Java (with a high degree of 

endemism in the Belontiidae);  and  (v)  the Philippines – see the Lake Lanao radiation of 

cyprinids – discussed later. 

 

 Fish evolution in South America, Africa, and southeast Asia has proceeded with different 

fish stocks to the Holarctic.  Continental history and climate have influenced the direction that 

evolution has taken. 

 

11.5 Tropical river faunas, the Amazon and Congo 

 

 In the Amazon 43% of fish species are characoids, 39% siluroids, and 2% gymnotoids;  

for the Congo the figures are:  15% characoids, 23% siluroids, and, 15% cyprinoids (Roberts 

1973).  These Ostariophysi (characterized by having the vibration transmitting Weberian 

apparatus, a structure that is undoubtedly important in muddy waters), represent 85 and 54 

percent  of the respective faunas.  Each of the major lineages have special group features.  

Bymnotoid (electric) eels lie buried by day and are active at night.  Many of these have 

specialized trophic structures.  The Amazon, with 18 genera and 35 species, is the center of 

diversity of the silvery-bodied, open water dwelling, and diurnal characoids.  These, the 

ecological counterparts African cyprinids, have highly complex teeth in the jaw margin, whereas 

the cyprinids lack these.  Both families are very intolerant of brackish or salt water.  The 
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cyprinoids, dominant in Africa, Asia, and the Holarctic, are highly mobile, diurnal, visual 

feeders.  

 

 Siluroid catfishes, common to both systems; are flat-bellied, nocturnal, bottom dwellers, 

with numerous marginal teeth, and well-developed sensory barbels (which are highly branched 

in the Congo Mochokidae).  In all eight families of catfishes occur in Africa (3 are endemic);  

and 14 in South and Central America (13 endemic).  The Amazonian species are strikingly 

diversified and include giant forms (length > 3 meters).  (Missing from both systems, are two 

great marine families of catfishes, the Ariidae and Plotosidae; which provide the “secondary 

division” freshwater catfish faunas of isolated New Guinea and Australia.)  

 

 Both the Amazon and Congo have bizzarre forms, the Amazon more so (Lowe-

McConnell 1991).  Fishes of minute body size (adult body sizes of 25 mm, or less) occur.  

Cyprinidontids, needlefishes (Belonion), eleotrids, and several families of catfishes have 

produced such tiny forms.  Their habitat includes the smaller streams.  Phytoplankton production 

is low in rivers.  Zooplankton is largely limited to inshore areas.  Hence, most of the 

planktivorous fishes are limited to here. 

 

11.6 The tropical rivers as environments 

 

 The Amazon, Congo, and Mekong, are all located in huge basins, relatively ancient, with 

extensive flood plains.  They possess an extraordinary range of fish habitats. The Amazon 

originates in the Andes, the Congo the central African highlands and Lake Tanganyika, and the 

Mekong on the snow-covered mountains of the Tibetan Plateau.   

 

 The Amazon, at 5500 km long, has 17 tributaries more than 1600 km in length, and a 

basin of 5,600 km2.  The Congo has a length of 4650 km, and its basin is 3,822,000 km2.  (The 

Mississippi, set in temperate North America, has a large drainage area of 1,990,400 km2, about 

half that of the two tropical rivers.)  In the course of their history, all three rivers have had a 

history of occasional lacustrine-like embayments.  The Amazon, which prior to the Miocene 
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drained into the Pacific, went through a massive embarkment phase when the Andes arose 

astride its path.  (The Mississippi once flowed to Hudson Bay in the North, as noted.) 

 

 In these systems, as in all rivers, there is the characteristic marked faunal differences 

between the upper reaches, middle courses, and downstream sections; between the major 

tributaries; and between a wide range of distinctive habitats, now, and historically.   

 

 All three rivers flood markedly.  In the Amazon at Manaus crests 15 m above the normal 

occur. At these times water extends hundreds of kilometers back into the surrounding forest 

(Matthes 1964;  Lowe-McConnell 1991;  Winemiller 1996a, b).  There may be more than one 

such annual peak, the one resulting from rain in the Andes and an independent one along the 

middle course.  Flooding events have a marked influence on fish communities.  

 

11.6.1 Habitats and habitat use patterns 

 

 The Amazon and Congo exhibit some contrasting features.  Differences in altitude and 

relief are reflected in limnologies.  The Amazon is very deep, reaching 60 m in places (for 

example, at the mouth of the Rio Negro).  Associated lake systems differ.  The great African Rift 

Lakes (including deep Tanganyika) are part of the Congo drainage.  The Amazon lakes, are 

much less diversified and lie close to the river.  The Congo has extensive depressions in some 

parts, resulting in extensive swampy sections. 

 

 Three categories of entrant rivers characterize the Amazon (especially):  white water, 

black water, and clear water.  These support distinct fish faunas.  White water rivers are rich in 

sediments.  The three types represent different limnological and chemical habitats.  The Congo 

has only one white water tributary.  These contrasting limnological conditions again influence 

the fish faunas.  Differences in the surrounding terrain also have effect.  A major segment of fish 

food comes from land.  Until recent clearing about 80% of the Amazon basin but only 34% of 

the Congo basin was located in forest.  Length and diversity of shoreline in turn, influences food 

input.  The multiple islands of the Rio Negro, by increasing the shoreline, diversify fish habitat 
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and availability. The aquatic invertebrates and fish of tropical rivers are dependent for support on 

the nutrients and organic material washed down stream in all systems. 

 

 Differences in the physiography of the Congo and Amazon, have had important 

implications for fish.  The Congo, draining the high African plateau, has numerous rapids.  These 

limit fish distribution and dispersal, most specifically the upstream colonization by marine fishes.  

Thus most of the fishes of the cuvette central of the Congo are primary division freshwater fishes 

(Roberts 1973).  Below the rapids secondary division fish are important.  Secondary division 

fishes in the upper reaches (cyprinodonts, cichlids, clupeiods, eleotrids, centropomids and 

tetraodontids), Roberts suggests, must have entered from the east through other river systems, 

not the sea direct, in earlier times.  In the Amazon, lacking rapids, there has been a great up-river 

penetration by marine groups.  Here fourteen families, representing 50% of total species (half of 

them now endemic), have marine affinities (Roberts 1973).   

 

 Black water systems are nutrient poor and white water ones are nutrient rich.  Near Tefe, 

Brazil, such contrasting systems supported 108 and 68 fish species, respectively.  Fish biomasses 

varied seasonally;  at high water in the black water lakes fish biomass averaged 31 g/m2 

significantly greater than either white water lakes (13.4) and white water river channels (3.4 

g/m2);  at low water, by contrast, white water channels supported 204 g but a black water site in 

March yielded 286 g/m2 (Henderson and Crampton 1997).  The systems were thus not 

consistently different. 

 

 Sandbank habitats may be particularly rich as well as supporting different microhabitat 

assemblages, as noted earlier.  The Cinarce in the llanos has 105 species belonging to 21 families 

(Jepsen 1997) with most individuals being under 100 mm in length.  Characiformes made up 

83.5% of the individuals and 68.5% of the species.  The richness of this habitat was attributed to 

its proximity to the main Amazon fauna, seasonal dynamics, and the influence of keystone 

predators. 

 

 Tropical river fish species tend to be mobile.  Most active feeding occurs when the fishes 

are dispersed during the annual flooding.  Various investigators have studied the implications of 
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river flooding on fish, starting with the investigations of Lowe-McConnell (1964, 1991) on the 

Rupununi savannahs that lie between the Amazon and Essequibo drainages (2-4°N).  Following 

the well-defined rainy season, May to August, the savannahs are submerged over thousands of 

square kilometers to a depth of 2-4 m.  The fish fauna, in excess of 150 species, disperses, 

feeding on abundant food.  The various species then also breed.  Subsequently, with onset of the 

dry season, the fish become isolated in shrinking ponds and streams of various sizes. Lowe-

McConnell (1991) obtained 25 species and 2500 individuals by chemofishing one 1225 m2 pond. 

Beebe (1945) earlier recorded 34 species of fish in one such shrinking pond.  Foods that had 

previously included fruits and other materials from land became extremely scarce during the dry 

season.  Only the piscivores trapped with their prey within the ponds have abundant food.  These 

progressively reduce the numbers of prey and change the species composition of the ponds.  

With the ensuring rainy season, the remnant fish populations become united again with the larger 

system.  This model of tropical flood plain ecosystem dynamics provided by Lowe-McConnell 

(1964) has subsequently been confirmed by Welcomme (1979), Junk et al (1989), Winemiller 

(1990), and others. 

 

 Seasonal fish assemblages in tropical flood plain rivers has been examined by Winemiller 

(1996b) for Venezuelan and Central American sites.  Here the annual features involved high 

temperatures, aquatic anoxia, habitat reduction, and isolation, and initiate a general reduction in 

local fish populations during the dry season.  These are predictable and annually repetitive.  

Species interactions, whilst occurring all-year, were found to be critical during transition 

seasons, with interspecific competition becoming most intense as the waters receded.  Most 

benthic algivores shifted then to detritivory, and the numerous invertebrate feeders and 

omnivores increased food and habitat segregation (Winemiller 1996b;  Winemiller and Pianka 

1990).  Piscivores also increased dietary segregation.  All four species (2 omnivores, 2 

herbivores) modified intake according to phases of the cycle.  In the two herbivore species diet 

overlap was highest during the dry period.  The omnivores maintained fairly segregated diets 

when resources were presumably limiting and showed rapid change from distinct food niches in 

the dry season to widely overlapping ones when resources were abundant (Esteves et al 1995). 
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Spatial segregation of fish species may occur even during the dispersive period.  Both 

in South America (Cana Maraca) and Africa (Zambezi) species seek individual kinds of local 

habitat within the floodplain drainage.  Some utilize the specific conditions available in flooded 

areas and lagoons.  Others move further up tributaries to smaller habitats.  There is also a 

tendency for specific habitats to have similar species assemblages at equivalent times from year 

to year.  In the Sinnamary River, French Guiana, a system of 80 species in 23 families there is a 

distinct annual upstream-downstream annual progression of young fish (Ponton and Copp 1997). 

 

 Microhabitat clustering of species and microhabitat separations are marked in these 

tropical rivers.  There are, as noted, contrasting groups of downstream, reservoir, and upstream 

taxa.  Within the sandbank habitats, there are different lagoon, side-channel, and main-channel 

assemblages (Jepsen 1997).  Sandbanks, rocky shore, and shrubby shore areas have different fish 

assemblages.  Canopy cover, water conductivity, and bank length, are the most important 

environmental variables for fish assemblage composition in French Guiana.  Oxygen and 

vegetation define fish habitat to a lesser extent (Mérigoux et al 1998).  Visually oriented fishes 

have their highest abundance in clear lakes; fishes with adaptations to low visibility occur in 

turbid lakes (Tejerina-Garro et al 1998).  Within species abundant counterpart inhabitants may 

differ in diets (Kouamelan et al 1999).  A link between habitat and various species traits may 

occur (Mérigoux et al 2001).  In a French Guianan river ten significant relationships were found:  

these included size at maturity, diameter of mature oocytes, parental care, and relative body 

height.  Such variables as mean water level, dissolved oxygen, mean width or mean depth could 

explain much of this variation, the authors suggest.  In highly seasonal tropical streams habitats 

may change through the course of the year.  Fish distributions change in response to this. 

 

Notwithstanding the generally favorable physical environment of the Tropics hypoxia 

may be a problem.  This develops over enormous areas of shallow standing water created the 

seasonal flooding is receiving increasing attention (Val and de Almeida-Val 1995).  Included in 

the faunas are obligate air breathers, facultative air breathers, and water breathers.  All show 

variety of biochemical and morphological adaptations and behavioral modes to counteract 

anoxia.  The Amazon is rich in number of air breathing species and in the diversity of air 

breathing organs found.  These include special modifications to the intestine, swim bladder, and 
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branchial chamber.  Air breathing has evolved many times, with nine families having air 

breathing representatives (Val and de Almeida-Val 1995). 

 

11.6.2 Diets of tropical river fishes 

 

 Few comprehensive intra-community dietary studies have been carried out on the fish of 

the Amazon and Congo.  Findings of the study of Knöppell (1970) of the foods of 49 fish species 

near Manaus, Brazil provide some generalizations.  Species diets incorporated vegetable 

remains, terrestrial and aquatic insects (ants, larval Ephemeroptera and Trichoptera), and fish.  

Many species were generalist feeders, selecting more than one prey type. The main foods 

available to fish in the big rivers are detritus and dead organic matter, terrestrial and aquatic 

plants, including fruits and leaves, terrestrial and aquatic insects, and fish.  In the black water 

rivers mollusk availability is limited by low pH.  

 

 Studies on the foods of the fishes of Lake Rendondo near Manaus (Marlier 1973) showed 

the fishes of the littoral floating meadows (várzea) to combine of plant feeders;  animal feeders;  

others that took both basic resource types;  carnivores; and generalist verses specialist feeders.  

Amongst the latter were planktivores, insectivores, and piscivores, mud feeders, and herbivores 

that fed on allochthonous fruits and leaves. Knop et al (1970) found stomach of the fish to 

variously contain vegetable remains terrestrial and aquatic insects, and fish.   

 

 Twenty fish species on a tributary of the Aripuaña River, and elsewhere, were found by 

Marlier (1973), Soares (1979), Goulding (1980), and others, to confirm the importance of 

allochtonous fruits, seeds, and arthropods in fish diets.  Fishes tended to utilize food as suggested 

by their morphological features.  Piscivores, none of which sought specific prey species were 

numerous.  Feeding preferences were most readily displayed at high water when the fish were 

dispersed.  The várzea lakes were important feeding grounds for juvenile fishes, most of which 

were planktivorous. 

 

 Nine piscivores of the Venezuelen llanos showed resource partitioning on the basis of 

food type, food size, and habitat (Winemiller 1989).  Only one species pair, the fin-nipping 
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piranas showing high overlap in diet.  Two species were nocturnal as adults.  Winemiller found 

that the small juveniles of nine piscivorous species studied exploited aquatic microcrustacea and 

aquatic insects with one (Pygocentrus) showing two distinct ontogenetic shifts represented by 

microcrustacea to aquatic insects, and from the latter to fishes.  Four species, in their ontogeny, 

made an early switch to piscivory.  The former showed a high degree of diet separation within 

both the guild, and community at large, on a year round basis.  The five remaining species 

showed lowest collective diet overlaps during the transition season when availability of 

invertebrates was reduced and fish densities were maximal.  It was concluded that whilst 

predation may play a role that diffuse competition for food resources during this period probably 

was the principal factor yielding patterns of diet separation. 

 

 A study of dietary - morphological relationships in a 48 fish assemblage from the 

Bolivian Amazonian floodplain by Pouilly et al (2003) brings out many features that are 

potentially characteristic of Amazonian fish assemblages.  Diets fell into eight trophic categories: 

mud feeder, algivores, herbivores, terrestrial invertivores and omnivores, carnivores, 

zooplanktivores, aquatic invertivores, and piscivores.  Significant correlations between diet and 

body morphology were found by Pouilly et al (2003).  This applied even in the absence of 

taxonomic relatedness. 

 

Mud feeders, algivores, and piscivores, proved to be the most morphologically 

specialized, on the basis of the 10 morphological variables analyzed.  Relative gut length was the 

major variable relative to diet, being long in herbivores and iliphages, and negatively associated 

with carnivory.  This agrees with the findings of Paugy (1994), Piet (1998), Hugueny and Pouilly 

(1999).   

 

The second main trend corresponded to a positive link between body length and head and 

mouth size, and prey size.  This has elsewhere also been reported (Gatz 1979a, b; Winemiller et 

al 1995; Hugueny and Pouilly 1999).  Finally, gill raker length and number related to 

zooplankton consumption (see also Motta et al 1995a, b; and Chapter 9).  The CCA results, 

however, showed mouth orientation, eye diameter and eye position to apparently be only a weak 

predictor of diet.   
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Strong relationships of body morphology and specialized zooplanktivores, detritivore and 

piscivores have also been found in Piet (1998), Sibbing and Nagelkerke (221), and Xie et al 

(2001).  Invertebrates, omnivores, and generalists, by contrast, show only a weak relationship 

between diet and morphology (Douglas and Matthews 1992; Winemiller and Adite 1997).  

Pouilly et al also found that such predictions in floodplain species did not occur. 

 

 There are various examples of groups of fishes in the Amazon and Congo filling 

equivalent roles and being convergent, for example the assemblages of 9 gymnotiform and 6 

mormyriform electric fishes from the floodplains of Venezuela and Zambia, (Winemiller and 

Adite 1997).  Each has evolved  (i) mid-water planktivores;  (ii) microphytic vegetation dwellers;  

(iii) macrophagous benthic foragers;  and (iv) long-snouted benthic probers.  The former 

assemblage, however, has a piscivore not represented in Zambia. 

 

 In summary, this newer data on the diets of tropical river fishes showed a "repetitive" use 

of plant material (detritus, dead material, allochonous fruits and leaves, terrestrial and aquatic 

insects, zooplankton and fish).  There was a minority of electro-feeders and fin feeders.  Younger 

fish sometimes used zooplankton.  Morphological specialization for way or life did, or did not, 

occur. 

 

 None of the authors quoted made significant studies on diets at the species level. 

 

11.7 The African rift lakes fish faunas 

 

 The ichthyofauna of the African Rift lakes, with their “explosive” radiations and highly 

diversified species morphologies, have long occupied a central place in evolutionary thought 

(Brooks 1950;  Fryer 1959a and b, 1977, 2000;  Fryer and Illes 1972;  Bowmaker 1969; 

Greenwood 1974, 1979, 1981, 1984a and b; Brichard 1978; Van Oijen 1982; Galis and Barel 

1986; Liem and Osse 1975;  Liem 1980a and b;  Hori 1983; Hori et al 1983;  Ribbink et al 1983;  

Serruya and Pollingher 1983;  Witte 1984;  Reinthal 1990;  Goldschmidt et al 1990;  Winemiller 

(1990); Coulter 1991;  Witte et al 1992; Martens 1997).  Syntheses have been provided by Fryer 
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and Illes (1972), Brichard (1978), Greenwood (1984a and b), Coulter (1991), and especially, 

Lowe-McConnell (1991), Cohen et al (1998), Fryer (2000), Kawanabe et al (1997), Nishida 

(1991), Nishida and Watanbee (2000), Rossiter (1995), Sturmbauer and Meyer (1992). 

 

11.7.1 The African Rift Lake environments 

 

 The African rift lakes in some of the largest in the world.  Of the three largest Tanganyika 

has an area of 33,000 km2, and a maximum depth of 1470 m;  Malawi, 33,800 km and 758 m;  

and trans-equatorial inter-rift Victoria, 68,000 km2 but depth of only 79 m (Beadle 1981;  

Coulter et al 1986;  Coulter 1991).  

 

 Tanganyika has been given an age of two million years by Banister and Clarke (1980) but 

the great accumulation of sediments extending to 3,000 m and, possibly 7,000 m, in places has 

suggested at age of up to 30 million years.  Subsequent dating has given a probable age of 9-12 

million years for Tanganyika with the three basins not originating at the same time.  Because its 

depth Tanganyika was less subject to Pleistocene extinction that the other lakes.  Major water 

level fluctuations occurred in the Pleistocene at about 1.6 million years (Tiercelin and 

Mondeguer 1991).  Malawi has been given an age of 1-2 million years but Rosenthal and 

Livingstone (1983) suggest that parts of it could be as old as Tanganyika.  Lake Victoria is 

usually aged at 750,000 years.  It was probably completely dessicated at the height of Pleistocene 

aridity 12,400 years ago, and at this time drops in the level of Malawi and Tanganyika of than 

600 m could also have occurred (Johnson et al 1996;  Martens 1997). Michchondrial DNA shows 

Tanganyika is easily the oldest of the Rift Lakes (Cohen et al 1993).  It has at least 7 old 

ancestral lineages of cichlids (Nishida 1991). 

 

The deeper Great Lakes of Africa are thermally stratified with wind and solar radiation 

largely determining the annual cycle of cooling, mixing, and nutrient fluxes.  Tanyanyika and 

Malawi are meromictic with deep relict hypothermia.  Tanyanyika below 200 m is laden with 

hydrogen sulphide and is oxygen dead.  Most life is along the sinuous coastline where a wide 

range of peripheral habitats (sand, mud, rock), and good water currents are available.  The west 

shores of Tanganyika are precipitous, and there are two main basins, with depths of 1.4 and 1.3 
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km separated by a shelf 600 m deep.  The lake is isothermic with mean water temperatures only 

varying a few degrees on either side of 24-26° C between surface and depths.  Malawi has 

comparable features.  Autotrophic primary production is exceptionally high in Tanganyika and 

Malawi (Hecky and Fee 1981;  Degnpol and Mapila 1982).  Bacterial heterotrophic production 

and chemosynthesis, plus high transfer efficiencies, may underlie this (Coulter et al 1986).  

Phytoplankton densities are highest in shallower water areas.  In shallow Victoria chlorophyll a 

concentration remains fairly high year round, but peaks in July and August, as a consequence of 

heavy stirring by winds (Talling 1969).  Gross planktonic photosynthetic production is very high 

in the open waters of Tanganyika, fairly high in Victoria (Coulter et al 1986).  As living areas, 

hence, the lakes have similarities and marked difference. 

 

 Newer molecular data has now shown that the fish species flocks of the three lakes did 

not evolve independently.  Those of Victoria apparently come from single species (Nagl et al 

2000) whilst Malawi ones originated from ancient Tanganyikan stocks (Meyer 1993;  

Sturmbauer and Meyer 1993;  Martens 1997).  The age of the haplochromine flocks of Lake 

Victoria is estimated from molecular data to be about 200,000 years (Meyer 1993;  Kocher et al 

1995).  An assessment by Verheyen et al (1996) concluded that Victoria fish may never have 

completely disappeared and may have obtained fish from the older Lake Kivu.  The ages of the 

fish faunas continue to be an active area for discussion. 

 

11.8 Fish faunas of the major lakes 

 

11.8.1 Lake Tanganyika   

 

 Lake Tanganyika as three major ecosystems; the pelagic, the deep-water and the littoral 

(Rossiter 1995).  Other than the littoral/sublittoral little.  A series of data sets from Lake 

Tanganyika, especially those of Brichard (1978), Barel (1983), Rossiter (1995), and Kawanabe et 

al (1997) reveal how the fish fauna of this lake relate to space and food resources and have 

evolved.  Precision trawling relative to habitat related percentages of 146 cichlids and 94 non-

cichlids as follows:  pelagic zone, 6.0 and 9.6;  rock dwellers, 41.0 and 21.0;  sand-shelf-mud 

inhabitants, 15.8 and 5.3;  river dwellers, nil and 29.8;  swamp plus river species, 3.4 and 6.4;  
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torrent dwellers, nil and 5.3;  benthic, 8.9 and nil;  ubiquitous (species showing little habitat 

preference); 2.7 and 6.4. Some cichlids lived in the surf zone.  Individual cichlid species 

specialized for:  mud bottom areas, 2;  deep water rock, 1;  deep water mud bottom, 1;  deep 

water sand, 1;   rock plus sand, 3;  estuary, 1.  Few cichlids lived in the entrant rivers.   

 

Rocks are a particularly important habitat.  There is a wide variety of crevices and 

interface.  Different species also related to the depth zones:  surface to 3 meters, surface to 15 

meters, below 3 meters, and below 6-10 meters.  Substrate utilize and diet were correlated.  The 

rocks and vegetation were used by grazers, with cutting or abrasive pads.  These constituted the 

assemblage of the “aufwachs” a homogeneous rock-encrusting algal mat dominated by 

Calothrix).  Here also “pickers” prized food from the rocks.  Omnivores fed to a considerable 

degree on particles in the water.  Carnivores, characterized by powerful "canines", were more 

ubitiquitous in the substrate over which they occurred.  Catfishes (Bagridae), chemosensory 

feeders, including Bagrus, along with about ten species of Synodotis, formed a diversified 

assemblage on rock slopes, with many species inhabiting crevices.  These were the largest fishes 

in the rock shelf area.  One species, Chrysichthyes, filled the deep-water scavenging role.   

(Donopterus clariid catfishes do this in Lake Malawi.) 

 

Cichlids of the sand zone trend to be ubiquitous around the lake shoreline (Rossiter 

1995).  There is also a distinct group of cichlids occurring in the abandoned masses of gastropod 

shells on sand/mud floors. 

 

 The pelagic zone of Lake Tanganyika was utilized by endemic clupeid planktivores.  

These undertook nocturnal surface movements.  The two species consumed both phytoplankton 

and zooplankton when young;  with some insects also being eaten. Pelagic predators of the 

clupeids included three piscivorous species of Lates.  Initially these were small prey croppers of 

the littoral macrophytes but subsequently become midlake piscivores.  This ontogenetic regime 

parallels “secondary” piscivores in Canadian lakes (Chapter 6).  There was a deeper water fauna 

in which mud-bottom dwellers were pre-eminent.  Many of these moved towards the surface to 

feed at night.  The occurrence of five cichlid species, two Chrysichthys and Lates mariae, at 

depths where there is no recordable oxygen (Tiercelin and Mondequer 1991) has raised the 
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suggestion that they may be capable of some form of anaerobic respiration (Coulter 1968).  

There are also mouth brooding lineages (Sturmbauer and Meyer 1993). 

 

 Amongst the cichlids a series of  Tilapia species lived mainly in the river deltas and 

estuaries.  A huge variety of cichlids characterized the littoral zone, as applies in Victoria and 

Malawi.  These included an assemblage of rock dwellers, some adapted to living in the surf zone.  

Present were grazers, pickers, omnivores living off suspended particles, and piscivores with 

powerful canine teeth (Lamprologus, Compressiceps), and scale eaters with hooked teeth 

(Perissodus).  There was some habitat use specializations amongst the rock-dwellers related to 

structure, size, and shape of the rocks.  The aufwuchs eating cichlids of the study area total 17 

species (plus one cyprinid).  Analyses by Takamura (1984) has shown a degree of food 

specialization in this community.  Thus the dominant member Tropheus mooei ate mostly 

filamentous algae and Petrochromis polyoden was a consumer of unicellular algae.  Seven other 

algae eaters ate from one to four species each. 

 

 Contrasting with these are examples of many co-occurring species sharing a common diet 

(Yuma 1994;  Yuma et al 1998).  In Tanganyika communities eleven species of cichlids 

consumed shrimps (Atyidae), predominantly taking Limnocandinia latipes from rock surfaces.  

Choosing the most available prey and failing to specialize on rarer ones parallels the 

zooplanktivores in Ontario lakes studied by me.  A series of “hoverer” feeding species were 

found to be feed in schools above the lake edge slope, moving to and fro within the limits of that 

habitat.  Sandy patch dwellers (Callochromis, Xenotilapia, and Cardiopharynx) lived in schools 

of several hundred, sifting particles from the sand with shovel-like teeth.  The inhabitants of 

exposed areas tended to be streamlined for speed. 

 

 Lake Tanganyika has an assemblage of 35 carnivorous cichlids dominated by 

Lamprologus species:  these make up about 25% of the entire cichlid fauna.  Thirteen of the 

Lamprologus species are rocky shore dwelling (Hori et al 1983). 
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11.8.2 Lake Malawi 

 

 The ichthyofauna of Lake Malawi includes 400 species of cichlids that have radiated 

from a single ancestor in the past 700,000 years (Danley and Kocher 2001).  Amongst the non-

cichlids are several species of Dinotopterus, and large endemic clariid catfishes that inhabit the 

more open waters, some down to the limits of dissolved oxygen.  Several are piscivores.  The 

zooplankton is cropped by a small cyprinid, Engraulicypris sardella.  The juveniles of many 

species cichlids are specialized planktivores. 

 

Space and habitat use in Malawi fishes thus parallels that in the Tanganyika assemblage.   

In a total survey involving 196 taxa, Ribbink et al (1983) found that depth distributions in 

Malawi were determined by kind of substratum (large rocks, small rocks, sand-rock, sand, weed-

rock, etc.), and on whether the species was strongly, or weakly, territorial. Total fish species 

richness proved to be highest in the 3-10 m depth zone although 26 species lived down to 40 m. 

Virtually all species occupied a characteristic depth zone.  Of 31, only two extended from the 

shoreline to a depth of 40 m.  Ten were restricted to waters shallower than 5 meters.  There were 

about ten cases of related species replacing each other in the shallower and deeper depth zones, 

respectively.  Ten species were restricted to areas of smaller rock. Many were restricted to tiny 

rock outcrops.  When depth zone and substrates were combined, most of the species proved to 

have a narrow spatial distribution. Tagging confirmed that individual fish were sedentary and 

tend to remain in the single area throughout life.  There was a degree of “uniqueness” to the 

combinations of species in a particular association.  Species were stenotypic, that is they had 

very little ecological tolerance.  The fine degree of habitat separate found contrasts with later 

findings of Shaw et al (2000) that the cichlid species of Malawi are wide-ranging. 

 

 In his early studies Fryer found that seven species restricted themselves to rock habitat 

completely.  This number has been considerably increased.  The "mbuna" rock dwelling species 

may show marked spatial replacement (Ribbink et al 1986). 

 

The fishes of the mbuna Ribbink et al (1983) found included plankton feeders, non-

zooplankton invertebrate feeders, scale eaters, aufwuchs (vegetation) feeders, filamentous algae 
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feeders, egg- and parasite eaters, and piscivores.  Individuals of almost all species contained a 

mixture of food substances, indicating considerable intraspecific variation in the foods used and 

a considerable opportunistic element to the feeding.  (Some previous workers had not found the 

latter.)  The Malawi mbuna, proved to separate out ecologically largely on the basis of habitat, 

not diet Ribbink et al (1983), found.  This matched the conclusions of Hori (1983) and Hori et al 

(1983) for Lake Tanganyika. 

 

 Ribbink et al (1983) concluded that the mbuna species, since they show marked spatial 

replacement and despite sometimes marked diet overlaps, do not contradict the competition 

exclusion hypothesis.  They suggested that the species morphological specializations, may only 

come into play at times when resources are scarce. 

 

 In a later study, Reinthal (1990) sought to clarify the feeding relationships by analyzing 

the stomach contents of seven common mbuna species, plus an additional five that had been 

introduced from other parts of the lake into his study area,  Cape Maclear.  He asked:  (i)  what 

fine-scale resource partitioning, if any exists at all, allows the diverse fish community to coexist 

as a stable ecological community; and  (ii) what are the relationships between the ecological 

divergence and behavioral and morphological trophic specializations in this group of fish?   

 

A degree of dietary specialization was found.  Blue-green algae (Calothrix) were the 

most common food item digested, with diatoms (Chrysophyta) also being important.  There was, 

again a continuum in the diets from the primarily Calothrix feeding to predominantly diatom 

feeding.  Forty-one different types of algae were eaten:  these represented most of the algae 

species available.  Three different feeding regimes were used by the fish:  plucking them from 

out of the water-column (which fish Reinthal regarded as true planktivores);  brushing settled 

phytoplankton and loose algae from the substrate, and more generalist algivores which took 

attached algae plus the diatoms covering them.  This last regime showed specialization. 

 

 “Aufwachs” (periphyton eaters) of Malawi have received special attention.  Out of 30 

species forming an apparently monophyletic lineage Fryer found that seven restricted themselves 

to an aufwachs diet entirely.  Three ate it plus Calothrix.  Three consumed aufwachs, Calothrix, 
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plus  chironomid larvae.  Associated with these five species inhabiting the habitat subsisted on 

aquatic insects, two of these plus the ostracod Cypridopsis.  Two species were planktivores, three 

lived on terrestrial insects;  there were three crab-eating species, one was a scale-eater, and six 

were piscivores.  The extraordinarily species-rich association showed examples of high diet 

separation yet also considerable diet overlap. 

 

 The offshore fish fauna of Malawi is impoverished Thompson et al (1996) found.  

Trawling and gill-netting at six locations revealed representatives of only four families:  

Cichlidae, Cyprinidae, Clariidae, Mochokidae and a simple structured community of six species, 

or species groups, formed 88% of the biomass.  Cichlids made up the bulk of fishes with two 

zooplanktivores (Diplotoxon) making up 71%.  D. limnothrissa was a habitat generalist.  

Cichlids, occupied most of the pelagic niches.  Some species extended down to 220 m. One 

species was confined to the top 100 m zone.  A second found mainly at 220 m but rose to the 

surface to feed at night.  Piscivores (Rhamphochromis) made up only 10% of the biomass.  

 

Convergent evolution of ecological counterparts occurs in Malawi and Tanganyika fish.  

Kassam et al (2003) provide a well documented case in Cichlia. 

 

Malawi is also unique in having a group of zooplankton feeding haplochromid cichlids 

(Fryer 1959).  The 17 species of this “utaka” are all small, with lengths of less than 150 mm, 

slender, and often silvery bodied:  they have narrow mouths and small, numerous teeth, and a 

protrusible upper jaw that enables the mouth to be converted into a sucking tube during the 

feeding process.  The degree to which this structure is developed varies with the species.  How 

such differences influence feeding and diets remains unstudied.  All species subsist throughout 

life on zooplankton but a few take some phytoplankton.  They are inshore dwellers living over 

rock or sand.  Only one species is a truly offshore dweller.  Diets seemed the same.  Fryer 

(1959a) concluded that interspecific competition was apparently circumvented by a 

superabundance of resources.   

 

 Relative to the interesting question of how much food partitioning there is in Rift Lake 

fishes, Reinthal (1990) was able to find little.  Within the basic divisions of invertebrate, 
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plankton, aufwauchs feeding, filamentous algae cropping, egg/larva eating, and piscivory there 

was much overlap.  There was also much intraspecific variation in diet.  Rather than be rigid 

food specialists, the fish appeared to be opportunist feeders. 

 

The cichlids of Lake Malawi form a classic example of “explosive speciation”.  This 

represents one of the greatest of all evolutionary novelties (Fryer 1959a, 1977; Fryer and Illes 

1972).   

 

The phylogenetic history of these cichlids suggested to Danley and Kocher (2001) that 

the assemblage stems from three major bursts of cladogenesis, with different selective forces 

dominating each cladogenic event.  Episode 1 resulted in the divergence of sand- and rock-

dweller lineages; episode 2 was driven by competition for trophic resources among the rock-

dwellers, resulting in differentiation in trophic morphology; and episode 3 was associated with 

the differentiation of male nuptial coloration, probably in response to divergent natural selection.  

On this basis female choice, they suggested, then generated 200 species in 12 genera.  These 

conclusions need to be experimentally evaluated and the genetic basis determined since 

convergence in morphological characters been lakes occurred.  More complex taxonomic 

sampling is needed to verify this phylogenetic model (Rüber et al 1999).   

 

The body form of Malawi cichlids is largely generalized and undifferentiated.  

Contrasting with this, however, is a remarkable diversity of mouth shapes and dentitions.  

Unique types of teeth can be linked to invertebrate feeding, planktivory, plant and rock scraping, 

scale-stealing, and piscivory (see illustrations of mouth forms in Fryer and Illes - Fig. 11.1).  Of 

particular interest are the ten genera and 200 species of rock-dwelling cichlids, the “mbuna” of 

the Chitonga people of the lake shore, representing a remarkable radiation and a basic structural 

theme. 
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11.8.3 Lake Victoria 

 

 Lake Victoria harbors a unique species-rich assemblage of more than 500 endemic 

haplochromine cichlids (Verheyen et al 1996).  There is in excess of 38 species of non-cichlids.   

Figures quoted for % endemism were slightly higher then in the other lakes: Victoria in excess of 

70%; Tanganyika 70% (67 species); and Malawi 62% (42 species).  Greenwood (1981) provides 

a list of earlier papers on haplochromine radiation.  The non-chiclids were have been assessed by 

Corbet (1961).  The University of Leiden research team (van Oijen et al 1981; Witte 1981, 

1984)) has subsequently greatly extended our knowledge of the Lake Victoria ichthyofauna.   

 

 The patterns of space use, involving specific substrates, and water depth range, in Lake 

Victoria fishes is comparable to those of Tanganyika and Malawi, although the lake, in the 

absence of deep water lacks a deep water fish assemblage.  Again a great, and somewhat 

equivalent, range of specialized trophic types fills the spectrum of ecological roles.   

 

 A comprehensive data set on space use in the Victoria haplochromines has been obtained 

(van Oijen et al 1981;  van Oijen 1982;  Witte 1981a, b, 1984), using trawling.  Separate fish 

assemblages were associated with substrate type (rock, mud, open water), and depth range.  

Specific habitats usually had several members of each trophic group.  Within these each species 

had its own water depth range but these varied considerably.  Distributions were also affected by 

degree of exposure.   

 

 The species of haplochromine cichlids of Lake Victoria, that some authors have allocated 

to as much as 20 genera, have a common basic body shape.  Variations to mouth shape, form, 

size and nature of dentition, alimentary canal, and associated feeding structures are, however, 

striking (Greenwood 1974).  The species group into:   

(i) generalized bottom feeders that feed on debris, some insects, plant material (110 species 

of Astatotilapia);   

(ii) benthic-invertebrate-feeders, that included insectivores (Paralabidochromis, 8 species), 

sand-sifters (Psammochromis, 5 species), a substrate rasper (Plattaeniodus, one species), 
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and insect plus mollusk-feeders (Hoplotilapia and Macropleurodus, one species each 

(Hoogerhoud et al 1983);  

(iii) molluskivores (Witte 1981, 1984) that, alternatively, use the marginal dentition to crush 

the shells and then reject them (6 species of Labrochromis and four of Ptyochromis), and 

others that use pharyngeal dentition to crush the shells that are then swallowed with the 

contents (Gaurochromis, 7 species and one species of Astatoreochromis);   

(iv) herbivores (four genera characterized by long, coiled intestines):  that fell into 

phytoplankton feeders (Enterochromis, 3 species), detritivores (Witte 1984), grazers of 

epiphytic or epilithic algae (Haplochromis s.s., 3 species and one species of Neochromis, 

whilst a single species of Xystichromis cropped higher plants and algae;   

(v) piscivores, about 50 species;  with some of these growing to 280 mm compared to 130 

mm in other groups (Galis and Barel 1980; van Oijen 1982).  Again there was clustering 

into subgroups.  Prognathochromis has 30 species and Harpagochromis, 17.  There was 

some separation of piscivores is in terms of prey species eaten (van Oiken 1982); 

(vi) scale scrapers (Allochromis welcommei);   

(vii) paedophages, that obtain eggs and embryos from mouth-brooding species (Lipochromis, 

6 species).  This habit is possible, he suggested, because mouth-brooding cichlids brood 

young throughout the year, hence this resource is continuously available.  The food is 

variously obtained by enclosing the snout of the mother or ramming her (Wilhelm 1980;  

McKaye and Kocher 1983).  Fryer and Illes (1972) earlier suggested that eggs and 

embryos were not obtained by physical attack but as a result of being shed voluntarily by 

the mother in the course of feeding of during times of natural stress. 

 

 The analyses of gut contents of 26 fish species taken over a variety of substrates and from 

lakeside swamps and affluent and effluent (Nile) rivers, and relative to body size by Corbet 

(1961) revealed that insect larvae and nymphs formed the dominent foods.  Nearly all species 

consumed such.  Specialist insect-eaters separated into bottom feeders (the long-snouted 

Mormyridae, Chiallabes and Afromastacembelus), surface-feeders (Alestes, Characidae;  Barbus, 

Cyprinidae;  Schilbe, Schilbeidae, Aplocheilichthys), whilst others cropped insects from the 

marginal vegetation.  Mollusks were the principal food of Protopterus and Barbus altianalis.  

The former was able to crush shells of any size and the latter only the smaller ones.  Plants and 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

 

 

their associated invertebrates were used by two endemic Alestes species;  of these A. jacksoni 

also took larger insects and some fishes.  Some plant material was taken by Barbus altianalis.  

Zooplankton from the pelagic region formed the diet of the only non-cichlid specialist, and the 

small cyprinid Rastrineobola argentea, whilst the cyprinodont Aplocheilichthys pumilis took 

zooplankton plus insects from the vegetation.  Zooplankton was the main diet of 12 cichlid 

species (Greenwood).  Fishes, especially haplochromines, were extensively preyed upon by the 

catfish Bagrus docmac (Bagridae), and were utilized jointly with large insects by the catfish 

Clarias mossambicus (Clariidae).  Bagrus docmac was initially a diet generalist and only became 

piscivorous at a body length of about 150 mm. 

 

 The non-cichlids of Lake Victoria are, thus, facultative and, somewhat unspecialized 

feeders, responding to availabilities.  Corbet (1961) concluded no two species had exactly the 

same diet.  Each showed a degree of food preference.  The five mormyrid and six siluroid 

catfishes are examples.  Diet overlaps between species were highest when one food type became 

seasonally abundant.  What was eaten by individual species varied with the feeding area.  

Interspecific competition for food was, hence unimportant, he argued.  Shared diets result from 

superabundance.  Other species avoid competition by remaining mobile and facultative. 

 

 Two species of Tilapia were mainly algivorous, the one feeding of the flocculent deposits 

of sheltered bays, the other utilizing clearer waters with hard bottoms and marginal lily swamps 

(Greenwood 1974). 

 

 The diets of a community of 16 rock dwellers in Mwanza Gulf was made up of six 

species of insectivores, 2 molluskivores, a crab-eater, a zooplanktivore, 4 epilithic algae-scraper 

species, a pedophage, and a piscivore (van Oijen 1982).  These are grazers, pickers, insect-eaters, 

omnivores, and psicivores (Takamura 1984).  The main fish predators were Bagrus.  Species 

varied in breadth of diet.  Juveniles of species commonly lived in shallower-water than the 

adults.  Insectivorous species related mostly to shallow littoral zone over sand;  

detritus/phytoplankton-feeders to deeper open water over mud.  Of fish caught in open water 

trawls 90% were insectivores, zooplanktivores or herbivores.  Piscivores made up 40% of 

species but numerically less than 1% of the trawl catch.  They separated out on prey types eaten 
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(van Oijen 1982).  Coulter (1968) and Coulter et al (1986), drawing on a spectrum of published 

and original data on Lake Victoria found that fish eaters formed singly the greatest assemblage 

of fishes followed by insect larva and pupae eaters, two categories of mollusk eaters, then cichlid 

embryo and larva eaters and, finally, zooplankton and benthic Crustacea eaters. 

 

 The assemblage of zooplanktivorous haplochromine ciclids in the Mwanza Gulf of Lake 

Victoria was chosen for special study by Goldschmidt et al (1990), because there was a huge 

overlap of the species in morphological characteristics.  Species were, however, restricted to 

certain horizontal and/or vertical zones; those showing little horizontal separation did so 

vertically and/or by a diet difference.  Species pairs segregated along at least one of the 

traditional niche axes: space, food, and time.  Some species mixed zooplanktivory with 

utilization of chironomids, others with detritus, or blue-green algae or diatoms.  Some consumed 

zooplankton by day and Chaoborus larvae at night.  Goldschmidt et al suggested that the failure 

of other workers to find between species food separations may have been due to inadequate 

sampling.  They noted that in other systems niche separation of zooplanktivorous fishes on the 

basis of habitat has also been noted (for example, Ross 1986).  Van der Meer et al (1995), 

finding differences in retinal morphology of cichlids, and unable to otherwise explain this, 

suggested that they may be linked to subtle differences in prey selection. 

 

11.8.4 Recency of the Victoria radiations and specializations 

 

 Lake Victoria has come under renewed scrutiny in later years.  If it is recent then the 

remarkable fish fauna can only be very recent as already spelled out.  There is convincing 

geological evidence that the lake was much smaller 14,000 years ago (Kendall 1969; Livingstone 

1975, 1980; Stager et al 1986) that it may have dried out completely about 14,700 years ago, and 

only refilled 12,000 years ago (Johnson et al 1996).  Also that if Victoria dried up the 

surrounding area would also have been desiccated.  This would have denied the surroundings as 

a survival area.  If this data is correct, the fish radiation would be very recent. 

 

A short geological history for Lake Victoria is not what would be inferred from the 

considerable morphological diversity of its fishes, with representation of 7 families plus the high 
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diversification of the cichlids (Fryer 1997, Nagl et al 2000).  However, from their genetic studies 

of Nagl et al (2000) argue that ancestors of the Lake Victoria species flock, which were 

presumably trophic generalists, must have lived in East African river systems in reproductive 

isolation from other haplochromine populations for at least 1.4 million years.  From this, series 

of sub-populations would have separated in close succession 100,000-200,000 years ago.  Could 

the late rapid radiation could have been facilitated because many of the ecological niches were 

already occupied by polymorphic representatives of the original colonizers. 

 

 More recently, Verheyen et al (2003), on the basis of phylogenetic analyses of 300 DNA 

sequences, have concluded that the Lake Victoria cichlid flock was actually derived from the 

geologically older Lake Kivu and that two seeding lineages became previously lake-adapted 

here.  Haplotype analysis showed that the recent dessication of Lake Victoria did not lead to a 

complete extinction of the ciclid fauna.  The major lineage diversification in the lake apparently 

took place about 100,000 years ago.  Moreover, the cichlids of Lakes Victoria, Edward, George, 

and Albert form a monophyletic superflock.  Two of the forms must have originated from 

Tanzanian rivers near Lake Rukwa. 

 

 The fast radiation of Lake Victoria haplochromine Verheyan et al explained by descent 

from lacustrine, possibly already diversified, ancestors.  Alternative evolutionary mechanisms 

such as atavisms and retention of ancestral genetic programs could have been a factor in the 

rapid origin of morphological novelties and repeated phenotypic diversification it was suggested. 

 

11.9 Resource and tropic systems of the Rift Lakes fishes, some features 

 

 The lakes of Tanganyika, Malawi, and Victoria emerge as diverse and dynamic systems. 

An evolutionary pathway, or variation, may characterize one lineage and not another.  Functional 

use of these characters needs to be determined by experimenting - see Chapter 9.  
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11.9.1 The speciation problem, the case for allopatry 

 

It is widely accepted that speciation in Rift lakes fishes has followed the 

isolation/differentiation species by allopatric model.  This could have occurred by isolation in 

entrant streams, in other adjacent lakes, or in different lakes of the lakes themselves.  There is a 

close linkage of species with specific substrate types.  To rocky dwellers stretches of sand are a 

barrier, especially in poor dispersing fish of species (Greenwood 1974).  Predation is also a 

major factor in confining vulnerable species to restricted areas.  Lake changes in the distribution 

of habitats have been advanced as a historic separating factor.  For example, between 200,000 

and 75,000 years ago Tanganyika dropped to 600 m below the present level (Tiercelin and 

Mondeguer 1991). 

 

Rossiter (1995) presents a later summary of potentially improtant factors in speciation.  

He suggests that a complex interaction of physical and biotic factors could have led to second, 

tertiary, and subsequent, isolations and radiations.  The existence of intra population colour 

forms demonstrates that microhabitat evolution in important.  Assortative mating and sexual 

selection may have had a role in divergence (Dominey 1984; McKaye et al 1984).  Complicating 

the overall picture is the fact that DNA studies sometimes show evolutionary branching distinct 

to morphology (Sturmbauer and Meyer 1992).  Speciation events have sometimes been rapid and 

frequent (Rossiter 1995).  The origin of only 200-300 years for cichlid colour forms is suggested 

(Owen et al 1990). 

 

 The tropical regions of the world have undergone dramatic hydrological shifts in the last 

10,000 years (Barker et al 2001; Gasse 2001).  This stemmed from a considerable variability of 

the monsoon involving different time scales and for different reasons (Gasse).  Included in the 

latter are changes in the eccentricity of the Earth's orbit.  On the basis of oxygen isotope, sea 

level temperature change, and other data, it can be regarded as established that a climate much 

wetter than today occurred from about 11,500 to 5,500 years ago.  A higher Northern 

Hemisphere summer insolation then strengthened the African monsoonal circulation.  The result 

was a much wetter climate in northern and equatorial Africa.  Shallow lakes and green 

landscapes characterized the Sahara whilst in semi-arid and arid parts of East Africa large deep 
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lakes stored huge volumes of freshwater (Gasse 2001).  The humid period terminated about 5500 

years ago (Barker et al 2001).  Successive dry and humid episodes followed, including three 

periods of severe drought the longest occurring about 1645-1715, as shown by cores from Lake 

Naivasha, Kenya. 

 

 This climatic history indicates that there were considerable changes in the distribution of 

land and water int he African Rift Valley in later times.  Drainages must have been thus 

subjected to drastic environmental events.  Lake shrinkages and expansions, isolations and 

junctions, drainage junctions and severances must remain partly in the realm of speculation.  

However they may underlie many of the faunal replications. 

 

11.9.2 Sexual selection not interspecific competition as the dominant factor in the 

production of large numbers of species 

 

 The complexity of species ecological relationships in the African Rift lakes have led later 

workers to question whether speciation has occurred allopatrically and whether interspecific 

competition could be the factor initiating, and maintaining, species differences.  Models, partly 

based on theory and partly on genetic factors (microsatellite markers) have been advanced in an 

attempt to explain lake forms (Wilson et al 2000; Shaw et al 2000).  More recently it has been 

suggested that sexual selection has been the major driving force behind speciation in 

haplochromids (Galis and Metz 1998; Danley and Kocher 2001).  According to this reasoning 

females chose mates on the basis of colour morphs, leading to reproductive isolation and the 

simultaneously small differences in feeding behavior characteristic of sibling species.  The idea 

is attractive but it fails to explain why females should spontaneously select different color 

morphs.  If they all preferred the one, then the process would not be differentiation.  The concept 

inappropriately plays down a central role for ecological specialization.  This is difficult to accept.  

Danley and Kocher (2001) correctly point out that the strength of competition for both trophic 

and reproductive resources invites evaluation. 
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11.10 Radiations from single stocks “species swarms” in isolated lakes 

 

 The radiations of single lineages, in the absence of competitors, in remote lakes (most of 

them tropical) potentially offers interesting insights into how fish might initiate the subdivision 

of space and food resources.  Major examples of "species swarms” are found in the African Rift 

Lakes as detailed: Cyprinidae in Tana (Ethiopia); Cyprinidae in Lanao (Philippines); Oryzinae 

(killifishes) in Titicaca (Andes); and in cottids in temperate Lake Baikal (Asia).  (See also here 

the data on cyprinids in Lake Biwa, Japan (Kawanabe 1996). 

 

11.10.1 Lake Tana and its Barbus species flock   

 

 Lake Tana (area, 1350 – 3500 km2;  maximum depth 14 m;  mean depth, 8 m), situated in 

the northwestern highlands of Ethiopia at an altitude of 1800 m, is Ethiopia’s largest lake.  It was 

formed, probably about 2 million years ago, by the volcanic blocking of the Nile (Nagelkerke et 

al 1995).  Tana, has at least 13 discrete morphotypes of large Barbus, representing a previously 

unrecognised species flock (Nagelkerke et al 1994).  

 

 Associated with the Barbus in Tana are cichlids (Oreochromis), clariids (Clarus) a 

balitorid (Nenacheilus), the cyprinid genera Garra and Varicorhinus, and at least two species of 

smaller barbs.    

 

 Designation of the morphotypes of Barbus followed analysis of 17 morphometric 

characters using canonical discriminant analysis.  The features separating the members include 

several directly related to feeding:  mouth angle, gape height and width, lower jaw width, snout 

length, protrusion angle and length, cranial depth, presence/absence of barbels, orbit diameter, 

body-depth, and caudal peduncle length.  Some members reached a body length of 850 mm and 

weight of 12 kg.  Morphologically intermediate individuals, that could represent hybrids, made 

up less than 10% of the catches (Nagelkirke et al 1994).  Reproductive distinctness has not been 

tested but is assumed.  The morphs differ in their distribution, spatial occurrence, and depth and 

substratum types occupied. 
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Alimentary canal analyses of the species showed that each morph had a characteristic 

diet.  Specialized piscivores occupied one end of the spectrum.  Other species utilized different 

items along the gradient:  zooplankton, mollusks, benthic insects, plant material, and substratum 

detritus.  Surprising for a cyprinid assemblage was the importance of fish in the diets.  The 

stomachs of one morph contained only fish;  in two individuals they exceeded 90% of intestinal 

content volume, one 70%, and two, 40%.  Three others had smaller percentages of fish in their 

stomachs.  Only five of the total 13 morphs contained no fish (Negelkerke et al 1994).  The 

piscivores predictably had shorter intestines and anterior barbels, smaller jaw protrusion lengths, 

while the gapes, premaxillary angles and protrusion angles are significantly larger, resulting in a 

relatively large terminal mouth.  The morphological diversity of the Tana morphs parallels that 

found in diversified cyprinid assemblages elsewhere in Lake Victoria Haplochromus, 

(Greenwood 1984a, b;  Witte et al  1990, 1992;  Nagelkerke et al 1995). 

 

11.10.2 Lake Lanao, Mindanao, Philippines   

 

This small lake (area 357 km2, maximum depth, 300 m, height above sea-level, 700 m, 

with extensive shallow areas, and a simple bottom was formed by the laval damming of a river.  

An age of 10,000 years has been suggested for it (Kornfield and Carpenter 1994).   

 

 Prior to anthropogenic change Lanao supported 18 species of within-lake closely related 

cyprinids.  The stock was obviously derived from Barbotes binotatus (Pontius binotata), a 

versatile primary division cyprinid that invaded the southern Phillipines by way of Borneo and 

the intermittent island chain (Herre 1933).  The only other fish present in the lake was an eel, that 

migrates in and out from the sea, and the cyprinid Ophiocephalus striata which may have been 

introduced by man. 

 

 The concept of “explosive speciation” advanced for the Lanao fauna has, however, been 

challenged by Reid (1980) who argues that numbers of the species could predate the formation 

of the lake and that the credited figure of 18 species may be excessive. 
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 Herre, the discoverer of the Lanao radiation, is the only worker to study on the endemic 

cyprinid assemblage before it became disrupted.  The largest of the endemic species reached 250 

mm.  Four closely related species lived in clear deep water at 5-15 m where there were "forests" 

of Potamogeton.  One species was restricted to the deepest waters, and several others lived in the 

muddy, weed-entangled bays.  Most interesting was an inhabitant of the “boiling eddies” and 

“swirling mad torrents” of the exit streams.  It had an extra elongated upwardly curved spatula 

shaped, and fleshless lower jaw.  No dietary studies were ever carried out on the Lanao 

cyprinids.  Their contained information has been lost. 

 

11.10.3 The Lake Titicaca and Andes Orestiinae 

 

 Highland temperate Andean steep-sided and deep Lake Titicaca (7600 km2;  maximum 

depth, 281 m) presumably had its beginning in the Miocene as part of the tectonic movements 

leading to the formation of the Altiplano. Until the Pliocene Titicaca was presumably only a few 

hundred meters above sea-level; uplift to its current elevation occurred as part of the violent 

uplift phases of the Pleistocene.  It has been a basin in internal drainage ever since (Brooks 

1950). The lake is populated by a single subfamily of cyprinodonitids, the Orestinae.  Long 

considered to represent a single lineage, Parenti (1984), has recognised at least 9 distinct 

monophyletic lineages in the 43 species in the Orestiinae, half of which are endemic to Titicaca.  

Lauzanne (1992) has concluded that there seems to be 19 valid species with five species having 

not been seen in the last fifty years. 

 

 Seven littoral species in Puno Bay, Titicaca, studied by Northcote (2000) showed marked 

differences in abundance, use of wide ranges, temperatures, diel activity, and season.  There was 

large variation between the species in trophic morphology (gill numbers, their spacing and 

length; pharyngeal dentition, and alimental canal length).  Diet variability was modest.  Five 

species ate hylallid amphipods and aquatic insects, and one mainly snails and clams.  

Filamentous algae were found in only one species. 

 

 An earlier analysis of stomach contents of various species by Tchernavin (1944) 

suggested considerable diet separation.  The largest species, up to 250 mm in length, had/evolved 
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to be the piscivore of the assemblage.  Possibly entry into the herbivore niche by the Orestiinae 

was handicapped by the huge populations of larval toads, but this was never studied. 

 

11.10.4 Lake Biwi 

 

 Japanese Lake Biwi is Pliocene-Pleistocene in age.  It has gone through at least 8 phases 

in its history.  The present lake has an age of about 430,000 years (Rossiter 2000).  There are 70 

endemic species with the 11 fish species accounting for 20%. 

11.10.5 The Lake Baikal cottids 

 

 Baikal (51° 43 – 55° 46 N;  103° 44 – 109° 37 E), long axis 636 km, breadth 25-79 km, 

area, 31,500 km2;  watershed, 540,000 km2;  maximum depth, 1741 m;  mean depth, 740 m;  is 

the world’s second deepest lake.  It lies in a deep northeast – southwest cleft and is probably 

Miocene in age.  Only 3% of the bottom is in the 0-5 m depth range;  6-10 m, 1.77%, 10-20, 

2.47%, greater than 250 m, 80.97% (Kozhov 1963).  The fish radiation has occurred, hence, in 

the virtual absence of a littoral zone.  Linked to its cool temperatures the lower regions of Baikal 

are fairly well oxygenated, in contrast to Tanganyika.  The deeper sections and sublittoral have a 

very rich and diversified zoobenthos.  The unique endemic fauna of Baikal has been the subject 

of extensive studies (Kozhov 1963;  Kozhova and Izmesteva 1998; Sideleva 2000).   

 

 Baikal has 58 fish species, including 10 genera and 37 species of cottids (Side Leva 

2000).  There are 30 genera in 15 families. 

 

The cottids are highly diversified in body shape, and include long-bodied forms.  One 

group, the Comephoridae, have been given family status.  The two Comepharus are scaleless, 

glassy-dull in appearance, and translucent as living individuals;  the heads are large, pectoral fins 

over-long (reaching half the length of the body) and the lateral line system is well developed. 

 

 The cottids species show inshore/offshore and depth zone separations and regional 

clumping. The two species of Cottocomephorus are pelagic in the coastal belt and spawn in the 

shallows.  Comephorus inhabits the mass of water of open Baikal.  It is a live bearer.  These 
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pelagic plankton-eaters share this resource with coregonine Coregonus autumnalis migratorius 

(Kozhov 1963).  Their juveniles feed on Epischura and the adults on amphipods and the larvae 

and young of Cottocomephorus. 

 

 The Baikal fish fauna has been derived from four origins.  These are: Eurasian (12 

species and subspecies); Siberian (9 species and subspecies); endemic (31 species) and 

introduced. 

 

 Sharing Baikal with the cottids are representative of diversity of wider-ranging Holarctic 

groups.  These are Perca flavescens, Esox lucius, two species of cobitid, five cyprinids, three 

salmonids, the gadid Loto lota, and Acipenser bari (sturgeon) – see Brooks (1950);  Most of 

these are little different from populations of the species elsewhere and, hence, later invaders or 

have continued to make reproductive contact with other lake faunas.  It can be presumed that 

Baikal’s cottid fauna is ancient and represented, initially, a radiation in isolation in response to 

an underutilized resource base.  Unfortunately the trophic ecology of these, especially relative to 

that of the other fish families remains under-explored.  It would be interesting to know if, 

originally, there were more cottid species. 

 

 Groups that have radiated spectacularly in Baikal are amphipods with 257 described 

species (Takhteev 2000). 

 

11.10.6 Species swarms in lakes, summary 

 

 Rapid evolution and radiation shows that, under favorable conditions, in the absence of 

competitors can occur. 

 

The species swarms of the tropical African Rift lakes, Tana and Lanao, and temperate 

Lake Titicaca, have involved striking radiations of individual lineages apparently, in some cases, 

in a short pace of time. Each of the cases represents an independent radiation from stem stocks of 

single (?) colonists.  There is a commonality in the basic adaptive kinds of fishes produced 

(planktivores, piscivores): availability of these roles is characteristic of lakes generally. The 
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Baikal radiation is somewhat different.  Here, morphotypes almost as distinctive as some found 

in the deep sea.   

 

11.11 "Secondary division" marine-derived freshwater fish systems 

 

 Some land areas of the world, because of isolation by sea (Australia, New Guinea) and, in 

some cases, secondary extinctions (Australia), lack primary freshwater fish species.  Their rivers 

and lakes, hence, have been colonized and are utilized by secondary, marine groups.  

Colonization has obviously occurred progressively over long periods of time (Australia).  All 

such systems are depauperate.  Data on secondary division marine-derived species is 

unfortunately primitive and minimal. 

 

 Marine-derived assemblages can include endemic genera which, in a few cases, have 

been given endemic family status.  Variation on community structuring is indicated by some 

members being brackish water dwellers or seasonal up-river migrants from the sea.  Some 

ecological roles are occupied by development of stages of marine species.  Young marine snook 

(Centropomus undecimalis) is the piscivore in small Belizean rivers (personal observation). 

 

 Marine-derived freshwater fish communities potentially provide material on how 

freshwater fish systems may develop from the sea.  Since freshwater faunas have been 

supplemented by marine species throughout evolutionary time the subject is of inherent interest. 

 

 Major freshwater systems exclusively occupied by secondary and peripheral division 

freshwater fishes, and marine species, include Australia, central America, the large West Indian 

Islands, and Madagascar.  The faunas of Central America have been discussed in a 

biogeographic and evolutionary context by Briggs (1984) and Rosen (1976, 1985). 

 

11.11.1 New Guinea and Wallacea 

 

 New Guinea represents a particular rich tropical environment with large rivers 

approaching some of those of South America and Africa.  It can be anticipated that the same 
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ecological opportunities are present.  The island is at the eastern end of a faunally depauperate 

chain of islands extending eastwards from Wallace's Line.  The intermediate sea has been an 

absolute barrier to the rich Asian ichthyofaunas.  

 

 Borneo on the southeast Asian continental shelf and only recently isolated, has over 300 

species of primary freshwater fishes in 12 families and Java 100 species in 12 families (Lowe-

McConnell 1991). Major centers of radiation occur, however, in Borneo.  The widespread and 

adaptable cyprinid genus Rasbora has 9 species in Kampuchea and southern Vietnam, 18 in 

Malaya, 22 in Sumatra, 18 in Borneo, but only 3 in Java (Brittan 1954;  Inger and Chin 1962; 

Cranbrook 1981; and Kottelat et al 1993).  The Homalopterinae have 7 species in Malaya, 13 in 

Sumatra, 7 in Borneo, 5 in Java.  The Gastromyzontinae are absent from Malaya, Sumatra, and 

Java but have 8 species in Borneo (references in Cranbrook 1981).   

 

Long isolated Sulawesi, beyond Wallace's Line, and newer part of the Asian continent 

has only two primary freshwater fish species, both probably introduced by man, and a few 

secondary fishes (cyprinodonts, a synbranchid and vicarious atherinids).  Lombok has 5 species, 

three probably introduced by man (Lowe-McConnell 1991; Kottelat et al 1993).  The cyprinid 

genus Rasbora, with several species on Bali is represented by a single species on Lombok and 

Sumbawa, and on the Zamboanga Peninsula of Mindanao.  Puntius (also a cyprinid) reaches 

Lombok, and the catfish Clarias batrachus also extends along the Lesser Sunda Chain.  The 

Sulawesan populations of Ophicephalus striatus and Anabas testudineus, and Clarias, are 

equipped with accessory air-breathing apparatus but are also considered to have been dispersed 

by man (Cranbrook 1981). 

 

 Contrasting with Borneo and the depauperate marine-derived freshwater fish faunas of 

New Guinea and Australia (Munro 1967).  Most of the 28 families are of marine origin and occur 

as such from the Mekong to Australia (Mekong Committee 1976; Yen and van Trong 1988; 

Coates 1993).  
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 New Guinea as a whole has a freshwater fish fauna of only 316 native fish species:  of 

these 102 are believed to have a marine larval stage and are widespread outside of New Guinea, 

including northern Australia (Allen 1991). 

 

 To appreciate the differences between a depauperate large-island secondary division 

ichthyofauna of New Guinea and one from the contrastingly rich and diversified Asian primary 

division one the faunas of the great tropical Fly of southern New Guinea, and Kapaus in Borneo 

can be compared (Roberts 1978, 1989). 

 

 The Fly River, the largest river in the Australian region has an annual volume of water 

flow exceeded only by the Amazon and Congo.  There is diversity of fish habitats that includes 

montane headwaters, mid reaches, estuaries, and associated swamps and lakes has 103 fish 

species (Roberts 1978).  Roberts found a degree of linear replacement with 20 upstream and 17 

downstream within genus counterparts.  Only thirty-one marine families were represented; 

thirteen of these being represented by single genera and species, and four by genera with two 

species.  The sea had supplied a very high diversity of lineages and different ecomorphological 

types.  Subsequently radiation however, has been minimal.   

 

Dominant in the Fly fauna Roberts found, were the marine catfishes, the Ariidae with 8 

genera and 13 species, and Plotosidae with 5 and 7.  The Gobiidae were represented by 4 genera 

and 8 species, Eleotridae by 8 and 10, Clupeidae by 3 and 4, Engraulidae by 3 and 8, Atherinidae 

4 and 5, and Theraponidae 1 and 5, and Melanotaeniidae by 2 genera and 4 species. 

 

 Habitat use patterns have not been studied.  Stomach contents of the New Guinea ariid 

catfishes however, contained food types as follows:  Arius leptuspis – terrestrial and aquatic 

insects, mollusks, crayfish, fish, higher plants, and detritus;  A. cleptolepis – almost a great a 

diversity but more fish taken;  A. carinatus – aquatic Hemiptera, prawns, cuculionid larvae;  A. 

angustus – fish;  Hemipimelodus macrobynchus – higher plants, fruits and terrestrial insects;  

Cinetodus froggatti – mollusks;  Neytoma dayi – Culicoidas larvae and some chironomids;  

Cochlefelis spatura and C. danielsi – almost exclusively prawns.  Amongst the Plotosids 

Tandanus ater ate snails, aquatic and terrestrial insects, prawns, oligochaetes;  T. equinus large 
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aquatic insects (Hemiptera, Coleoptera);  Oakysys oaoyebsus – small prawns (Caridinia) 

terrestrial insects but no mollusks;  Oloplotusus luteus – small aquatic insect larvae.  Amongst 

other groups the clupeid Clupeoides papuensis (like some African members) was piscivorous, 

but also took ostracods and small insects.  The engraulid Thryssa scratchleyi was a giant 

piscivore.  The osteoglossid Scleropages consumed terrestrial insects like beetles and 

grasshoppers, plus small prawns. 

 

 The hemiramphid Zenarchopterus novaeguineae took a great variety of small terrestrial 

insects, including ants.  The melanotiid Nematocentris rubrostriatus ate aquatic insects such as 

larval trichopterans, ants, and filamentous algae.  The atherinid Craterocephalus randi contained 

small aquatic insects, filamentous algae, and bits of plants.  Specimens of Therapon fuligionosus 

(Theraponidae), 350 mm long, contained flowers, leaves, pulpy seeds, and a fish.  A mugulid  

Liza diadema had a mud-filled gut and was obviously a bottom grubber. 

 

 Five species thus proved to be insect generalists, three specialized in sectivores, two were 

prawn eaters, one a molluskivore, one an omnivore, one a terrestrial plant herbivore, and one a 

specialist psicivore.  Studies were limited to larger-bodied fish. 

 

 The ichthyofauna of the other great New Guinea river system, the Sepik in the north has 

been reviewed by Allen and Coates (1990), and Coates (1993).  Its marine derived fauna shares 

the basic features of that of the Fly but is even more depauperate, largely lacking Australian 

elements with only 35 instead of 77 species.  Its species diversity is for low even by Australian 

standards.  Coates attributes this to three factors.  These are: (i) a historic biogeographic one, the 

marine derived fauna having evolved ecological characteristics for life in estuaries, but with 

modes of reproduction that have limited the colonization of floodplains; (ii) the youth of the 

Sepik (and Ramu) systems; and (iii) the absence of most of the 18 families of Australian fishes.   

 

Coates discovered a virtual absent of fish species subsisting on extraneous resources 

(fruits, leaves, seeds).  This contrasts with the situation in Amazonian River tributaries as 

discussed.  Here 70, 100, and 60 species, respectively, used this resource at a site sampled by 

Goulding (1950).  Coates accounted for the difference in terms of the recency of the Sepik 
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colonization and to the marine fish not being adapted to this resource.  Moreover, detritivores, 

algivores, and macrophyte feeders are also absent from New Guinea systems.  In the Rio Parana 

in South America a single detritivore makes up 60% of total fish biomass (Bowen 1983).  

Subsequently, the introduced herbivore Tilapia, Oreochromis mossambicus and carp, have 

established huge populations by using these resources.  This confirms that the way of life was 

available but continued to be exploited. 

 

 In contrast to the Fly and Sepik is the rich Kapaus River, Borneo, with a freshwater fish 

fauna of 290 species in 120 genera and 40 families (Roberts 1989).  The Fly has 77 species, the 

Sepik 35. The ichthyofauna of the Kapaus is a true Asian primary division one.  Morphological 

types and resource use differ completely to that of the New Guinea rivers. Specialized and 

distinctive Asian continental lineages abound. There are numerous small and minute species in 

contrast in New Guinea.  Thirteen species of the herbivorous Osteochilus occur, Rasbora 

axolrodi rivals the Amazon tetras in its striking red and blue colors; something also lacking in 

New Guinea.  There are catfishes that structurally resembled dead leaves.  Many species have 

highly individual feeding habits.  There are specialist ant-eating halfbeaks, scale-eating chandids 

and, most surprisingly, a morphologically highly specialized small Rasbora-like 

phytoplanktonophagous cyprinid (Pectenocypris balaena), with 200 elongated gill-rakers on the 

first arch.  A considerable diversity of mouth shape types occurs.  Two large piscivores, the 

cyprinid Macrochirichthys and silurid Beladontichthys, are structurally specialized for lunging 

upwards at prey.  Present, in some other tropic ichthyofaunas is the development of unculi, horny 

projects arising from single cells of the epidermis, mainly on the lips bit also on fins: in the 

former they presumably functioned in scraping (Roberts 1982). 

 

 The Kapaus ichthyofauna, with its rich diversity of morphological types of fishes, 

behavioral specializations, and species ecologies, represent a "balanced" primary division 

freshwater assemblage. At least 10 species of Kapaus fishes in 6 families Roberts found to be 

oral brooders, a further parallel with tropical Neotropical and African tropical communities, 

whereas the habitat is rare elsewhere. Vaas (1952), however, showed many Kapaus species to be 

omnivorous, taking a range of plant and animal foods.  The Gombok River fauna of mainland 
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Malaysia derives much of its food (fruits, leaves, terrestrial insects) from allochthonous sources, 

and do many Amazon fishes.   

 

11.11.2 The Australian freshwater ichthyofauna 

 

 Australia, an ancient low-arid continent with an archaic marsupial fauna and southern 

plants like the Proteaceae has a marine-derived freshwater fish fauna.   It is impoverished.  Only 

two elements are apparently primary division fishes.  These are the lungfish (Neoceratous 

forsteri, Dipnoi) and, with the only other lungfishes in South America and Africa, it can qualify 

as a survivor of Gondwanan times, and the osteoglossid Scleropages.  The latter was widely 

extra-territorially distributed during the Tertiary, but today shares only a single species in 

Malaysia.  The Lepidoglaxiidae (one species), Galaxiidae, and Retropinnidae may be old 

southern freshwater elements but their historic relationships are uncertain.  Allozyme 

electrophoresis (of muscle extracts) has shown that the members of one galaxiid, Galaxias 

maculatus, which occurs in South America, New Zealand and Australia, share a common gene 

pool (Berra et al 1996).  Late trans-oceanic interchange is, hence, suggested. 

 

 A comprehensive biogeographic analysis of the origin and relationships of the Australian 

freshwater fish fauna is provided by McDowall (1981).  The fossil record shows that several 

lineages have occupied Australian freshwaters since early in Tertiary.  Analysis of the 

fragmented Eocene fish fossils is awaited.  The Percichthyidae and Australian “perches” or 

grunters, Teraponidae, and Gapodsidae (freshwater blackfishes) fit the criteria of very early 

colonizers of Australia from the sea.  Various families of Australian freshwater species are Asio-

Pacific, or cosmopolitan.  Some lineages have produced freshwater forms in Australia in far 

greater degree than elsewhere.  The atherinids are represented by one endemic genus and 8 

species.  The clupeids, as on other continents, have freshwater forms in Australia.  Very 

important and widespread in Australia and New Guinea, as noted, are the catfish families Ariidae 

and Plotosidae.  Given the long continental history of Australia it can be assumed that some 

modern marine forms either originated in Australian freshwaters or went through an evolutionary 

phase here.  McDowall (1981) suggests that the ariids being marine and plotosids are secondarily 

freshwater. 
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 The depauperate nature of the freshwater fish faunas of Australia has been exaggerated 

by aridity.  A major loss of earlier elements presumably occurred as the continent drifted north to 

its present latitudes and became dry post Miocene.  Arid central Australia, with its now dry 

“ghost” rivers, supported lungfish, crocodiles, and flamingos, as recently as the Pleistocene. 

 

 Figures for the Australian freshwater fish fauna given by McDowall (1981) are:  families 

28;  genera 74;  and species 171.  Thirty genera and 122 species are Australian endemics.  Thirty 

three genera and 35 species are shared between Australia and New Guinea.  The faunal figures 

have since been elevated slightly by the discovery of more endemics (for examples in desert 

springs), some of which remain unnamed.  Lake (1971), in listing 182 true freshwater fish 

species notes that an additional 49 marine species sometimes occur in fresh water.  McDowell 

(1981) notes that 50% of total species belong to seven families (Ariidae, Plotosidae, 

Melanothaeniidae, Atherinidae, Teraponidae, Eleotridae and Gobiidae).  There are 19 glaxiids, 

11 plotosids, 13 melanotaniids, 11 atherinids, 20 teraponids, 33 eleotrids, and 15 gobiids. (Lake 

gives 28 of the latter.)  Where multiple members of a family occur in an ecosystem (several go 

by species commonly co-occur) they belong to these families.  In their occurrence many species 

are limited to single drainage systems (see maps in Whitley (1959), and Lake (1971)). 

 

The overall ichthyofaunal impoverishment of Australia is shown by the largest drainage 

basin, the Murray-Darling have only one 27 true freshwater species, and about 3-4 that are 

seasonally estuarine (P.J. Unmack, personal communication).  Eastern coastal rivers usually have 

up to 30-36 species (for example, Pusey et al 1993, 1995; Pusey and Edwards 1990). 

Surprisingly, the vast area of arid central Australia with very high summer temperatures, 

sporadic rainfall, and frequent droughts has 11 families and 33 native (and now 8 introduced) 

fish species.  This stems from Cooper’s Creek, that drains much of the center, and much of the 

time being limited to extensive chains of waterholes having over 20 species, and many of the 

desert springs having endemic species (Unmack 1998).  Many of these endemics show special 

adaptations for desert existence.  A close relationship of rainfall to breeding applies widely in 

land Australian fishes. 
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The high proportion of families to species in Australian freshwater systems, with so many 

of the former marine, indicates that these faunas have been built up by a large number of 

individual colonizations from the seas into ecologically “unsaturated” environments.  Since 

families are differentiated on morphological distinctness that co-occurrence should be favored by 

belonging to different families.  How "pre-adapted" these “marine” morphologies were for 

freshwater systems at time of colonization is a moot point.   

 

 At a regional level, whilst a few families have radiated and are represented by many 

species, the fish associations are commonly composed of a preponderance representatives of 

single families.  The relative rich North Queensland Mulgrave and Johnstone River faunas with 

36 species, are made up of representatives of 20 families:  13 of these are represented by single 

species and four by two species.  In the Annan River, Cape York, Hortle and Pearson (1990) 

recorded 25 species, 14 of which were principally fresh water forms;  species richness was 

related to stream size and species richness increased downstream.  The fauna included six 

carnivorous, four omnivorous, three algivorous or detritivorous, and one piscivorous species.  

Southern stream faunas have fewer species, for example six species in three families in 

southwestern Australian sites (Pusey and Edwards 1990).  These have simple habitat use 

patterns, with permanent and temporary sites contrasting in their species compositions.  As in 

other studies dietary data is lacking, or minimal.  There was dietary separation on the basis of 

chironomid larvae, zooplankton, and terrestrial insect prey:  diet overlap levels were variable 

(Pen et al 1993).  No comprehensive within-community feeding studies have yet been carried out 

on Australian fish assemblages.   

 

 There have been limited habitat use studies. In their study of the four fish species 

inhabiting Dalhouse Springs in central Australia Kodric-Brown and Brown (1993) found that the 

number of species related to spring area.  The smallest species (a goby) was restricted to dense 

vegetation in extremely shallow areas, the next largest (a gudgeon) had inhabited deeper water.  

There was an open water school-dwelling pelagic species (the hardyhead, Craterocephalus, 

Atherinidae), and a widespread exclusively bottom feeding nocturnal catfish (Neosilurus).  In 

North Queensland coastal rivers Pusey et al (1995) found that the fish species related to position 

within the catchment, substrate composition, degree of cover and water depth, and related 
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temporarily to changes in type of environment available.  Flooding had very little effect on 

individual species relations with preferred habitat.  Species richness increased downstream in 

some rivers but not others.  

 

11.11.3 Madagascar 

 

Madagascar (area 1592 x 576 km, the third largest island in the world, and only 300 km 

from Africa) totally lacks the dominant rich and diversified freshwater fish elements of Africa 

like Siluriformes, Characidae, Mormyidae, Cyprinidae, and Polypteridae.  There is only half the 

number of families found in Africa or India.  The total endemic fauna consists of 43 species, 32 

freshwater and 11 euryhaline species, grouped into 28 genera and 10 families (Kiener and 

Richard-Vindard 1972).  Dominant are the two secondary division cichlids and cyprinodonts.  A 

large group of marine families are represented by euryhaline species.  It has been suggested that 

the relationships of the cichlids is like that of both Africa and India (Kiener and Richard-Vindard 

1972;  Briggs 1987).  At any event, either Madagascar was presumably isolated too early to have 

been colonized by later primary division fish species, or there was secondarily extinction during 

an arid phases.  Space use and dietary studies on Madagascar fish are lacking. 

 

11.11.4 The Central American system 

 

 Central America has 104 fish species in 18 families but the middle region has only 27 

species in 5 families.  This emphasizes the continuing bottlenect to dispersion along the Isthmus 

since its formation in the Pliocene.  The major fish groups are the killifish (82 species in 23 

genera) and cichlids (84 species in 6 genera) for Central America as a whole (Briggs 1984, 

1987).  Northwards from South America 5 catfish families have penetrated north to Panama and 

Costa Rica (Bussia 1987), a sixth (Pimelodidae) to Mexico and one characid has reached 

Mexico.  However, southward colonization of Nearctic fishes has been much less.  The major 

problem of interchange is that the coastal rivers are east-west, or west-east, not between south 

and north;  they are short and swift-running.  Only secondary division fishes can negotiate along 

the coastline.  Adequate resource division data on Central America freshwater fish assemblages 

is not available.   
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 In summary, data on the marine-derived, secondary division freshwater fishes of the 

world, beyond providing a catalogue and noting some superficialities provide little insights into 

these communities, or on how resources are divided.  The availability of adjacent marine biotas 

is obviously a constraint on radiation. 

 

11.12 Tropical freshwater fishes verses temperate ones: adaptations and species carrying 

capacities 

 

11.12.1 How old are the tropical radiation? 

 

 The freshwater fishes of South America and Africa are tropical, those of the North 

Temperate faunas temperate adapted.  All continents have great rivers, South America lacks 

large lakes.  All have series of distinct regional faunas.  Since these partly replicate faunas they 

increase the continental diversities.  Southern and northern continents are populated by quite 

different fish groups.  These lineages obviously have had a long history of different adaptations.  

Fundamental adaptations (at the phylogenetic level) must be considered in weighing features. 

 

  A remarkable feature of the tropical ecomorphological types is that they have some 

apparently arisen in systems that are geologically relatively recent.  Equivalent structural types 

have been produced in different families in the different lakes (Kassam et al 2003).  The 

mechanisms of the origin of "species flocks" in tropical lakes like Tana, radiations that re 

geologically relatively recent, invite better study.  Did they arise by sympatric speciation 

(Chapter 12), or by sexual or ecological selection.  What, and how, did selective pressures apply. 

 

11.12.2 Species coextence mechanisms 

 

 Most of the more basic space use/resource cropping mechanisms of lake fishes are 

universal.  Tropical fishes generally exhibit finer resource division patterns.  This applies to body 

morphology specializations, habitat specializations, courting behaviors.  Food specializations, 
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may be more modest.  There is a limit in different slates of prey available: in aquatic systems.  

There are additional "feeding guilds" in the tropics (for example, scale eaters). 

 

 Additional "exotic" food types only increased species carrying capacities to a certain 

degree.  The marked development of herbivory and detritivory in tropical fishes has been noted.  

Piscivory, presumably mainly at the partial level, characterizes a disproportionately high 

proportion of tropical fishes.  This is an expression of the large number of prey fishes species 

available, and the occurrence of small-bodied species. 

 

11.13 Morphological species, extreme specializations to minor modifications 

 

 This has been well documented with focus on the bizarre types (see illustrations in 

various publications including Lowe-McConnell.  The most striking morphological diversities 

and specializations occur in dentition (see "classic" diagram of Fryer and Illes 1972).  Associated 

with mouth form and dentition are structurally adapted insectivores, molluskivores, a crab eater, 

a zooplanktivore, algae-scrapers, a pedophage, and piscivores with varying developments linked 

to this (van Oijen et al 1981; van Oijen 1982).  Pharyngeal dentitions reflect diet.  These are 

sometimes exaggerations in gill raker systems for dropping phytoplankton.  Very small-bodied 

species occur.  Notwithstanding this main Rift lake fishes retain generalized morphologies (for 

example, Ruber et al 1999).   

 

11.14 Habitat and space use specializations 

 

 As documented habitats and space use patterns vary considerably and at a find level - see 

documentations by Brichard (1978), and Barel (1983a, b) for Tanganyika, and Greenwood 

(1981) for Lake Victoria.  A striking feature, not found in the North Temperate systems is the 

whole fauna of species associated with a particular substrate type.  See here the 16 rock dwellers 

of Mwanza Gulf, Victoria that involves seven distinct feeding types: insectivores, moluscivores, 

a crab eater, a zooplanktivore, algae-scrapers, a pedophage, and a piscivore (van Oijen 1982).  

Likewise sand-mud areas may have clusters of species, as do the shoreline and pelagic areas. 
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 Habitat specializations of species are sufficiently clear-cut to be predictable.  Trawling of 

an area in Tanganyika showed cler habitat separations in terms of pelagic zone, rock, snad-shelf-

mud substrate, river dwellers, swamp plus river dwellers, torrent species, benthic feeders, and 

habitat generalists (Brichard 1978; Barel 1983).  In turn species may be closely linked to depth 

int he offshore zone. 

 

 In the tropical rivers there are, of course, some habitat types, absent in the north, for 

example, the floating meadows and sandbanks of the Amazon. 

 

11.15 Additional "feeding guilds" in the tropics 

 

 Workers (for example, Fryer 1959a, b, 1977, 1992; Fryer and Illes 1979) have listed how 

tropical systems support additional feeding levels (for example, scale eaters).  Feeding guilds 

are: 

1. Phytoplanktivores.  A few cichlids (Tilapia spp.) specialize on phytoplankton.  They 

have micro-gill-rakers (micro-branchiospines).  Some algae eaten are only a few microns in any 

dimension, but the precise method of extraction remains largely unresolved.  The fish do not 

posses cellulose digesting enzymes.  (The gastric fluid of Oreochcomis niloticus and 

Saretherodon melanotheron have a pH of 1.4 allowing these species to digest cyanobacteria 

(Osman and Caceci 1991).) 

 

2. Deposit feeders and detritivores.  These obtain planktivorous algae from the sediments. 

 

3. Epilithic algae feeders.  These crop the rock-clinging algae.  They show varying degrees 

of dental specialization.  The more specialized small-bodied Pseudotropheus tropheops (Malawi) 

characteristically has eight rows of marginal teeth.  Material scraped up is carried into the mouth 

by currents and passed back to be combined by the pharyngeal structures.  This category is 

highly variable in jaw form and dentition. 

 

4. Periphyton collectors.  Here epithetic algae are scraped off plants. 
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5. Leaf choppers.  These fish have robust dentition, which is comparable between the 

species. Alimentary canal length relative to diet has been plotted for a range of trophic types of 

Fryer and Illes (1972).  Their measured showed, as follows:  gut length to total length ratio 

carnivores, 0.3 – 1.2 times;  omnivores 0.8-3.0;  and herbivores, 1.5-8.0.  See a review of this 

subject in Amazon fishes (discussion later) in Povilly et al (2003).   

 

6. Mollusk eaters.  The characteristically crushing teeth that may, alternatively, be located 

in the pharynx or on the marginal teeth.  In species having the latter the jaws tend to be short and 

broad. 

 

7. Benthic invertebrate feeders.  These variously may pick up prey from the algal mat or, 

in the case of the specialized long-snouted Lethringops furcifer obtain chironomid prey by 

plunging the snout deeply into the sand.  As elsewhere there are many of these. 

 

 Various authors have found that most tropical fish species take insects at some times in 

their lives. 

 

8. Zooplanktivores.  These are prominent in spite of the relatively depauperate zooplankton 

faunas.  In the Haplochromis of the northern part of Malawi feeding is by rapid projection of a 

“mouth tube” by depression of the lower jaw (for example, as in H. eucinostomus).  The 

alternative method of plankton feeding, filtering by gill raker screen is widely used.  Cynotilapia 

afra of Malawi, related to the rock fishes used an outer row of long widely spaced teeth at the 

jaw margin to snap zooplankton and chironomid larvae. 

 

9. Piscivores.  These characteristically have streamlined, not infrequently, slender bodies 

capable of rapid propulsion through water, large eyes, wide gapes, and short and sharp 

backwardly directed teeth.  The neurocranium and lower jaw are sometimes extended forwards 

and are somewhat narrowed.  There are huge members of species in this guild, as noted.  Many, 

of course, also crop some other resources. 
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10. Scale eaters.  This habit has evolved several times in the three major lakes, i.e. in 

Plecodus and Perissodus in Tanganyika;  in two species of Corematodus in Malawi, and, in 

Victoria, by Genyochromis mento and a Heplochromus.  In Genyochromis the specialized 

dentition, (a prominent outer margin lined by a row of sharp teeth that are pushed under the scale 

of the victim), has apparently been secondarily developed from a rock scraper dentition.  Scale 

eaters commonly also take aquatic insect larvae.  The degree to which insectivory is developed 

variously between species.  It is usually most marked seasonally to scale-cropping during the 

overcrowding period of low water.  There is an ontogenetic factor.  Differentiation of the teeth 

and jaws in larger fish favor it (Peterson and Winemiller 1997). 

 

11. Fin biters.  Genyochromis mento is an occasional fin-eater. 

 

12. Egg and embryo stealers.  Five to seven species of Haplochromus in Lake Victoria and 

certain cichlids in Malawi utilize this resource. 

 

13. Eye biters.  Haplochromis compressiceps feeds this way along with taking other foods.   

 

Many feeding guilds support only a few species.  Hence, they do not add greatly to the 

number of additional species that systems can support.  The guild categories of diet usage have 

arison independently in different systems and from various lineages.  

 

11.16 The problem of diet separation 

 

 Along with the records of species having restricted diet specializations is a evidence of 

co-occurring species sharing the same diet within assemblages. Individual species separate out 

on diet (for example, Takamura 1984; Reinthal 1990) or diet overlaps between species may be 

great.  Indeed, whole series of species may share the same diet (Fryer 1972; Reinthall 1980).  

Corbet found that in 26 species studied by him, diets were shared, but cropping was from 

different substrates. 
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 It must be stressed that all of these studies are limited to small data sets so conclusions 

might not be valid.  Diet overlaps have been documented as exceptionally high, between the 

members of guilds, 0.54 to 0.81 (on a scale of 0-1) or be of course only 0.05 to 0.26.  The former 

figures are of somewhat exaggerated by the low level of taxonomic resolution used.  However, 

commonly fish species do not seek different prey species but share whatever is most abundant 

(Chapter 2). 

 

11.17 Ontogenetic diet forms 

 

 Since growth is rapid in tropical systems and fish may spend a relatively short period of 

their lives as small individuals ontogenetic forms within species do not reach the importance that 

they do in temperate areas.  Difficulties in netting young fish and stronger interest at the species 

level have limited data sets.  Venezuelan piscivores are initially insectivores (Winemiller 1989; 

Winemiller et al 1995).  A parallel example for Africa is provided by Alestes macrophthalmus in 

Lake Bengweulu (part of the Congo drainage) in Zambia.  This species is planktivorous as a 

juvenile, adults up to 146 mm live inshore on insects, and the larger adults (that are mostly 

females) live on small cyprinids offshore (Bowmaker 1969).  In a Sri Lankan reservoir 

community fo fish Piet (1998) and Piet and Guruge (1997) found that ontogenetic dietary 

changes accounted for 75% of the variation on the first principal components axis, this being the 

dimension on which size classes differed. 

 

11.18 Polymorphic forms in tropical systems 

 

 The occurrence of polymorphic forms in a species may function (since intraspecies 

competition is reduced) in permitting higher population levels or, alternatively, polymorphs may 

represent a phase in speciation (Chapter 9).  Polymorphism occurs in both tropics and temperate 

fishes.  Some well documented cases of polymorphism in tropical systems have been 

documented. 

 

The "classical" case of tropical dimorphism is that occurring in Ilyodon (Goodeidae) in 

Cuatro Cienegas, Mexico (Kornfield and Koehn 1975; Sage and Selander 1975).  There is a 
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"small tooth" form with papilliform pharyngeal dentition with relatively narrow head, slender 

pharyngeal jaw, and long intestine and a “large tooth” form with molariform pharyngeal teeth, a 

wider head, relatively shorter jaw, and short intestine.  Stomach contents show the former to be a 

plant, the latter a gastropod, feeder.  Polymorphism is well developed in cichlid species in the 

African Rift Lakes assemblages; where numerous species exhibit morphological modifications of 

the pharyngeal dentition and apophysis of this type (Greenwood 1953, 1981;  Hoogerhoud et al 

1983).  Greenwood (1979) noted that polymorphisms in African and Central American cichlids 

both necessitated a reconsideration of species limits and that polymorphic forms, could represent 

incipient speciation.  Polymorphism was discussed in some detail in Chapter 9. 

 

 The evidence that some of the ecomorphology (and color) types have arisen by sexual not 

ecological selection has been noted.  Problems of speciation in tropical forms will be discussed 

in the final chapter. 

 

11.19 Tropical verses North Temperate systems, comparisons 

 

 Tropical freshwater fish faunas can be viewed at two levels in attributes compared to 

those of other systems, including North Temperate ones, and as unique and effusive evolutionary 

systems.  Both necessarily are outgrowths of the characteristics and opportunities of the Tropics.  

Temperate and tropical systems, of course, contrast with the depauperate marine derived, 

"secondary" freshwater fish systems. 

 

 Tropical and North Temperate systems share basic attributes.  There is a division of 

littoral and limnetic habitats and fish faunas, and some association of fish species with substrate 

type.  Basic insectivorous, planktivorous, piscivories, and herbivorous types of fishes occur.  The 

last category is much more developed in the tropics.  There is little difficulty in defining the 

"distinctive niches" in northern fishes.  In the richer tropical regions, separations may be more 

vague.  Species netted together may have the same prey types in their stomachs.  Whether, or 

not, this applies at different times and under different circumstances, invites consideration.  Diet 

overlaps are certainly marked in some tropical systems. 
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 Much of the discussion of tropical forms related to the remarkable attributes of the Rift 

Lake fishes of Africa.  The faunas are characterized by a remarkable galaxy of morphological 

feature.  These specializations fit species for a diversity of roles, and create divisions not seen in 

temperature fish faunas. 

 

 The diversity of body forms and gross and fineness of structures associated with feeding 

in tropical fishes is legend.  (At the same time as Rossitter (1995) point out commonly the 

extreme features do not deny the fishes a generalized and adaptive role.)  Resource partitioning is 

considerable but there may also be marked trophic overlap in species to the extent that two 

species seemingly share a common diet.  Rossiter (1995) correctly notes that diet overlaps should 

be regarded as sharing an abundant resource, not being related to competitive or between-species 

interactions.  More extravagantly developed in the Rift lake fishes, is ecological separation 

behaviorally.  Species in piscivore Lepidiolamprologus alternatively catching prey by stealth or 

pursuit, approaching horizontally within the rocks, or darting vertically downward (for example, 

Hori 1987). 

 

 Spatial partitioning at a microhabitat level is important in Rift Lake fishes.   A major 

difference between temperate and tropical systems, because of the highly seasonal of the former 

system, is a dominance in the former of age forms.  A longer-loved northern fish will be 

represented by series of discrete size groups.  These may be (partly) ecologically distinct 

(Chapter 6).  In the tropics, where growth is more continuous and there may be multiple 

spawnings, the occurrence of distinct age classes is less obvious. 

 

 The contrasting environments of the North Temperate and tropics initiate a whole series 

of biological differences in members of the two faunas.  Among these are limited feeding to 

warmer periods of the year.  Breeding is seasonally using limited tropical form feed (if only off 

and on) all year.  Some breed all year.  In tropical river systems, in lieu of alternating cold winter 

inactivity and warm summer life, there are the monsoon systems with very extensive flooding 

that have a huge impact on fish life. 
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Figure 11.1  Specialized mouth forms in Lake Malawi fishes.  Slightly modified from Fryer and Illes (1972). 
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Chapter 12 

EVOLUTIONARY, TROPHIC, THEORETICAL ISSUES 

Keywords: Interspecific Competition, Communities, Space Use, Food Web 

 

 In this final Chapter, it is now appropriate to consider some general and, especially, 

theoretical issues relating to lake fish faunas and trophic dynamics.  A wide net has been cast 

with an objective of including important peripheral components as well as the main theme of 

resource utilization.  Pertinent theoretical issues will be reviewed in a historic framework to best 

provide a balanced treatment.  Included are long-standing subjects like the role of interspecific 

competition in species evolution, the link between form and function, whether natural systems 

are structured or not, and "ecological speciation".  In a brief summary at the end it will be asked 

if space use and trophic systems are the same in aquatic fish and terrestrial vertebrates. 

 

12.1 Faunas and ecological species 

 

 In broader framework the structure and development of North American freshwater 

fishes is characteristic of that of continental vertebrate ones elsewhere.  A small nucleus or 

archaic forms persists within massive Tertiary and Pleistocene radiations.  There is a dominant 

endemic element.  Supplementation of lineages has occurred slowly and progressively by 

colonization from adjacent continents.  Each species has its own habitat and diet.  These dictate 

spatial occurrence.  Regionally clusters of species coalesce in characteristic ways to form 

regional faunas.  Data such as that produced here shows how kinds of species co-occur and how 

they differ ecologically. 

 

 What new insights do the newer data sets provide on the nature of fish species, how 

potential resources types are divided and how species acquired their ecological features in the 

speciation process?  Certainly some aspects of basic fish species ecology are now better 

understood.  The data, however, shows the nature of species ecologies to be much more complex 

than earlier believed.  This certainly applied to the "species niche" concept.  Whilst each species 

has an "identifiable niche" but quantitative definition often proves to be elusive.  Some species 

have readily identifiable diets, others vary with opportunities.  Some species are limited to 
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narrow habitats; others use a blend of different substrate types of even occur in both lakes and 

streams.  Physiology and morphology come into distributions.  Explanations must, in these cases, 

must involve painstaking ecological and experimental analysis.  Understanding "specialists" as 

against "generalists" is a challenge. 

 

 The alluring classical concept of "one species, one niche", meaning that each member of 

a fish species assemblage is clearly ecological separated, is challenged.  The issue is confounded 

by newer data that many fish species are ecologically plastic – although this does not extend 

beyond degree.  Demonstration that polymorphism may be widespread in fish species, that is that 

some species are represented by more than one ecological and micro-morphological type, is also 

a newer finding.  Ontogenetic forms with partly different ecologies, explored in detail in this 

book further confuses the classical concept of "ecological niche". 

 

12.2 The ecosystem concept in water and land systems 

 

 In this book the writer has freely used several terms.  “Ecosystem” and “community” are 

examples.  These are general, utilitarian terms in wide use.  Most investigators have a clear 

concept of what they think them to be.  Yet, in these days of greater precision some writers have 

challenged the validity of these systems.  At the danger of the unnecessary, I briefly define 

“ecosystem” and its history. 

 

 Organisms occur as members of “ecosystems”.  The term refers to the loose assemblage 

of physical and biotic factors that relate to an area.  It makes it possible to readily refer to such a 

situation.  The term “ecosystem” was introduced by Tansley (1935), who wrote “It is the system 

so formed which, from the view of the ecologist are the basic units of nature on the face of the 

earth.”  O’Neill (2001) notes that Tansley confessed to being influenced by physical concepts.  

Marin (1997) warned against seeing ecosystems as physical entities.  Marsh (1864) and Gleason 

(1926) are credited with anticipating the concept.  Marsh noted that nature is relatively constant 

and when disrupted, will return to a former state.  Forbes (1925) wrote that northern systems are 

a microcosm, “a relatively closed, self-regulating system and archetype ecosystem” (quoted by 

O’Neill 2001).  Odum (1953) defines the ecosystem as a “natural unit that includes living and 
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nonliving parts interacting to produce a stable system in which the exchange of materials 

between the living and nonliving parts follow circular paths”.  Various authors have considered 

aspects of this concept, the networks component by Higashi and Burns (1991), geographic 

borders (Rowe and Barnes 1994, Jax et al 1992, O’Neill 2001).  Examples from aquatic systems 

have been predominant at all levels of discussion. 

 

 The concept of “ecosystem” has been heavily criticized, particularly from regarding it as 

a “supraorganism”.  Ecosystems are not cybernetic systems, regular components are lacking, and 

the segments do not provide systematic information (Engelberg and Boyarsky 1979).  

Ecosystems (and communities) do not represent a major transition in evolution: they lack 

individuality and separation from other entities (Maynard Smith and Szathmary 1995), but see 

Johnson and Boerlijst (2002).  Johnson et al (1998), agreeing that it is difficult to prove that 

evolution is occurring, argues that strong interactions occur as shown by pollination and 

predator/prey systems.  He supports the view of Patten (1975) that “the system can be taken to 

consist of biotic and abiotic components that change and evolve together, and the term 

ecosystem implies a unit of co-evolution”. 

 

 In his review, O’Neill (2001), allowing the utility of the looseness of the ecosystem 

concept reiterates its limits which must be kept in mind: 

1. The alleged predictability can be dismissed as a prophesy. 

2. It is not spatially closed.  The assumption that feedback loops and interactions necessary to 

explain dynamics occur within boundaries is false:  even lakes are subject to strong external 

events and influences. 

3. Systems are not spatially homogeneous, most are heterogeneous.  Obviously steep transition 

zones (ecotones) are a monitoring problem. 

4. Ecosystems are commonly defined by species lists, or designated by the presence of 

dominant species with definable roles.  The dilemma introduced by the substitution of 

species is not commonly acknowledged. 

5. The role of natural selection in systems, basic in ecological thought, is undermined by the 

assumption of species substitutability.   
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6. Stability is a scale, not constant factor.  While the concept handles small and natural 

variation adequately, it fails to adequately consider major disturbances. 

7. The concept is only a convenient approach for organizing ideas. 

 

We can all accept these objections about “ecosystem” without losing the validity of this 

useful term.  The originators never claimed the features the detractors raise.  They will continue 

to be highly useful, bearing in mind they are not meant to be precise.  The concept remains 

fundamental to ecological thinking. 

 

12.3 Interspecific competition 

 

12.3.1 History of the interspecific competition concept, a review 

 

 Interspecific competition, meaning that species mould each other's ecology by 

competing, has long been seen as the dictating factor shaping the species niche, species division 

patterns, and the structuring of communities.  The history and nature of this subject hence, must 

be reviewed in detail, despite some biologists feeling that this subject has already been over-

reviewed (see Chapter 2). 

 

 The interspecific competition as a concept goes back at least as far as Darwin (1959).  He 

suggested that competition represented a selective force in evolution and that it determined 

species presence/absence in a community.  Furthermore, he rationalized, competition will be 

much greater between congeners that between other species.  Subsequently Grinnell (1904) 

suggested that two species with similar diets (food habits) cannot co-occur in a given region for 

long: one will eventually crowd out the other.  Clements (1916) argued that communities are 

structured by interactions.  Gleason (1917, 1926), however, saw co-occurrence patterns as being 

commonly dictated by other factors.  Quantitative support for the competitive exclusion 

"principle", as it subsequently became known (Hardin 1960), subsequently came from the 

mathematical model of Volterra (1926), and the laboratory experiments of Gause (1934).  These 

placed competition on a fairly firm, if greatly oversimplified, theoretical bases (Pianka 1983 

review). 
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 By the 1940's interspecific competition concepts had become a linchpin of ecological 

thought.  In 1944, the British Ecological Society held a symposium on "the ecology of closely 

allied species" in which various eminent speakers, including Elton, Lack, and Varley, expounded 

a range of evidence that competition is a major factor in the structuring of animal and plant 

communities - and see also early papers of Lack (1944, 1945, 1946).  The Gleasonian view, 

however, had powerful advocates (Anonymous 1944, May 1984).  These argued that the 

mathematical and experimental approaches introduced by the others were grossly oversimplified 

and omitted many other relevant factors such as sources of energy, mobility of organisms, the 

role of predators, ranges of species tolerance, dispersal, and the componenets of structure and 

growth. 

 

 Much of the ecological literature in the 1950's and 1960's was built around the 

interspecific competition and niche-exclusion concepts (MacArthur and Levins 1964; Levins 

1968; Roscigno and Richardson 1965).  Focus was not only on what mechanisms permitted 

species co-occurrence but on how much ecological overlap between species a system could 

permit.  In allopatric speciation studies (Mayr 1942; Keast 1961; and others) saw interspecific 

competition as the mechanism that consolidated ecological differences in evolving species. 

 

 The competition literature has now developed on what John Wiens calls the well-worn 

tenets of competition theory.  Many have considered competition as a centrepiece of ecological 

thought.  Rickleffs (1975) has written: "few ecologists doubt that competition is a potent 

ecological force or that it has guided the evolution of species relationships within communiities".  

Diamond (1979) stated that few ornithologists questioned the widespread role of competition.  

Pianka (1983), however concluded: "although competition is presumably central to numerous 

ecological processes and phenomena, current understanding of competitive interactions remains 

inadequate from both theoretical and empirical points of view".  Wiens (1989b), responding to 

criticisms of the inadequacy of the competition concept stressed the need to keep separate the 

concepts of "theory" and "process".  The former may be correct but the interpretation wrong, or 

vice versa, he concluded.  The notion that equilibrium and optimization are associated with 
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competition stems from predicted population-level consequences of the species interactions 

Wiens (1989b) suggests. 

 

 During the early MacArthur era, workers thought of communities as being rightly packed 

assemblages of species with all potential "niches" being filled.  Acknowledgement that 

communities are impacted by a multiplicity of factors has eroded this view. Slododkin (1961) 

provided a balanced assessment of the issue.  Nevertheless, there is evidence that interspecies 

competition may sometimes be a factor in shaping species ecologies (Diamond 1975; and Grant 

1986). 

 

 Many investigators by contrast, have failed to find any evidence of interspecific 

competition in the groups they have studied (Andrewartha and Birch 1954; Wise 1984; Lawton 

1984).  Wiens (1977; 1989a) stressed a fact overlooked by many earlier investigators, that 

competition cannot be a selection factor in "open" systems that is ones where animals can avoid 

competition by moving to other habitats, where food resources are not limiting, and in seasonal 

situations where resource bases and potential trophic interactions fluctuate (Chapter 5).   

 

Various fish workers have drawn on tangential information on how related species are 

segregated as proof of competitive exclusion.  For example, Ross (1886), in an extensive review 

of the fish literature, concluded that for 37 fish associations on which data was available in 32% 

species separation was on habitat, 57% on food, and in 11%, temporal separation was most 

important. 

 

The fish literature is rich in theoretical discussions of competition theory.  An assessment 

by Grossman et al (1982) weighed the alternative issues on the subject.  They weighed the 

arguments by the four theories than have been advanced for co-occurrence.  These are: (i) the 

deterministic school of thought that assemblages are generally in equilibrium (or succession) 

with species avoiding competition by biological accommodation; (ii) the scholastic school that 

seems the physiochemical environment as rarely stable enough to allow equilibrium (for 

example, Andrewartha and Birch 1954; Besson and Warner 1981); (iii) the argument 

competition no longer has influence but represents a lingering persistence of factors, that is 
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competition is "the ghost of competition past" (Connell 1980); and (iv) competition may be 

important but its effects are sporadic (Wiens 1977).  Grossman et al (1982) concluded that it is 

simplistic to suggest that assemblies are regulated by any one variable.  They sought to test the 

four ideas in streams with 27 fish assemblages over a 12-year period.  A convincing lack of 

persistence for compositions, abundances, and occurrence of trophic types, was found.  It was 

concluded, then, that regulation was by stochastic factors. 

 

The work of Grossmann et al stimulated much disagreement in fellow stream fish 

workers.  Yant et al (1984) suggested that interpretations were biased because the authors 

suggested the options most likely to show variability.  Their study stream may not, hence, have 

been typical.  A re-analysis by them, however, showed a level of constancy.  Rahel et al (1986) 

commented that whether or not regulation is seen may depend on the definition; whether an 

assembly is seen as persistent, or not, will depend on the ecological characterization of the 

species used to define the assemblage.  Herbold (1984) argued that the lack of species 

consistency in the assemblages was an artifact of falsely combining, in the analysis, two distinct 

habitat groups of species, ripple-dwellers and pool-dwellers.  It was wrong, then, to say the 

assemblages were not different from random.  Gorman (1986) subsequently discounted the 

Grossman et al (1982) conclusions because: (i) the particular stream chosen for analysis was 

inappropriate because of relative position in the drainage system; and (ii) the fact that many 

species migrate upstream seasonally was not taken into account. 

 

 It is inferred that spatial species separation is initiated by the need to avoid competition.  

(Biologists, when they cannot readily see why species are separated spatially are very fond of 

loosely attributed it to "competition".)  Cases are documented of increased diet separation being 

related to food shortage (Nilsson 1955; Zaret and Rand 1971).  Throughout our studies diet 

overlap icnreases when multiple species converge to exploit a newly abundant food type. 

 

12.3.2 Communities  and interaction of fish species within these 

 

 Species occur, and interact, within the confines of associations or communities.  With 

their entrance fish contribute specific morphological and ecological types fashioned for 
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particular roles and interactions.  A particular kind of habitat might be expected to provide 

predictable ecological opportunities and roles.  Expressed alternatively, if community structures 

are products of natural selection then similar selection pressures by similar environments should 

produce the same solutions: communities should be replicable (Cody and Diamond 1975).  

Replicability would be achieved both by outside recruiting the right "types" and by internal 

evolution.   

 

 Morphology and way of life in fishes has been the subject of Chapter 9.  It can be asked, 

that if there is any reality in communities being a "supraorganism", then would not convergent 

evolution apply to them? 

 

 Relative to the first issue it can be noted that specialist ecological roles demand particular 

morphological structures for example, gill raker screens for planktivore fishes, large mouth for 

piscivores; chemosensory structures for nocturnal catfishes.  Workers who have sought to 

measure morphological characters relative roles results have, however, found results to be 

equivocal.  See here the work of Gatz (1979, 1981) on North Carolinean stream fishes (some 

general correlations occurred), Tonn and Magnuson (1982) on Wisconsin lakes (who found 

occurrences were controlled by extrinsic, not internal, factors), and Mahon (1984) studies North 

American and European stream fishes.   Mahon found no convergences. 

 

 Lately the question of whether natural selection occurs at the community level has been 

taken up by Johnson and Boerlijst (2002).  They found that the hypothesis that communities 

represent unified transitions in evolution could not be sustained.  They allowed that the 

combined effects of spatial self-structuring and greater likelihood of relatedness among proximal 

that in individuals could encourage the occurrence of features necessary for community total 

selection.  They failed, however, to document any satisfactory examples. 

 

 Most studies on convergence at the community level have been carried out on birds 

(Amadon 1973; Cody 1973, 1975; Blondel et al 1984; Wiens and Rotenberry 1981; Niemi 1985; 

Leisler and Winkler 1985; Homes and Recher 1986).  Cody and Mooney (1978) have set the pre-

conditions for convergence between communities as follows: (i) the environments and selective 
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regimes in the different areas be comparable; (ii) there is sufficient time for responses to evolve; 

(iii) confusing historical events be absent; and (iv) the populations must have the genetic 

potential to respond in similar ways. 

 

 After reviewing all the bird literature, Wiens (1989a) came up with similar conclusions as 

the fish data (i) evidence for community evolution is equivocal; (ii) notwithstanding this, there 

are some suggestions of a degree of this occurring; (iii) convergences seem to be more common 

in low-diversity communities than rich ones: a greater diversity of species are less likely to 

produce new clearcut adaptive types; and (iv) taxonomic differences in faunas may impose 

fundamental constraints.  Convergent evolution in a comparable direction, irrespective whether it 

involves structure, physiology, or habits is only partial, he concluded.  These findings support the 

conclusion that interspecific competition is not a dominant factor in community structuring. 

 

12.3.3 The combination of species in communities: the concept of acceptable and non-

acceptable entrants 

 

 For species to interact they must be confined to an area, there must be a diversity of 

resources so that some specialization can be achieved, resource support in the present and future 

have to be provided.  Given the long history of freshwater systems it goes without saying that 

there has been plenty of time for associations of comparable species to combine.  Conditions for 

species to secondarily live together to achieve a viable association have been suggested.  

Examples have been documented for island birds.  Needed are:  (i) a source; (ii) capacity for the 

potential colonizer to reach the area; and (iii) once there capacity to co-occur with the original 

inhabitants (MacArthur and Wilson 1967; Diamond 1975; Lack 1976; Wiens 1989a).  Lack 

(1976), working with the birds of Jamaica argued that species with similar foraging habits to 

those of pre-existent residents would be excluded by a competition gradient.  A variant to this 

rationalization is the "taxon cycle" that postulates that, given time, an earlier colonizer can 

differentiate to the extent that a later wave can now establish (Wilson 1961; and Rickleffs and 

Cox 1972, 1978).  Wiens (1989a) sees no reason why these establishment principles established 

for islands should not apply to mainland aquatic communities.  There are common elements to 

the arrangement of species: clustering in time and space, assemblages are commonly stable, and 
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combinations of species are repeatable in similar environments.  Interspecific competition 

potentially has a role here - see, for example, fish data in Svardson (1976), and Nilsson (1963, 

1967).  The molding of communities may, thus, not be defined by a few definable factors but by 

the simultaneous operation of multiple factors (Quinn and Dunham 1983; Power 1992; Hunter 

and Price 1992; Rodriguez et al 1993; Pinel-Alloul et al 1995; Polis 1994). 

 

12.4 Morphological distance: minimum size separation 

 

 For two species to co-occur they must differ ecologically by a minimal "acceptable" 

degree earlier theorists argued.  The issue is of particular interest to the writers' diet difference 

studies.  Separations might be on habitat, diet, space use, use of time, or body structure.  The 

hypothetical difference should be measureable.  Martin Cody in his 1974 book "Competition and 

the Structure of Bird Communities" devotes some space to measuring degrees of ecological 

differences and ecological overlaps in members of communities.  Incorporated in his discussions 

were the "utilization curves" of MacArthur.  Results were expressed as indices, for example, 

along the Levins scale of from 00 to 1.0.  When dimensions are not independent multiple values 

were averaged, when independent they are expressed as a product (May 1974).  Data sets from 

birds showed members of communities overlapping ecologically at levels of from near 0 to about 

0.70.  For sake of convenience values of up to 0.20-0.25 (minimal overlap) were usually 

regarded as being of no ecological relevance, those from 0.25 to 0.50, moderate; above this, 

high. 

 

 The ecological significance of ecological overlap values remains of dubious value 

(Pianka 1983; Wiens 1989a).  The concept has high appeal, however.  A high resource overlap 

may mean, alternatively, that many species are attracted to an abundant resource, or that the 

resource is rare and many food-deprived species are competing for it.  Species, as noted 

characteristically overlap to varying degrees in different dimensions.  Only rarely however, have 

investigators truly measured the prey resource base to determine if it is limiting.  Precise 

statistical tests for comparing overlap value are lacking. 

 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

 

 

 In comprehensive studies of diet overlap values between diet species in some 20 Ontario 

lake and 12 stream systems (Brown 1977; Complak 1982; Keast 1977, 1978; Eadie 1982; Payson 

1982) values ranged from 0.1 to 0.8, with about a third being less than 0.20, and the bulk being 

in the 0.25-0.50 category.  These match the results obtained in bird and other animal 

communities (Cody 1974; May 1976).  Quantification of the zoobenthic and zooplankton prey 

resource bases relative to our fish studies (Chapters 5-7) shows that in a high proportion of cases 

in our Ontario fish systems greatest overlaps correspond to seasonal increases of specific prey 

types.  That is to say as repeatedly stated, multiple fish species are attracted to an abundant 

resource, and not competing for a declining one. 

 

 There is no such thing as "minimally acceptable diet overlap", in species co-occurrence. 

 

 The idea that co-occurring species may ecologically channeled in different directions by 

body structure (size) can be credited to Julian Huxley (Carothers 1986).  Body size, of course, is 

influenced by many processes, including by physiological ones (Peters 1983).  A competition 

factor does not enter here.  Hutchinson (1959) after considering body size differences in the 

members of a series of animal communities, concluded that co-occurring congeners differ in a 

critical adaptive factor (bill size, body size, jaw size) by an average difference of 1.00 to 1.28.  

Hutchinson was modest in the interpretations he put on this, suggesting that the funding could 

"tentatively by used as an indication of the kind of difference necessary to permit two species to 

co-occur in different niches but at the same level of the food web".  Morphological differences of 

this kind have been interpreted as representing a "genetic memory" of competition past 

(Rickleffs and Cox 1977; Schoener 1982). 

 

 Hutchinson's minimum morphological distance concept caught the imagination of 

biologists concerned with the structuring of communities.  Models were developed around the 

idea (Hutchinson and MacArthur 1959; MacArthur and Levins 1967).  Whittaker (1975) suggest 

that the ratio value should be extended to 2.0 since weight varies to the third power of length, 

and 1.33 = 2.2 weight.   The concept obtained support from workers in as diverse groups as 

reptiles, spiders, and birds (Brown and Wilson 1956; Pianka 1976; Pearson and Mury 1979; 

Schoener 1965; Diamond 1973; Cody 1974; and in various papers in Cody and Diamond 1975).  
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Diamond (1975) found that a 1.28 ratio applied fairly well in the size sequencing of co-occurring 

frugivorous pigeons in New Guinea, bill size being related to size of fruit eaten. 

 

 Many biologists, unfortunately, ignoring Hutchinson's caution, proceeded to use the 1.3 - 

2.0 size ratio as prima face evidence that animals were not competing (review in Eadie et al 

1987).  It was suggested that this figure represented the tightest possible packing on a single 

niche dimension of the size of food items (MacArthur and Levins 1967).  Diamond (1973) used 

ratios of 1.2 - 1.5, or more, as evidence that co-occurring animals did not compete for food.  

Alternatively, it was suggested that where the ratio did not occur there was inter- or intraspecific 

competition, for example, as in the successive instars of spiders (Enders 1976).  Oksanen et al 

(1979), inferred that certain species had disappeared from guilds of marsh birds because size 

differences between co-occurring species were much greater than 1.28. 

 

 The "minimum morphological size difference" concept was subsequently vigorously 

attacked, both at the statistical and "biological reality"  levels (Menge and Sutherland 1976; Horn 

and May 1977; Fagerstrom 1978; Maiorana 1978; Strong et al 1979; Roth 1981; Wiens and 

Rotenberry 1981; Simberloff and Boecklin 1981; Wiens 1982; Simberloff 1983; Levin 1983a 

and b; Tonkyn and Cole 1986).  Some of the criticism was trenchant: Horn and May (1977) 

suggested that the minimum size ratios could be duplicated in assemblies of recorders, wheels of 

bicycles, and even iron skillets.  Mairorana (1978) suggested that the ratios of 1.3 merely 

reflected human perceptive abilities!  The scorn is excessive!  Abrams (1983) suggests that the 

theory of limiting similarily may be more useful in explaining differences in species numbers 

than in trying to draw ecological meaning from level of overlap. 

 

 Simberloff and Boecklen (1981) constructed 28 null models to test claims in the literature 

that species assemblages exhibited either unusually constant, or large interspecies minimum 

distance ratios.  In most cases observed size-ratio distributions were indistinguishable from those 

generated by the null model.  Their conclusion that little evidence exists to support the model 

initiated debate and considerable re-examination of the data with other authors initiating null 

model analyses of their own (Diamond and Gilpin 1982; Case 1983; Case and Sidell 1983; 

Colwell and Winkler 1984; Schoener 1984).  Toft and Shea (1983) and Losos et al (1989), and 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

 

 

also Simberloff and Boecklen (1981), and the other authors because the null models generated 

lacked statistical power.  Losos et al (1989) then reanalyzed the criticisms of Simberloff and 

Boecklen by combining results from samples within studies, thereby increasing statistical power.  

They concluded that in many cases evidence for Hutchinsonian ratio was quite strong, even on 

the basis of Simberloff and Boecklen's own tests.  They also dismiss the assertion of Eadie et al 

(1987) that the Hutchinson ratio was an artifact of the underlying log-normal distribution of 

species sizes because their results do not provide a method for testing whether ratios are either 

too constant or too large to be explained by random process.  They conclude by noting that 

several recent studies, including Case et al (1983), Schoener (1984), and Grant (1986) have 

provided strong corroborative ecological evidence that competition is the process causing many 

of these non-random patterns.  Even if so the underlying processes in size ratios (if such really 

occur) remain elusive. 

 

 Further undermining of the Hutchinson minimum morphological distance concept comes 

from observations that body size in animals is correlated with a wide range of "non-ecological" 

physiological, mechanistic, reproductive, behavioral and defensive factors, independent of the 

size of other species in the community (Calder 1984). 

 

 Northern fish communities combine a range of species with different body sizes.  In 

contrast of homeotherms they are represented by many body sizes.  They are composed of age 

classes with body lengths (at the end of summer growing season) ranging from 30-40 mm up to 

ten or more times this (Chapter 5).  Mouth sizes within species also have a wide size range. 

 

 Two factors limit the potential value of size trophic structures as "species characters" in 

fish.  Firstly, available invertebrate prey tends to be channeled until just 3-4 major size clusters 

(Chapter 1).  The mouth and pharyngeal structures in fish are generalized and not well adapted 

for tightly lurking predation to precise sizes of prey (Chapter 9).  In small passerine birds, there 

may be a close correspondence between bill and prey size.  Differences in bill length only 1.5 - 

2.0 mm have been shown to have selective value (Leisler and Winkler 1985; literature review in 

Keast and Recher 1997). 
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 The concepts of minimal ecological and morphological distance has been spelled out in 

detail here because, initially, the idea promised much in terms of documenting that animal 

communities are structured units.  It took nearly 20 years to finally prove that the concept is not a 

final predictor.  The huge number of papers produced, for and against, the idea provide an 

interesting demonstration of how tenacious a popular, logical, or convincing idea can be.  

Notwithstanding this the measures and calculations potentially are still worth while.  This applies 

to the original overlap question, in interpreting seasonal and age-linked shifts in diets, and in 

discussing wider ecological effects of different abundances in species.  The many issues raised 

by the reviewers can be threaded into rejecting the idea that interspecific competition is a 

primary factor in "organizing" communities. 

 

12.5 The search for a central integrator and organizer in natural trophic systems: energy 

flow dynamics (trophic cascades), food web concepts, and metabolism based models 

 

 The exploration and research for a basic organizer, or integrator, in aquatic systems has 

been a continuing objective.  Interspecific competition for resource allocation, despite as doing 

this by earlier investigators, has now been seen to only partly fill the requirements.  Contenders 

as the "central organizer" include energy flow dynamics trophic cascades - see Chapter 1), food 

chains (where species diets are locked together in a meaningful way), and metabolic systems.  

All three contenders have their enthusiasts.  For food webs Polis et al (1997) has written "Food 

webs are a central organizing theme in ecology".  Horn (2004) has suggested that metabolic 

modelling in organization has a "powerful and exciting" future. 

 

 The energetic concept of trophic systems, the food chains approach and metabolic 

studies, have great potential as supplements to studies at the level explored in this book.  They 

represent different strata of study and, hence are, at the present time, tangential to my 

approaches.  I hence, avoid the temptation of incorporating these approaches and my own in a 

broader synthesis at their present state of development.  A relatively detailed summary of them is 

provided for more completeness.  Remarks on them are limited to a brief comment on their 

potential as being the major "organizer" of natural systems. 
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12.5.1 Trophic cascades systems 

 

This subject has been explored in Chapter 1.  The central core of energy flow through 

ecosystems has long been appreciated.  As a "tight" predictable system organizer, however, the 

cascades system suffers from limitations.  One problem is the degree of "leakage" between the 

strata (Chapter 1).  Another, as amply demonstrated in the Ontario data, is that individual species 

cannot simply be slotted into predictable trophic levels.  Some species draw on two, or more, 

levels (for example, plant material and insects); others change stratum level use with age.  A 

huge complexity is, thus, introduced. 

 

12.5.2 The food web concepts, history and tenets 

 

 The food web approach in ecosystems organization theory represents a further relevant 

approach.   

 

The concept of food chain or food web is old.  Darwin (1959) regarded natural 

assemblages as being "bound together by a web of complex relations".  The theme, with 

discussions on complexities was subsequently was expanded by W.D. Pierce and colleagues in 

1912 and V.E. Shelford in 1913 - see discussions in Pimm et al (1991).  Elton (1927) thought of 

trophic interactions as food chains.  Lindeman's (1942), revolutionary trophic dynamic approach 

to lake ecosystems was a development of this Eltonian observation.  Hairston et al (1960) 

incorporated the food webs concept as a basic component of their "interaction ecology" thesis.  

Schoener (1989) in his review notes that the MacArthur school (MacArthur 1955) that 

dominated ecological thinking in the 1960's initially weighted food web concepts as a basic 

concept.  The subsequently abandoned their study in favor of the potentially more rewarding 

competitive and niche theory approach. 

 

 A food web is defined as the pattern of flows of energy and materials among organisms 

that results when some organisms eat, or are consumed by, other organisms (Cohen et al 1993).  

Webs provide insights into how systems work.  The basis unit in a food web is the trophic 

(taxonomic) species and the major element interconnectedness.  Webs are generally 
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diagrammatically expressed as maps where the thickness of the interconnecting arrows represent 

the "weight" of the relationship or relative amount of energy flowing.  Some enthusiasts, with 

dubious justification, have lauded food webs as the centerpiece of ecosystem models (Odum and 

Beaver 1984).  Polis et al (1997) have written: "Food webs are a central organizing theme in 

ecology". 

 

 A problem of contemporary food web theory is that workers do not all see them in a 

common way.  To Pimm (1982) tightness of the linkages between the components is central to 

the concept (vide predators and prey are closely coupled).  Juliano and Lawton (1990) however, 

interpret webs as simply representing patterns.  Oksanen (1991) points out that the trophic levels 

have been viewed in three different ways.  Followers of the systems ecology tradition view webs 

as relatively discrete and well defined units whose interactions cannot be derived from those 

between constant populations.  In the reductionist view they are seen as inappropriate 

abstractions that cannot be used to make formal predictions.  A third group, by contrast, has 

viewed the first three levels of autotrophic based ecosystems as reasonable but are devoid of 

properties that can be directly extrapolated to constant populations. 

 

 Trophic relationships within communities may be delineated in three ways Polis (1994) 

suggests:  (i) descriptions of connections specifying feeding links; (ii) quantifying the flow of 

energy through the community; and (iii) experimental dissections of communities to identify the 

stronger links and dynamically important species.  With such a focus he suggests, the abstraction 

of generalities and statistically described "regularities" among webs, and validating the 

predictions made from models might be achieved. 

 

 Workers have endeavored to project quantitative rigor into food web theory.  Paine 

(1988), for example, suggested that such could be achieved by first calculating the maximum 

number of possible binary connections in an assemblage of S, or S (S-1)/2, vide the number of 

observed trophic links (tL) is then converted to a connectance measure: 

C =          tL                , 

             S(S - 1)/2     
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or the fraction of total possible trophic connections that are actually observed in nature.  May 

(1973) considered connectance as an important factor in local stability.  Communities, he 

suggested, would tend to be stable if they satisfied the inequality i(SC)1/2 < 1; otherwise they 

would be unstable.  Here i indicates mean predator and prey interactions.   

 

The use of such formulae, intuitively appealing suffer, however, from problems (Paine 

1988); vide: (i) not all species are equally observable or interesting; (ii) species may be 

observable but so mobile that their residence  time is limited; (iii) occasional visiting species will 

occur;  (iv) species that exhibit size, age or ontogenetic stages in diet are widespread and not 

easy to position in the web; and (v) detail is lost in summary statistics.  Paine, acknowledged, 

that these observations have stimulated many works because "S" and "C" are easily extracted 

from published studies.  However, he points out, conclusions have commonly failed because the 

linkages postulated by workers are often idiosyncratic.  A second problem is that aggregation in 

larger groups in the analyses is unwarranted and disguises a trophically important connectance 

and highly variable.  Hence, although the validity of food web theory is not challenged "the 

notion of connectance as typically employed is not a sound basis on which to build a theory" 

(Paine 1983). 

 

 The literature on food webs is now immense.  Since the 1960's hundreds of food webs for 

a great variety of systems have been advanced.  See here the catalogues in Cohen (1978), Pimm 

(1982), Briand (1983), Pimm and Rice (1987), Cohen and Newman (1988), Cohen et al (1986, 

1990), Schoenly et al (1991), Persson et al (1995), Polis (1991) and Polis et al (1997).  In 1992, a 

special issue of the journal "Ecology" was devoted to food webs.  There have been several books 

on webs (Cohen 1978; Pimm 1982; Cohen et al 1990).  There has been considerable theoretical 

input using models.  Model theory has however suffered from the fact that a high proportion of 

the published webs that inspired them are inexact and over-simplistic (for example, Pimm et al 

1991). 

 

 In later years there has now been a major effort to improve the concept and quality of 

food web theory.  This has stemmed from the realization that the available food web data bases 

can only be of limited help in resolving basic questions about community organization.  
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Accordingly, 28 leading workers formulated a set of guidelines for further research in the area 

(Cohen et al 1993).  Recommendations included detailing of objectives, standardization of 

procedures, more explicit and exhaustive analyses, properly spatially delimiting the area being 

explored, stating the kinds of organisms to be examined, and quantifying impact and density 

links.  Very few published studies have satisfied these criteria, it was noted. 

 

 Some earlier workers theorized that food webs had features with wider ecological 

implications (see May 1986).  These were mostly extensions of the Elton (1958) ideas that: (i) a 

direct relationship occurs between web complexity and ecosystem stability;  (ii) in successional 

communities and environmentally disturbed ones steeply graded distributions of relative 

abundance are commonly seen, with few species dominating;  and (iii) in  a relatively 

undisturbed "climax" community relatively even distributions of abundance are typical.  These 

conclusions are now to be simplistic. 

 

 The study of stability in ecosystems has long captivated workers and it was earlier hoped 

that food webs might prove to be the fundamental way in which this is achieved.  May (1973) 

eventually rejected the premise that there was a link between food web complexity and 

ecosystem stability.  He did allow that systems may potentially be arranged into "blocks", which 

to a degree interact independently, and that under these conditions stability restrictions might be 

relaxed.  Pimm (1982), in turn, allowed that food webs might be compartmentalized along a time 

and habitat niche axis (but not within a community): this would allow increased species richness.  

Earlier investigators felt that species richness and stability were closely realted.  Moore and Hunt 

(1988), interested in the connectedness component of food webs, drew on the findings of May 

and Pimm to support their view that there may be more than one energy channel in a web and 

that species react more within energy channels than across them.  Energy channels, and habitat 

and time differences, it was argued, thus make food webs less constrained by connectedness than 

connectedness descriptions imply, and consistent with niche theory, serve to reduce interactions 

among species. 

 

 Smith (1972) concluded that trophic pathways contribute little to ecosystem stability and 

that stability might be an expression of spatial patterning in the environment.  De Angelis et al 
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(1989) made a case for nutrition limited food webs having an element of stabilization.  Food 

chain length, regarded as a central characteristic of ecological communities (Post 2002), relates 

to community structure, trophic interactions, nutrient cycling and primary productivity (Persson 

1999).  Elton had earlier observed that chains commonly consist of 4-5 links, that is energy 

passes through this number of species before being passed along to decomposers.  Analyses of 

catalogues by Cohen et al (1986), Briand (1983), Schoenley et al (1991), and Hall and Raffaell 

(1993) have concluded that maximum and average lengths are about 5-7 and 3, respectively.  

Warren (1989) came up with an average chain length of 3.8.  Since these are much shorter than 

found by some other authors a bias by including many small webs has been suggested by Hall 

and Raffaell. 

 

 Limit in the length of a chain has been held to be due to constraints of ecological 

energetics.  Alternatively, it has been suggested that food chain configurations, particularly long 

ones, are unlikely to persist because they are dynamically unstable (Morin and Lawler 1995).   

 

The general features of food webs as spelled out by later workers largely agree with 

predictions from models (Pimm and Lawton 1997; Pimm et al 1991; Pimm 1992).  These are (i) 

chain lengths are short, characteristically being limited to 4-5 trophic links; (ii) the average 

proportions of basal species (that is those that do not prey on others), intermediate species, and 

top species (that are not preyed upon from above), are general;  (iii) omnivores (populations that 

feed at more than one trophic level) are statistically rare (see Yodzis 1984); (iv) loops, as 

represented for example by two species or age classes of species variously consuming each 

other, are rare; (v) the ratio of predatory to prey species is less than 1.0; (vi) the proportions of 

trophic linkages between different kinds of species is repeatable; and (vii) "compartments", that 

is groups of species interacting independently, are lacking within a habitat (Pimm et al 1991).  It 

has also been suggested that the proportion of species of top predators to all species in a 

community ranges from 28-46% and that species interact directly, as predator to prey, with only 

2-5 other species. 

 

Later studies of food webs have produced more comprehensive and detailed examples.  It 

is now appreciated that interactions between species are not purely local phenomena but may 
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involve interactions at the much broader landscape level (Winemiller 1990; Martinez 1991; Polis 

1991; Polis and Hurd 1996; and Polis et al 1997). 

 

Food web systems have been found to include far more participants than previously 

thought.  Little Rock Lake (Wisconsin) (area 18 hectares) web studied by Martinez (1991) 

involves 93 trophic-species, with groups represented as follows:  fish, 16; zooplankton, 66; 

benthic macroinvertebrates, 65; macrophytes, 17; and algae, 95.  

 

Compared to previous studies the author found: (i) more links per species (L/S = 11); (ii) 

longer chains (average 10, maximum 16); (iii) more species at higher trophic levels (maximum 

12); (iv) higher fractions of intermediate species; and (v) smaller fractions of top species and 

links to top species.  To test the effects of how data was aggregated during development of webs 

Martinez developed series of webs using different criteria for linking aggregates to evaluate the 

sensitivity fo food-web patterns to linkage criteria.  Analyses reveal that the following were 

sensitive to systematic aggregation of the web:  (i) numbers of links per species; (ii) linkage 

complexity; (iii) distributions of chain lengths and species among trophic levels; (iv) proportions 

of top species; and (v) links to top species. Less sensitive patterns included connectances, the 

ratio of predators to prey, the numbers proportions and of basal species, and the proportions of 

links that are between intermediate and basal species.  Directed connectance was the only pattern 

examined that was both very robust to trophic aggregation and generally comparable to other 

findings in community webs.  The Martinez study illustrates a much greater potential complexity 

to food webs. 

 

Winemiller studied four lowland trophic webs relative to season over two years 

(Venezuela and Costa Rica).  They proved to differ from each other in seasonality (rainfall), and 

in the phylogenetic composition and diversity of the biota.   

 

Individual food webs in the Winemiller's system contained 58-104 interactive taxonomic 

units, and 208-1243 total trophic links.  He found that (i) fishes that fed at more than one trophic 

levels were extremely common in all webs; (ii) detritus, derived primarily from aquatic 

macrophytes, was an important food pathway in the swamp systems; (iii) aquatic primary 
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productivity comprised the largest fraction of fish diets during the wet season in the Venezuelan 

swamp, and formed a major component of fish diets during the dry season at all sites; (iv) despite 

large differences in assemblage composition and attributes of the physical environment, the 

distributions of trophic levels, calculated according to a trophic continuous algorithm, were 

similar among the study sites.  Food web parameter differences were linked to differences in 

levels of species richness, and differences in gross annual production.  However, numbers of 

nodes in the system, compartmentation patterns, connectance patterns, average number of prey 

and predators per node, and ratio of consumer nodes to total nodes, were comparable with 

findings in fish systems elsewhere.  Herbivorous species were dominant (Chapter 11).  

Fundamental differences with North Temperate food webs thus applied. 

 

Thus, as the ultimate "system organizer" food webs theory also has problems.  Like 

"cascades" the subject is important and alluring. How much the approach will contribute to the 

ultimate understanding structuring, however, remains an open question. 

 

12.5.3 Stable isotopes as a tool for studying trophic interactions of individuals and species 

 

 In recent years there has been an exponential growth in the application of stable isotope 

measurements in applications to dietary reconstructions, diet shifts with age, seasonal changes in 

food types being used (for example, aquatic verses terrestrial food in birds) and use of 

endogeneous stored material verses exogenous in reproduction.  Much of the important work has 

been carried out in birds.  Nature and origin of nutrients, change and differences in contribution 

of protein verses carbohydrate in diets, are part of this.  The light elements (hydrogen verses 

oxygen, 16 and 18; carbon, 12 and 13; nitrogen, 14 and 15; and oxygen, 18 and 34) are used.  

Deuterium is also a measurer.  The technique is a highly useful supplement to trophic and 

nutrient studies, particularly at the interpretive level.   

 

12.5.4 "Metabolism ecology" as an interconnecting factor in systems 

 

 Recent years have seen "metabolic theory" advanced as the critical binding factor in 

ecosystems (West et al 1997; Brown et al 2004).  A special issue of the journey "Ecology" 
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(Volume 85, 2004) has been devoted to the subject.  Metabolism provides a basis for using the 

first principles of physics, chemistry, and biology relative to the take up, transfer and expend, 

energy it is stressed (Brown and others).  Metabolic rate is an integration in organismal biology; 

mass and temperature are involved in aggregate biological phenomena ranging from individual 

organisms to community structure.  Energy partitioning between different-sized organisms and 

ecosystems stability has been considered (Li et al 2004), along with models of ontogenetic 

growth (West et al 2001; Makarieva et al 2004).  Comments that the approach, is "potentially 

exciting" (Horn) in system organism has been made.  Enthusiasm however, has been tempered.  

For example, models produced are an illusion of mechanical understanding (Cyr and Walker 

2004), and it is a violation of the conservation law (West et al 2001).  The use of metabolic 

theory in ecology is immature because there is currently no agreement on the mechanisms that 

generate allometric relationships (Cyr and Walker 2004).  "Metabolism ecology", relative as it is 

in weighing and assessing systems does not, hence yet satisfy the requirements of system 

organizer. 

 

12.5.5 A multiple approach to trophic systems 

 

 Study of an aquatic system simultaneously incorporating the competitive exclusion, food 

chains, trophic cascades, and metabolic measurement and allocation approaches is currently 

needed.  This will be appropriate as understanding of all approaches matures. 

 

12.6 How do fish species acquire their ecological features during the speciation process? 

 

 Despite its importance and interest in the subject going back to the 1940s and 1950s 

"ecological speciation" remains a little understood process.  Involved is the continuing 

discussion and argument of the "reality" of sympatric speciation as a basic evolutionary process.  

Schluter (2000) has recently discussed "ecological speciation" in the light of his data on 

polymorphism in sticklebacks and later writings on sympatric speciation.  He, too, finds the lack 

of more study of "ecological speciation" puzzling. 
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 As noted in the Preface, one of this writer's interests in initiation a study of lake fishes 

was to use diets to explore this subject.  It was felt that a fine enough documentation and 

analysis, carried out relative to a good documentation of the prey resource base would provide 

insights.  Despite a newer understanding of feeding "priorities" and disentangling basic features, 

hopes have not been resolved.  This is partly because, as body morphology shows, fish diets may 

not be recent, though they evolved in the present systems, are older.  As discussed, piscivore 

morphology of the pike goes back to the early Tertiary; the morphology of catfish to the mid-

Tertiary, herrings and Micropteris to the Miocene.  Contemporary competition or conditions, in 

other words, did not define this.  Notwithstanding this, however, there are recent cases 

(particularly associated with anthopogenic introductions) that would permit interactions to be 

analyzed.  A comprehensive analysis of a selection of these cases is invited. 

 

 On the other hand, can these cases really provide progressive and quantifiable 

interactions - remembering that the systems are "open" and the species are not forces into 

competition? 

 

 Ontario systems may not provide basic data on selective processes in co-occurring 

species.  The faunas of isolated African lakes, specifically the Cameroun volcanic lakes and Lake 

Tana, with its "species swarms" will, however, potentially do so. 

 

12.7 Space use and resource patterns: are these general to aquatic and terrestrial 

vertebrates? 

 

 Water and land systems are in many ways contrasting.  The vertebrate inhabitants of the 

two must provide some different responses.  Yet, the basic biological needs of fish versus 

mammals and birds are comparable.  Fish and terrestrial vertebrates differ in body form, 

adaptations, and use of resources.  Water and air are strongly contrasting media.  Terrestrial 

systems are spatially expanded with colonizing limitations only dictated by physiography and 

climate.  Fish are severely spatial constrained by water distribution.  Water is a more benign and 

predictable environment than the terrestrial system.  Fish live suspended in a nutrient 

environment and in the same medium as their prey.  They are subject, in distribution, to chemical 
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factors (for example, pH).  Oxygenation in water is not uniformly dispersed as on land; the 

optimal amount is in the shallows, near surface, and where there is running water.  This biases 

fish occurrence.  There is no equivalent on land.   

 

Similarities in winter in the land systems include the following findings.  Faunal 

distributions are similarly influenced by physiographic and climatic factors.  Biomass associated 

factors and energy flow systems are equivalent, habitat factors like closed and open terrains, 

habitat separations, space division patterns, cropping small verses large prey, and speciation 

(isolating processes and allopatric factors), are similar.  If the dominant producers of water, the 

phytoplankton, are structurally different to terrestrial plants, then small and large animal prey 

types are comparable.  The zooplankton can be regarded (in terms of size) to be the counterpart 

of small insects.  Both systems have ample large prey organisms.  Predatory/prey systems are 

comparative. 

 

 How comparable are living space and habitat systems in water and land?  "Habitat" has 

long been central in bird and mammal ecology studies.  The bulk of early studies on habitat use 

in animals were carried out on birds (Svardson 1949; Hilden 1965) - and see the extensive 

literature review of MacArthur and MacArthur (1961), Cody (1966, 1974), Willson (1974), and 

Wiens (1989).  Responses documented include, as with fish, a strong relationship with physical 

structural features in the environment.  Historical factors have been marked in both.  Aquatic 

systems have been initiated, expanded, and shrunk through eustatic rebound, downcutting and 

elevation, changes from being a lake to stream, in pH changes, and aging factors.  In terrestrial 

systems, species habitats, and their occupants, have changed with vegetation succession, from 

grassland to mature forest (Johnson and Odum 1956; Moss et al 1979; Lanyon 1981; Fuller 

1982).  Nothing quite so clearly sequential occurs in fish.  Both homeotherms and poikilotherms 

demonstrably relate in a comparable way to physiographic and geological features, to vegetation 

variation and floristic diversity (Rotenberry 1985), and to surface-volume relations.  Postglacial 

colonizations, continent-wide in scope, through habitat types, have changed distribution patterns 

in both water and land animals.  Responses could have been finer in land where species might be 

directly linked to "indicator" plant species (Crowder and Cooper 1982; Bell et al 1991; Graham 

et al 1996). 
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 A vertical component in space use is difference in fish and terrestrial homeotherms.  This 

is obvious in birds.  In forest there is a striking vertical change in habitat structure as represented 

by shrubbery, trunck, branches, foliage, and air.  Bird species, may replace each other in tiers 

relative to these, as well as lateral factors like edge, development of the shrub layer, vegational 

patchiness, and availability of nest sides (Grinnell 1917; Lack 1937; Pitelka 1941; Wiens 1969; 

Emlen 1974, 1977; Cody 1978).  Specialization for life at different vertical levels also occurs in 

fish but the water column, with its relative homogeneity, provides for fewer vertical contrasts for 

habitat separation of species.  Vertical species separations in the water column of lakes are 

uncommon, but see three-species changes with depth in Lake Michigan (Engel and Magnusson 

1976; MacLean and Magnuson 1977).  In mid-summer yellow perch (preferred temperature 16-

22°C) occurs in the warmer shallows, the introduced coho salmon (Onchorhynchus kisutch), 

(preferred temperature 12-17°C) at intermediate depths, and the cisco (Coregonus artedii) in 

deep water at 8-12°C. 

 

 In large deep lakes there may be a natural separation of species across the themocline, as 

with young adult alewives, and other species, in Lake Michigan (Crowder and Magnusson 1982).  

The cold adapted lake trout moves beneath the thermocline in mid-summer (Gibson and Fry 

1964).  Many stream fish undertake a seasonal movement up and down the streams.  Such fish 

migration can be looked at as a inadequate counterpart of latitudinal migration in birds. 

 

 Separate diurnal, and nocturnal, feeding vertebrate/species are a feature of both aquatic 

and terrestrial systems. 

 

 How do food resources uses and diets compare in aquatic and terrestrial vertebrates?  In 

both there are divisions of species into herbivores, insectivores (using small and larger prey), and 

vertebrate predators. 

 

 Birds, with their fine size and shape variation can specialize on prey types to a far finer 

degree than fish with their expansive mouths and homogeneous marginal dentition.  This applies 

especially to substrate probing and eating finer prey.  How fish utilize and divide food resources 



LAKE AND STREAM FISHES: ECOLOGY, ADAPTATION, DIETS AND RESOURCE USE (JA KEAST) 

 

 

 

and opportunities is now far better than data on birds.  There is, however, no reason why the 

system utilized by fish could not apply to terrestrial vertebrates. 

 

12.8 Do "rules" apply to ecosystem and trophic interactions? Are "communities" 

integrated and structured? 

 

 Ecological systems in their nature and orderliness suggest structuring, organization, 

repetitiveness, and predictability.  Understanding how this is achieved is necessary to explaining 

biological biomass, seasonal variations, species richness, ecological roles, and resource division 

patterns.  No subject of ecology, however, is so elusive as determining whether measurable 

structure occurs. 

 

 Three potential structural systems may apply: competitive exclusion (space use and diet), 

energy flow, and food webs.  They emphasize different components.  Competitive exclusion has 

been area of study since the 1950's.  The original issue of whether assemblies are controlled by 

species interactions or the physical environment has long been joined.  As a contrast, energy 

flow has been advanced as the "currency" of ecosystems.  This concept is hierarchical.  It 

involves energy transfer and connectivity.  The concept is real and central.  Food web concepts 

like competition are horizontal.  Linkage is also central to organization. 

 

 All three concepts suffer from sloppiness and inadequacy.  This book provides adequate 

examples of this in discussing "competitive exclusion".  A good summary of the problem of 

energy flow as a organizer has been summarized by Polis (1994), vide: (i) initially only a small 

part of the available solar energy is captured by plants; (ii) there is much energy loss through the 

system; (iii) intertrophic linkages are reticulate and hence dissipate potential through-flow 

energy; (iv) linkage strength is highly variable; (v) there are great numbers of omnivores with 

partial, fluctuating, and dubiously measurable, interaction levels; (vi) organisms are differentially 

vulnerable to predation and may, or may not, contribute according to projections; and (vii) 

systems are confused by the occurrence of alternative, non-consumptive interactions. 
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 Food webs as coordinators in communities and ecosystems fail for comparable reasons.  

Although one observer (Polis et al 1997) suggests that "food webs are a central organizing theme 

of ecology", he has also (Polis 1994), along with other workers, pointed out that:  (i) the 

proposed regularities and models show little concordance; (ii) the systems from which base data 

is drawn are too disparate to be meaningful; (iii) the "catalogues used to abstract empirical 

generalizations and support, these were derived from grossly incomplete caricatures of 

communities and do not even remotely resemble real communities"; (iv) chains are often long 

(7-10 links), not short as the theorists state; (v) omnivory is extremely common not the reverse; 

(vi) looping occurs regularly; (vii) top predators are quite rare (usually less than 1%); (viii) 

individual species may interact with tens to hundreds of other species, not just a few; (ix) 

patterns from classic (connectivity) food webs are hence, of limited value. 

 

 Validation of interspecific competition as a central organizer of associations has been 

adequately challenged, if not refuted.  Criticisms range from the 1960's observations that the 

natural systems are not delimited and are open (species can avoid competition by moving 

elsewhere) and that, often, resources, are not limiting.  "Ecological niches" cannot be tightly 

defined, they are general features.  Systems have clearcut trophic components (planktivores, 

piscivores), but are not composed of tight, mutually exclusive dietary packages.  The old 

argument that there are no "vacant niches" in systems cannot be sustained. 

 

 The space use and diet data brought together here expand these conceptual "problems" 

from the theory position.  They do not lessen them.  Included are the following points: (i) fish 

species have individual ecologies but these are only very loosely defined;  (ii) diets are usually 

somewhat plastic and vary with the composition of the prey resource base;  (iii) between species 

overlaps do not involve a measureable feature; they fluctuate;  (iv) there are multiple size cohorts 

that differ variously in identity.  On this basis, it is usually not possible to claim the existence of 

a definable "niche". 

 

 The data in this book on all these, and other issues is more elaborate than previously 

available.  They certainly show how more complex the natural system is than previously 

believed.  Plasticity and adaptation emerge as leading components of ecosystems. 
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 If there is no simple structuring base to be found, why are systems not just random?  The 

answer is, obviously, that the ecosystem does dictate certain patterns.  These are repetitive.  They 

are viable.  Is any tight organization then needed?  The answer is possibly "no".  The rest of the 

answer possibly lies in: (i) complexity; and (ii) adaptability and plasticity.  Natural systems have 

many in-built alternative adaptive responses.  These even out environmental uncertainties.  On 

these rationalizations, hence, space use and trophic systems function in a framework with 

guidance and general rules, not rigid and tight ones. 
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APPENDIX 

METHODOLOGIES AND RATIONALE 

THE STUDY OF RESOURCE USE IN FRESHWATER FISHES 

 

A.1 Space and habitat use and abundance determination 

 

 Determining and, as possible, quantifying habitat use in lakes like Opinicon involves 

sampling in different parts of the lake, at different depths, and different substrates.  For 

presence/absence in obstructed and heavily vegetated area electrofishing, rotenone, and traps 

were used.  Gill nets set in different depth zones as tiers through the water column, and 

suspended parallel to, and at right angles from, the shoreline were used for those areas. 

 

A.2 The efficiency of a seine net 

 

 Seining a traditional way of catching fish, has been found to provide good consistency in 

determining fish species occurrences, numbers and biomasses (Lyons 1986; and Boisclair and 

Leggett 1985). 

 

 A great many papers have been published on the netting method, its components, and 

effectiveness and accuracy.  A later paper in the area is that of Bayley and Herendeen (2000).  

Capture efficiency, these authors note, is the product of efficiency of encirclement as the net is 

laid (which decreases with increasing fish size), and efficiency of retention as the net is hauled 

(which increases with increasing fish size).  Retention is determined by modelling mark-

recapture data.  Variables that must be allowed for are fishes' swimming relative to speed of 

deployment, invasion factors, and direction of fish movement.  The authors note that efficiency 

is improved by removing macrophytes before hauling.  In tests runs by them, capture efficiency 

was found to peak at a fish length of 4-5 cm.  In our work we allowed for the problems with the 

seine netting method as recognized by Mahon (1980), Lyons (1986), Bayley and Herendeen 

(2000) and others quoted by them. 
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 The effectiveness of the seine net as a means of quantitatively sampling populations was 

tested by us for different habitats by the net, mark, renet method.  Enclosure renettings were run 

after lapse times of 15-30 minutes.  Recapture rates of 50-80% were usually obtained for Birch 

Bay, Opinicon, for centrarchids, cyprinids, fundulids, and others.  This accords with the results 

of others.  We regarded this proving the reliability of the method for this open site. 

 

 For our Ontario studies nets with a height of 2.3 meters with floats and mid-net retention 

bags, with 5.0 mm mesh were used.  Standard length of the nest was 50 meters.  The ends of the 

net mounted on poles.  Extending from surface of bottom, fish could not escape over or under the 

net and were swept into the folding bag.  Netting with fouling by vegetation were rejected.  

During the netting a third member walked behind the mid-point of the net to ensure complete 

freedom. 

 

 When a central objective was to relate fish abundance and occurrence to smaller 

identifiable habitat types smaller nets were used.  For young juveniles the diameter of the mesh 

was reduced.  Net pulls related to grids laid out in the days before sampling so that exact areas 

could be covered.  The nets were pulled in shore to pen the fish.  Here, held in the shallows, the 

fish were identified, subsets measured and held for weighing, with some retained for stomach 

content analysis. 

 

In creeks with intermittent ponds, these were blocked off at either end so that all the fish 

could be sampled and caught. 

 

A.3 Electrofishing as a means of determining habitat attachment 

 

 Electrofishing briefly stuns fish within a measured radius, with most individuals 

subsequently floating to the surface so that they can be counted, measured, and released is the 

preferred sampling method of many fisheries biologists.  It provides a balanced sampling of a 

measured area, and gives predictable results (Casselman 1990).  Weakness of the electrofishing 

method are variability of results with the characteristics of the habitat, fish and operating 

conditions. Its value is restricted to shallow waters.  Larger fish are more vulnerable to electro-
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shocking than small fish, and so may be inadvertently preferentially selected.  Resident fish, 

including spawning individuals, are more vulnerable, since these cannot so readily escape; 

population density, moreover may be a factor in success.  Fish are less vulnerable to capture in 

large water bodies than small ones.  Weather (especially rain and wind) has an effect on fish 

distribution.  At high temperatures fish may perceive and escape an electric field; low 

temperatures decrease floating of stunned fish.  Water transparency may decrease efficiency it 

has been suggested, because fish distribution may then be more offshore.  Under conditions of 

turbidity, the stunned fish cannot be recovered.  Electro-current efficiency is less in areas of silt 

and organic debris than with gravel and rubble, but Casselman did not find such an effect. 

 

 Electrofishing must be regarded as a qualitative method useful for determining where 

different fish species occur and relating this to habitat, but not as a quantitative method. 

 

A.4 Strips counts to determine habitat use and fish abundance at a finer level 

 

 With the introduction of divers equipped with SCUBA and face mask and snorkel in lake 

work in the 1970s it became possible to make direct quantitative counts of lake fishes - (see 

Emery 1973; Keast and Harker 1977; Keast et al 1978; Werner et al 1977;  and Helfman 1978, 

1981).  In our studies in Opinicon, and elsewhere count strips demarked by 0.5 mm yellow nylon 

rope anchored on the bottom, were ran and within the littoral zone along the shoreline, and from 

the shoreline at right angles out into the deeper part of the lake.  For the former, 1500 m of 

highly diversified shoreline of Opinicon were analyzed for microhabitat use and abundance.  

Eleven minor substrate types (sandy shoal, gravel reaches, rocky shelf, 10-40 vertical cliff-face, 

etc.) were delineated, consisting of 10-40 meter sections indicated by markers.  Fish species and 

age class abundances were quantified relative to these.  Identification can be made about 1.5 m 

ahead of the observer under average conditions of lake visibility.  To relate individual fish to size 

categories a measuring device at the end of a fine wire was sometimes carried ahead of the 

observer.  Whilst the diver keeps moving, fish only leisurely move ahead or to one side.  It is 

important not to stop in the middle of a count when the fish tend to gather in a ring around the 

observer.  The counts were recorded on under-water slates.  The counts were related to the early 
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morning and late afternoon feeding periods, and at night.  The results were related to Ekman 

invertebrate counts. 

 

A.5 Quantifying the zoobenthos 

 

 Quantifying zoobenthos organisms has long had a central position in freshwater biology, 

for faunal documentation, determining ecosystem structure, and estimating energy flow.  Lately 

the analysis has been used as an indicator of environmental change.  Since benthic organisms are 

the major prey of fish ichthyologists have a special need to document and quantify the 

zoobenthos.  One component to this is to determine if a fish species is feeding selectively on 

specific prey types or take what is most abundant item.  Again, how do predator impacts 

(numbers) relate to amount of resources being extracted? 

 

 There is now a formidable literature on the sampling and quantification of the benthos.  

Various review on the subject have been developed (for example, Hickley 197; Elliott 1977).  

Sampling gear and methods are critical (Storey and Pinder 1985).  Sample size has been the 

focus of much discussion.  Note in passing the Hickley-Elliott conclusion that a count of at least 

100 individuals is needed to achieve the reasonable result of plus/minus (+) 20% precision at 

95% C.L.  The rationalization certainly has relevance for single taxonomic groups (for example, 

chironomids) in local areas.  Later research has involved methods and occurrences not available 

before the 1980s.  The complexity of benthic communities has led to adopting multivariate 

approaches to summarize (P.C.A., non-dimensional scaling de-trended corresponding analysis 

patterns of species abundance - Jackson (1993), Fraser and Williams (1997), Tanaka and Leite 

(1998), and Cheruvelil et al (2000).  "The complexity of benthic communities has led many 

researches to adopt multivariate approaches to summarize patterns of species' abundance and co-

occurrence" (Jackson 1993, page 9).  Sampling methods, processing, and research strategies 

must obviously be related to exact objective, allowing for time and effort constraints. 

 

 Located both in the sediment and on the vegetation the zoobenthos forms a vertically 

integrated community that utilizes and grow upon the substrate (Rasmussen 1988, 1993).  

Studies by coring show that 90% of zoobenthic organisms, including the chironomids, occur in 
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the shallow layer down to 5 cm below the water substrate interface (Kajak et al 1972).  The ideal 

bottom sampling device should, hence, have sufficient penetration ("bite") to allow all substrates 

and depths to be sampled equally, without loss of animals.  The design must avoid the buildup of 

a pressure wave during descent of the sampler (Brinkhurst 1974; Flannagan 1970).  However, all 

the various grabs and corers that have been used to sampled the zoobenthos suffer from 

weaknesses of one kind or another.  The Ekman grab is widely respected.  For example, 

Falnnagan (1970) after testing all available sampling devices concluded that only the standard 

Ekman grab and multiple corer gave quantitative results for total macrobenthos.  Again, after 

comprehensive studies,, Downing (1979) has also rated the Ekman highly as a sampling device.  

A locking top and accessory net to eliminate spillage during recovery and other modifications 

have been adopted by later workers, including ourselves.  Such modified standard Ekman grab 

(area, 0.023 m2) has continued to be the basis of our sampling program and that of many others, 

for example, Boisclair and Leggett (1985).  However, there remains disagreement as to which 

sampling techniques are the most efficient (Fraser and Williams 1997; and others). 

 

 Coring has been the preferred as an alternative sampling method of some later workers.  

Delineation of the sampling area being sampled is clearcut, the depth being cored can be 

controlled and, since sample sizes are small, large numbers of samples can be taken (Flannagan 

1970; Kajak et al 1972).  The method is appropriate for small and relative sessile animals like 

chironomid larvae, mollusks, and amphipods.  Cores 7.0 mm in diameter and 15-20 cm long are 

commonly used.  The limited breadth that can be pushed into the substratum, about 10 mm, 

severely limits the catching of larger, more mobile, and thinly dispersed invertebrates like 

crayfish and odonate nymphs. 

 

 Obviously, there is no point in sampling benthic invertebrates that are so deeply 

entrenched as to be inaccessible to feeding fish.  This is a problem if the prey is out of site below 

the water substrate interface.  It is tacitly assumed that most of the organisms at some time move 

upwards to become available. 

 

 Sampling invertebrates on the vegetation invites additional equipment.  For Quebec-

Ontario systems Downing (1986) and Rasmussen (1988) developed a transparent plastic box for 
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this.  This is lowered over undisturbed plants which are freed at the roots, the device is closed at 

the bottom and top, and brought to the surface.  In the laboratory the animals are washed off the 

vegetation and counted.   

 

 A major problem with quantifying the zoobenthos is its patchiness of distribution, 

invertebrates are invariably aggregated.  A wider sampling of areas is appropriate.  What sample 

sizes are necessary to define abundance at any one time, for different habitats, and seasons? 

 

 The statistical basis of distribution patterns and abundance in benthic invertebrates has 

been the subject of an extensive review by Elliott (1971) and others.  Downing (1979) focused 

on sample sizes and on the necessary transformations that must be made to convert non-

parametric to parametric data necessary to discount the variability component and allow the 

distributions to be treated as normal ones.  To meet the assumptions of parametric analysis 

adequately variance must be stabilized by removing the correlation between the variance and the 

mean.  Sampling rationalizations were tested by Downing (1979) on the basis of results in 260 

published papers, 234 of which had good quantitative data.  He concluded that the amount of 

aggregation of benthic invertebrates is roughly the same for all types of animals, sediments, and 

samplers. 

 

 Downing calculated the number replicate samples that an investigator should make for 

various sampler sizes and macrobenthos densities in order that the standard error of replicate 

samples to achieve the hypothesized average of 20% of the mean density.  For the modified 

Ekman (area 250 cm2) for all organisms, this was 24 at a population density of 30 per m2; 12 at 

100 m-2; and 4 at 500 m-2 for Quebec lakes (Downing's Table 6).  (Using other standards and 

objectives Cheruvelil (2001) have suggested a need for 200 benthos samples of 36-300!)  (Our 

tests for sites in Opinicon agree well with Downing's conclusions for total zoobenthos.)  With 

different taxonomic categories and size categories of prey, using this level of variation, the 

number of samples needed varied.  Twenty to thirty Ekman samples were adequate for this 

occurrence at the general level for the very abundant chironomids and amphipods, but 60-70 

were needed for Ephemeroptera and odonate nymphs, and 80-100 for Coleoptera, rare in 

Opinicon.  We based our sampling programs on such general findings.  Practically, for this low 
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level of resolution, a short-cut might be to count 30 samples for all organisms and an additional 

30-40 countings of ephemeropterans and odonates only.  However, with an adequate number of 

personnel (usually teams of three) there was only limited gain by doing this, once all initial 

preparations had been made. 

 

 For our basic benthos sampling, two main devices were used.   A push-net (width, 35 

mm; height, 27 mm) was initially used (Keast 1965, 1966).  It was pushed over a premarked 

distance of 2.0 m.  This heavy net removed 1.5-3.0 mm of the substrate plus bottom debris and 

vegetation to an area of 0.7 m2.  A relatively large area was thus sampled.  However, the method 

was very time demanding, taking over an hours work for three workers.  Subsequently the 

Ekman became the standard and basic sampler.  Many small samples could now be taken and 

processing took only 20-30 minutes so that 12-15 samples could be processed a day. 

 

A.6 The push net 

 

 A heavy-framed benthos push net, with sharp metal cutting edge on the bottom was 

trailed by a 1.5, long, 0.3 mm, mesh net was used in the first year or two (Keast 1965).  

Thereafter (1968) we relied on the Ekman dredge.  The frame net was mounted on a metal pole.  

It was pushed over the substrate ahead of the observer for the demarked area.  The contained 

material was brought to the surface the vegetation washed and the material then progressively 

washed through screens of 5 mm (which extracted coarse material, stones, vegetation), 2.0, 1.0, 

0.25 mm.  Organisms captured on the screens were removed under conditions of strong light, 

that stimulated movement, and preserved in vials.  Sugar solution as appropriate, helped float 

organisms free, a technique widely utilized.  The filtrate was treated as a zooplankton sample.  

The mesh sizes must be varied with the basis of the organisms being sought (Storey and Pinder 

1985).  A mesh of 500 mm was usually found to be appropriate.  Except for larvae, Opinicon fish 

rarely contained chironomids and amphipods small than 2.0 mm and the smallest mesh sizes 

were chosen to catch all of these organisms. 
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A.7 The Ekman dredge 

 

 For the Ekman samples, the standard modified device size, 250 cm2, with net and locking 

top, was used.  For inshore, the Ekman was used both with a metal pole, giving some touch 

control over penetration depth.  For deep water, the dredge was lowered on a rope line and 

released by messenger.   

 

 Back in the laboratory, processing proceeded as with the net.  Sampling entailed washing 

free the adhering material, then washing through a series of sieves (mesh sizes, 5,2,1,0 and 0.24 

mm), as described for the net samples. 

 

 Mesh size in invertebrate samples is a compromise between retaining all organisms and 

sizes needed and a mesh open enough to permit good water flow.  Maitland (1966) used a mesh 

size of 452 um and 15 threads per cm.  Storer and Pinder (1985) experimented with a 125 um 

mesh, finding that first, second, and third instar chironomid larvae passed this but dead none did 

this. 

 

 Identification, counting and measuring was carried out under the microscope in a petri 

dish underlain by mm graph paper.  Processing was as with the fish stomach contents.  Fifteen 

Ekman samples could comfortably be processed a day.  We mostly standardized at 80 samples 

per site.  For final presentations the zoobenthos assays were randomly combined to give totals of 

meter2 figures.  Fish collection, zoobenthos, and zooplankton samples were taken at the same 

times over 60 days scattered through two week periods.  

 

 Objectives of the zoobenthos sampling were to obtain comparative abundance figures as 

assessment of prey availability with which to relate to the fish feeding, rather than determine 

precise abundances.  In this, standard principal components analyses and discriminate analysis 

were used following other workers (Graham and Vrijenhoek 1988;  Jackson 1993). 

 

 For streams, Ekmans were used where this was possible, surbers for drift organisms 

(Waters 1969), and successors.  Gravel bottom material was physically lifted from grids into nets 
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(as in the lakes).  Insect emergence traps set over areas of inherent were used for resource 

productivity studies (Keast 1984). 

 

A.8 Sampling of the zooplankton 

 

 Initially, tow nets with flow meters were used for collecting zooplankton.  This was 

immediately changed to the Schindler trap as the standard sampling method.  Larger 301 traps 

were, in turn, replaced with 12 ones, the latter being lighter and easier to manipulate.  They 

generate, per unit effort, more samples for measured time.  The device is highly effective and 

gives replicate results.  Samplings were made both inshore and offshore in lower light when the 

zooplankton and chaornus are the water column.  Countings were made from sub-samples.  The 

processing of a sample took 10-15 minutes by an experienced technician.  Eighty samples were 

again analyzed for 12-14 day periods. 

A.9 Determine of the diets of fishes by stomach content analysis 

 

 Determine of fish diets by stomach content analysis goes back eighty years.  Thanks to 

the method the foods of fish species are far better known than for any other vertebrate group.  

However, it is only in the last couple of decades that the gathering of diet data has become 

systematic, quantitative, considered on a seasonal basis and, especially relative to the prey 

resource base. The preponderance of diet studies still are on individual species. In fact, nearly 

two-thirds of the studies listed by Hyslop (1980) in his review of methodology fall into this 

category.  The stomach content analysis method has been widely praised despite criticisms.  

Some of the latter can, with care, be largely overcome. 

 

 Determination of stomach contents usually involve removal of the fish.  In larger fish it is 

possible, however, to flush out the stomach contents with a syringe after which the fish can be 

returned to the water.  The flushing technique is difficult to apply to piscivorous fish (Hyslop 

1980).  Samplings of fish for diet analysis must be over a period, to avoid bias resulting from 

temporary resurges of resources.  They must be related to the feeding period of the fish to avoid 

partly digested contents that cannot readily be quantified, or identified.   
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For analysis, the contents of individual stomachs (or several stomachs in the case of small 

fish) were spread out in a petri disk, clustered into taxonomic groups identified and, counted.  I 

use graphed paper beneath the petri dish to measure the individual categories.  If needed, 

volumes of the different items can be determined by fluid displacement.  

 

Weight figures for individual species and categories by reference to length/weight plots 

previously determined were tabulated for the taxonomical body size categories. 

 

Data from stomach contents can be expressed in various ways.  Hynes (1950), and others, 

have listed these: 

(i) Occurrence (frequency of occurrence) method.  Here the number of fish in which a 

food type occurred is listed as a percentage of the total number examined; 

(ii) Number method.  The total numbers of individuals of each food type is given, and may 

be expressed as percentages of the total number examined; 

(iii) Dominance method. The number of fish in which each item occurs as the dominant food 

is considered as per the occurrence method. 

(iv) Volume and weight methods.  Each individual prey type is here allocated a volume by 

visual inspection. 

(v) Points method.  Here the food types in each stomach are classified as "common", "rare", 

etc. on the basis of judgement by the eye or rough counts, allowing for both abundances and 

body size.  Each category was then allowed a number of points and all the points gained were 

then summed and scaled down to percentages.  Hynes (1960) regarded this as being a 

satisfactory basis of assessment, with the advantage of being rapid.  Frost (1943) incorporated 

degree of fullness of the stomach into a modified version of this method.  Hynes notes criticism 

of the method on the basis of its subjectivity, prejudice being introduced in the selection of 

points, but suggests that with sufficiently large samples taken over a long enough period of time 

this can be overcome.  A second criticism is that results obtained by the points method cannot be 

used for counts of organisms in the habitat. 
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 Allowing that method of presentation will reflect the author's interest most of these 

listings are superficial and provide little interpretation. 

 

 For modern analytical needs fish stomach contents can simply be presented in three 

determinations: (i) counts of different taxonomic items; (ii) weight; and (iii) % of individuals of 

species in a population that contain the individual taxonomic or size items.  Numbers of items in 

a stomach reflect numbers of individual feeding actions (except in the case of filter feeders), an 

important component to know.  Weights or volumes relate to the energy gained from each prey 

type, as well as its bulk. 

 

Dry weights derived from the wet weights form calorific value determinations, as needed.   

Extensive data sets show that, commonly, dry weights in benthic organisms average 10-20% of 

wet weights.  See also discussion in Mackay and Kalff (1969) who have found a comparable 

ratio. 

 

The third approach to stomach content analysis, determining percentages of fish 

containing each prey item, has been used by various workers, for example, Frost (1954). A 

variation of the method is to list the items in terms of relative abundances.  The method, like the 

others can, of course, also illustrate seasonal changes in kinds of food eaten.  It has been 

described as providing a somewhat crude qualitative picture of the food resource spectrum.  

However, it conveys much less information than the other two methods and in the interest of 

time optimization and minimizing replication, I do not use it in this book.  

 

 The stomach content analysis method of determining fish diets has been criticized at 

various levels – see summary in Hyslop (1980).  Some authors have, correctly, rejected stomachs 

that do not have a minimum level of fullness (Le Drew and Green 1975) as distorting the results.  

I agree with this, and also reject such stomach contents.  A problem is handling stomachs where 

the content material is partly digested.  Here identification may be chancy and relevant organism 

weights cannot be obtained.  We minimize this problem by sampling fish in the latter part of the 

feeding period or immediately thereafter.  It is important to base analyses on intact (or largely 

intact) organisms.  Sampling for stomach contents by gill net, where the fish may be long in the 
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net is unsatisfactory.  However, here commonly, lengths and weights of partly digested 

organisms can often be recalculated from relict hard parts, for example, head of chironomids. 

 

It has been suggested that large and small organisms (for example, odonates verses 

zooplankters) may digest at different rates.  Other workers have not found this, although it can be 

conceded that a bulky fish prey, with less relative surface area for enzyme attack, may digest 

slowly.  Factors that have been found to influence digestion rate in fish include proportion of 

hard parts and fat content (Windell 1966).  I have not found size of prey a particular problem 

giving the possibility of reconstructing the organisms from relict hard parts. 

 

A range of workers have considered the interpretation of fish stomach contents.  Strauss 

(1979) explored the reliability of Ivlev's electivity index with Mohan and Sankarian (1988) 

introducing new indices.  Costello (1990) and Tokeshi (1991) used graphic methods for 

expressing predator-prey interactions.  The need to focus more on dietary and feeding habitat 

differences between individual fish in communities has been stressed by Bridcut and Giller 

(1995).  Amundsen et al (1996) note that a fish population that is a narrow diet specialist must be 

composed of individuals expressing such.  Alternatively, they note that in a population that is a 

mixture of individuals with a variety of individual niches, a species may show up as occupying a 

broad niche (see also De Crespin de Billy et al 2000).   

 

The use of multivariate analysis to compare stomach content compositions, and to relate 

individual diets to microhabitat and other factors has been widespread – see for example Crow 

(1979) and De Crespin de Billy et al (2000). 

 

Several authors have sought to play down inconsistences involved in the use of stronger 

alternative methods by developing indices by combining two, or more, data sets.  They may 

combine percent numbers, volumes, and occurrences (index of relative importance).  Macdonald 

and Green (1983), however, have asked if the habit of quoting all three is not redundant.  Using 

the diets of five demersal fish species from the Bay of Fundy, they tested them using principal 

components analysis.  It was found that all three loaded heavily on the first principal component 

and were thus highly correlated.  They concluded that it was probably not necessary to create 
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compound indices of prey species importance when documenting soft-bottom benthic 

associations or demersal food habits and that the use of compound indices added little new 

information when compared with any single measure. 

 

Cortés (1997) concerned by the lack of uniformity of methods used by investigators re-

examined the whole subject of stomach content analysis in an expanded review.  He used his 

work on elasmobranchs to explore such subjects as variation, feeding chronology, and daily 

ration models.  He concluded that the best overall comparative method for documenting fish 

diets was the index of relative importance.  This should, hence, be used as the standard method 

of analysis, he suggested.  Cortés expressed the index as the percent frequency of occurrence of 

each prey category multiplied by the sum of the percentage volumes (or weights) and percentage 

numbers.  The method, he argues removes biases to individual components.  If only numbers of 

prey items are used it would not give a true picture of importance of the different items in energy 

uptake features of particular prey types. 

 

Heavy criticism of the ideas of Cortés was subsequently launched by Hansson (1998) 

who argued that the percent index of relative importance was in no way superior to other 

measures of stomach contents.  The method is not based on numerical or statistical measures, he 

noted.  Hansson was particularly concerned with the importance of measures of taxonomic 

resolution used.  He demonstrated that results of the index can vary with this.  Levels of 

taxonomic resolution, of course, greatly influence diet overlaps calculations. 

 

The use of an index approach to comparing diets has attracted little interest among fish 

biologists.  They involve re-measuring the same thing, as noted.  The result is to muddy, not 

clarify.  It is more meaningful to simplify independently the categories of taxonomic category, 

size, abundance, availabilities, etc. in seeking interpretation.  The calculated compounding 

approach, hence, is not used here.  In this book, the interest is in understanding diets, their 

relationships with assessing seasonal variables, morphology and diet, habitat use and diet, and 

interspecies differences. 
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Problems with this kind of data include deciding how many samples it takes to accurately 

document a diet.  Time is a limitation.  There are, for small systems, limits to the numbers of fish 

than can be removed from a system at a time without depopulating populations or changing 

ecosystem relationships. 

 

We characteristically sample size of 80-100, or more, stomach contents per species, per 

size class.  These were taken randomly from larger samples as small series, during the early 

morning and late afternoon feeding times, over 2-week periods.  Three seasons (May, July, 

September) were used.  For the inter-lake studies discussed in Chapter 7, two, or more, sites were 

used. 

 

A.10 Determination of Feeding Times and Periodicities 

 

 This was determined by netting batches of fish at 3-4 hour intervals during the 24 hours 

and determining average stomach content weight/body weight data for each (Darnell and 

Meierotto 1962).  Fish species show cycles of stomach fullness.  If the stomach fullness is 

highest by day the species or population is a diurnal feeder, or vice versa.  Wet weights (with 

superficially drying stomach contents on filter paper) are appropriate. 

 

 The Opinicon data, as noted, showed that most fish feeding is in the morning or late 

afternoon and is doubtless influenced by cycles of availability of the prey.  The rock bass is 

mainly a crepuscular feeding and black crappie and brown bullhead are nocturnal feeders 

(Chapter 4). 

 

 Species commonly follow the same feeding schedule throughout their range but the 

stomach fullness data shows this may vary, for example, in the alewife (Alosa preudharengus).  

Most populations of yellow perch are clearly early morning and late afternoon feeders (Keast and 

Welch 1968) but others show much less clearly defined feeding peaks (Boisclair and Leggett 

1985). 
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A.11 The Problem of Calculating the Daily Ration 

 

 Calculations of food uptake, the "daily ration" in fishes have variously been made 

(attempted) by use of direct (food uptake and evacuation rate), and indirect (bioenergetics 

models, such as that of Kitchell et al (1977)).  The latter entails calculating food uptake (as the 

unknown factor) from an equation relative to which all other variables (resting and active 

metabolic rates, costs of respiration, growth, temperature) are known or have been estimated.  An 

additional direct method, measuring food uptake by means of the tracer 137Cs (Kevern 1966; 

Koelhmainen 1974; Carlsson 1978; Ugedal et al 1992), has been reintroduced (Rowan and 

Rasmuseen 1998).  The method entails measuring the amount of 137Cs in the food and 

subsequently, following feeding, in the fish, with the assumption that only in feeding does it 

enter the body.  The substance is widespread in nature and has the unique property of 

bioaccumulating in the phytoplankton (10- to 1000-fold over the environmental concentration) 

(Rowan and Rasmussen 1996).  The method has the potential of being a useful supplementary 

one for measuring food uptake rates over longer periods of time. 

 

 Deduction of food uptake rate by the direct method, that is potentially very accurate and, 

hence, of relevance here, goes back to Bajkov (1935).  It entails determining the amount of food 

that passes through the stomach in a day; using stomach fullness determined at various times, 

and related this to a measured evacuation rate (usually an exponential rate is used) at specific 

temperatures.  The measurements are complicated and much effort has gone into perfecting the 

method.  Lately, some authors have used total alimentary canal content weights, instead of just 

stomach content ones, clearance being slower in the former, the objective being (with some loss 

of accuracy) reducing the number of samplings necessary in the 24-hour period.  Bias associated 

with body size of fish is avoided by expressing weight of contents as a ratio of weight of the fish.  

For the former, dry weights are now used, both for greater accuracy and because dry weights can 

readily be converted into calorific values.  Fluctuations in stomach content weights is also the 

primary method of determining the feeding times of fish.  Calculations of daily ration by this 

method have been made by Bajkov (1935), Elliott (1972, 1979), Nakashima and Leggett (1978), 

Persson (1979, 1986), Jopling (1981, 1985), Boisclair and Leggett (1985, 1988, 1989a, b, 1993), 

and Booth (1990).  The daily ration has thus calculated for a wide range of fish types including 
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piscivores and diversified consumers of small prey, and stomachless forms.  There have been 

several major reviews of the problems associated with trying to make daily ration 

determinations, including Elliott (1979), Jopling (1985), Persson (1986), and Boisclair and 

Leggett (1993). 

 

 Data on evacuation rates to match uptake rates has variously been calculated using a 

linear evacuation rate model (Bajkov 1935), a square root one (Jopling 1981), or as an 

exponential equation (Eggers 1977).  The last gives a best description of the rate of food 

evacuation (Persson 1986).  This is especially true when fish feed on small, low-energy prey 

(Jopling 1985). 

 

 The Eggers model is straight forward and simple.  It involves computing a daily ration as 

the product of the average quantity of food found in the digestive tracts at various times over 24 

hours, and an evacuation rate.  The Elliott and Persson (1978) and Elliott (1979) model involves 

samplings at 3-hourly intervals and algebraically relating this to the exponential clearance rate at 

the particular temperature.  The amount of food is sequentially evaluated between each sampling 

time.  Greater precision is achieved and because of this, many workers have preferred this 

(Elliott 1979).  The problem with the Elliott and Persson model is that it is excessively time-

consuming and demands large numbers of fish.  Accordingly, Boisclair and Leggett (1988, 

1989a and b) tested a simplified version of the Eggers model in which total alimentary contents 

not just stomach contents were used.  At average temperatures there was 80% retention at 7 

hours for clearance of the former compared to 2 ½ hours for the latter.  With the loss of accuracy 

in incorporating partly digested contents they ran tests using 2-3 samplings per 24 hours.  Good 

comparative results were obtained. 

 

 In a follow-up paper, Boisclair and Marchand (1993) further tested results obtained by 

the Elliott and Persson method and the simplified version of Eggers.  They confirmed a 2.8 times 

greater retention rate of material in the total alimentary canal compared to the stomach, 

consolidating in their minds the advantages of using the former.  Testing was carried out on the 

basis of three trials, the first with a feeding schedule characterized by the absence of significant 

variations in digestive tract or stomach contents, the second a feeding schedule including 
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significant variations in contents, and a third feeding schedule consisting of a modified version 

of the second.  This involved overcoming the criticism of bias in the Egger model when content 

weights are different at the beginning and end of the 24 hour survey of Trial 2 with the first two 

values of that trial.  Series of 10 pumpkinseeds were collected at sampling frequencies of 2, 4, 5, 

8, and 12 hours.  Daily rations estimated by the first situation was 0.84, the second 2.56, and the 

third 2.41 grams dry * 100g wet-1d-1.  Values in daily ration values from the Elliott and Persson 

model averaged 3.4 times higher than those obtained by the Eggers model.  They concluded, 

hence, that the Eggers model using complete alimentary tract contents was the most efficient 

method of calculating the daily ration. 

 

 Several points need making here.  The first is that material in the intestine represents the 

residue after digestion.  The second is that these models relate to fish that are diversified feeders 

on invertebrates, including prey particles of a range of sizes.  They are not meant to apply to 

piscivores using large prey and herbivores or small particle eaters where feeding may be 

continuous.  The differences in the results obtained by Boisclair and Marchant (1993) with trial 

1, where there was no marked filling and emptying of the tracts (obviously exaggerated when the 

total tract was used), and those in which this applied, a three-fold difference is a little 

disconcerting.  Our studies on the stomach content fluctuations in Opinicon applied to stomachs 

only: here there were clearcut cycles of filling and emptying in May and June; this pattern was 

somewhat suppressed in mid and late summer when calculations showed for uptake rates to be 

less. 

 

 It can be concluded that, until much more testing of the Boisclair-Marchant version of the 

Eggers model has been carried out, it is not valued to extend its use beyond the category of fish 

of which it was designed. 

 

 Later workers have progressively sought to improve these methods.  Determinations 

involve equations. 

 

 A typical set of daily ration estimates for fish using equations are these of Boisclair-

Leggett (1985, 1988).  They varied from 1.7 - 2.5 fold.  The variation was related to the varied 
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consumption of large prey items.  In August samples figures on consecutive days were 3.26 and 

1.30, and for October 0.38 and 0.65.  They concluded that daily ration estimates must be based 

on serial samples taken over 3.7 days. 

 

 In a later paper Boisclair and Marchand (1993) set out to compare results from the 

accurate but time-consuming Elliott and Persson model and a short-cut derivative of the Eggers 

model (for example, Boisclair and Leggett 1988).  Three kinds of feeding schedules were used:  

(i) where there was an absence of significant variation in contents (either in the stomach or total 

alimentary canal); (ii) where there was significant variation in the contents, as well as differences 

in digestive tract contents at the beginning and end of the 24 hour by replacing the last two 

values of the 24 hour survey of Trial 2 with the first two values of that trial.  With the use of 

these contrasting trials they sought to short-circuit the numerous models that have been advanced 

to accommodate different kinds of feedings schedules in fish, that is relative continuous feeding 

verses sporadic feeding (Diana 1987), and shapes of gastric evacuation curves (linear, 

exponential, logistic) - see Bajkov (1935) and Eggers (1977). 

 

 Good correspondence between results obtained by the two models, Boisclair and 

Marchand found with differences never exceeding 23.6%.  Within the trials, the average was 

11.4%.  However, variances using the Elliott and Persson model were, on average, 3.4 times 

higher than those obtained by the Eggers model; variances obtained using stomach contents 

alone were, on average, 5.9 times larger than variances based on complete digestive tract 

contents.  Sampling frequencies (2, 4, 6, 8, 12 hour intervals) had no significant influence on 

mean daily ration values but, on average, caused a 3.6 fold increase in variances.  Hence, they 

concluded the precision and robustness of daily ration values appeared more directly influenced 

by the section of the digestive tract used than by the estimation model chosen.  They concluded 

that the Eggers model implemented with complete digestive tract contents appeared to be the 

most efficient combination, giving reliable results consistent with minimum time outlay. 

 

 For present purposes, the problem of "amount" of food as an indication of adequacy can 

be handled in two ways.  Either the investigator can be satisfied with determinations of relative 

stomach fullness (i.e. ratio of wet or dry weight of food in the stomach (or alimentary canal) to 
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body weight at the time feeding is normally completed, or he can calculate a daily ration (that is 

total amounts of food passing through the stomach in a day using an equation - see Boisclair and 

Leggett (1988)).  The latter is very time consuming and can, obviously be determined for very 

few species. 

 

 The food adequacy aspect of fish feeding has basic implications for diet, division of 

resources, interspecific interactions, and growth.  Better ways of measuring it, and data in the 

area, remain a handicap to understanding of this components of feeding studies.  This applies to 

the present studies. 

 

 


