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Abstract 

 Food web biomanipulations provide the means to partly control water quality problems (i.e. algal 

blooms) in lakes by altering internal ecological mechanisms. However biomanipulation mechanisms are 

complex and the results are often confounded through the interactions of various stressors. This study 

used paleolimnological approaches using the fossil remains of diatoms, Cladocera and Chaoborus 

indicators to explore the effects of past fish manipulations of two oligotrophic lakes (Mouse and Ranger 

lakes) located in south-central Ontario.  A major focus was the temporal period associated with the most 

recent Dorset Food Web Piscivore Manipulation Project (1991-1997). The diatom assemblages recorded 

only subtle changes over time, with the most pronounced variation in the past decade, likely responding to 

recent warming and bottom-up processes. Following the smallmouth (Micropterus dolomieu) and 

largemouth (Micropterus salmoides) bass addition to Mouse Lake, the zooplankton and Chaoborus fossil 

record revealed that a reduction in planktivorous fish led to expected shifts in community size structure, 

but with changes apparently delayed by ~5-10 years. Primary production, as inferred from VRS 

chlorophyll-a concentrations, had been relatively stable for over ~200 years but increased significantly 

following the piscivore addition. A shift to larger, more efficient herbivorous zooplankton (i.e. Daphnia) 

may have been expected to suppress phytoplankton as they are able to filter food particles at a much faster 

rate and graze a wider size-range of algae compared to the less effective grazer, Bosmina. Additionally, 

changes to the lake system from climate warming may have uncoupled the trophic interactions, producing 

a mismatch in the timing of favourable environmental conditions in an algal-herbivore interaction. In 

addition, these oligotrophic lakes support algal communities often classed as being ungrazable, which 

would also substantially reduce grazer-mediated responses in the phytoplankton. Ranger Lake did not 

respond to reductions to piscivores as expected in terms of zooplankton and Chaoborus size structure. 

Larger-bodied Cladocera (i.e. Daphnia, Holopedium gibberum and Polyphemus pediculus) increased in 

abundance while small Bosmina species decreased markedly in the uppermost sediments. While some 

results of this study corroborated the expected effects of biomanipulation theory (i.e. species-specific 

shifts in size), the inconsistencies encountered highlight that other drivers (i.e. climate) are likely to 
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mediate the effects of biomanipulations, particularly in temperate lake systems experiencing multiple 

stressors. 
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Chapter 1 

General Introduction and Literature Review 

 

Introduction 

 Freshwater lakes are valuable resources that have been progressively altered by human activities 

(Schindler 2001; Yan et al. 2008a). Degradation of these lakes has taken many forms, ranging from direct 

inputs of chemicals to more indirect inputs such as pollution being transported long distances before 

being redeposited back to Earth (Smol 2008). In addition, climate change, which has the capability of 

affecting numerous lake properties (Keller 2007), may cause unexpected perturbations to food webs due 

to various interacting aquatic species responding to these dynamic environmental conditions (Stenseth 

and Mysterud 2002). Unfortunately the confounding influence of several stressors occurring 

simultaneously makes it difficult to isolate how each works individually on a system as stressors may 

produce synergistic or antagonistic effects (Smol 2010).  Air temperatures of the Precambrian Shield 

region over the past ~100 years, and especially the last few decades, have increased considerably, with 

warming trends forecasted to continue (Magnuson et al. 1997).  

 One of the most common lake management issues is nutrient enrichment, which is capable of 

causing changes to the chemical, physical, biological and ecosystem characteristics of freshwater bodies 

(Carpenter 2005). Lake eutrophication, typically caused by elevated inputs of phosphorus (P) and 

nitrogen (N), can stimulate production of nuisance algae and lead to the deterioration of water quality 

(Hall and Smol 2010). Biological changes can occur at all levels in the food web and entire communities 

can change or die out (Carpenter et al. 1995). Fish introductions are one of a few lake management 

practices that have been implemented to alter trophic dynamics and ecological states of lakes in an 

attempt to control algal biomass.  However in order for lake managers to carry out necessary remediation 

efforts in an attempt to rehabilitate altered lakes, baseline conditions and an understanding of the 

governing mechanisms of species community interaction within these ecosystems is required.  
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 Whole-lake fish manipulation experiments have made important contributions in understanding 

aquatic food webs (Carpenter et al. 1987) and in particular demonstrating the importance of cascading 

trophic interactions in the regulation of species abundance (Carpenter et al. 1985). Early views of food-

web structure and interactions were considered to be primarily regulated via available resources (so called 

‘bottom-up’ control), however in recent times top-down predatory controls have been regarded as being 

potentially equally important in some systems (Jeppesen et al. 2000). The ultimate goal of a freshwater 

food web manipulation is to produce a cascade effect that reduces predation pressure on herbivorous 

zooplankton. This allows zooplankton biomass and community grazing rates to increase, resulting in an 

overall decrease in algal biomass (Figure 1), which is reflected by an increase in water clarity (Hansson et 

al. 1998). Whole lake fish experiments offer a mechanism to restore lakes from some of the effects of 

eutrophication (i.e. over abundance of algae) and can also provide fundamental information of the 

mechanisms that regulate aquatic ecosystems by examining the resulting trophic cascades (Shapiro et al. 

1975; Carpenter and Kitchell 1988). However, results from biomanipulation studies that have involved an 

introduction of a top predator have demonstrated high variability (Kasprzak et al. 2002), sparking new 

discussions regarding the relative roles of  top-down versus bottom-up controls on lake communities 

(McQueen et al. 1986). For example, Benndorf et al. (2002) contend that biomanipulations should be 

restricted to lakes that meet a specific set of conditions because of certain constraining factors. This 

includes gape-limitations with respect to piscivores, as several species of planktivorous fish are too deep 

bodied to be consumed by predators such as largemouth bass (Hambright et al. 1991). As well, in terms of 

phytoplankton composition, algal communities dominated by chrysophytes, dinoflagellates, and 

cryptophytes, which are typically found in Canadian Shield lakes due to characteristic lake water 

variables (relatively low TP, high DOC, low pH), are relatively unpalatable, indigestible or toxic to 

zooplankton, substantially reducing grazer-mediated responses (Gliwicz 1990). Elser and Goldman 

(1991) also suggest that oligotrophic lakes may show a dampened zooplankton-phytoplankton response to 

a top-down manipulation, because oligotrophic zooplankton communities are often characteristic as 

having lower overall crustacean densities and higher relative proportions of copepods, which are less 
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efficient grazers. Predicted top-down effects are expected to be strong at the top of the food-web and 

weaken towards the bottom, because phytoplankton biomass is thought to be more strongly controlled by 

resources than grazing (Benndorf et al. 2002). The associated contributions of both top-down and bottom-

up forces have been widely accepted, but the conclusions concerning biomanipulations have not been 

consistent (Horppila et al. 1998). However, Carpenter et al. (1985) suggest that, although these two 

mechanisms are presented as opposing schools of thought, cascading trophic interactions and nutrient 

models are complementary, not contradictory. 

 

 

 

Figure 1. Trophic cascade hypothesis showing piscivore biomass in relation to biomass of planktivores, 

herbivorous zooplankton and phytoplankton. Modified from Carpenteret al. (1985). 

The Dorset food web piscivore manipulation project 

 The seven year (1991-1997) Dorset food web piscivore manipulation project attempted to assess 

the magnitude of trophic level interactions within pelagic communities responding to strong, top-down 

manipulations of the piscivore community in two lakes (McQueen et al. 2001b). Mouse and Ranger lakes 

were selected for this study as they had similar morphological and chemical characteristics, but different 

food web structures. These lakes are relatively small (surface area ~ 10 ha; max depth ~ 11 m), and so 

likely to respond quickly to perturbations. Prior to the manipulation, Ranger Lake supported a substantial 

piscivore community comprised of both largemouth (Micropterus salmoides) and smallmouth 
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(Micropterus dolomieu) bass, whereas Mouse Lake contained no bass (Ramcharan et al. 1995). During 

the fall of 1993 and spring of 1994, approximately 85% of the bass were live-captured in Ranger Lake 

and transferred to Mouse Lake.  

 Ramcharan et al. (2001a) examined whether biomass and species composition of the two 

invertebrate predator assemblages were affected by interannual and experimentally induced changes in 

fish biomass, and if changes in Chaoborus biomass affected zooplankton biomass and body size in the 

manner predicted by the trophic cascade theory. Before the bass transfer, the total biomass of Chaoborus 

were similar in both lakes with Mouse Lake dominated by smaller chaoborids, C. albatus and C. 

punctipennis, and Ranger Lake dominated by the larger C . flavicans and C. trivittatus. Following the 

manipulation, Chaoborus biomass increased only in Mouse Lake with a dampened decrease in biomass in 

Ranger Lake. The bass transfer initiated large interannual oscillations in species composition with a 

general progression towards domination by larger species in Mouse Lake. While changes in species 

composition were observed, expected shifts in biomass were not evident. Ramcharan et al. (2001a) 

attributed the weak trophic link between Chaoborus and planktivorous fish to shifts in Chaoborus body 

size distributions, changes in vertical migration, and response lag times. 

 Yan et al. (2001) demonstrated that the total biomass of crustacean zooplankton was unaffected 

by the changes in planktivore biomass and density, but that significant changes were observed in 

zooplankton community composition and body size. The zooplankton community of several small-bodied 

Cladocera declined after the reduction in planktivore abundance in Mouse Lake, while that of the larger-

bodied Holopedium gibberum and Daphnia catawba  increased (Yan et al. 2001). In Ranger Lake, small-

bodied bosminids and Diaphanosoma increased after the bass were removed, while D. catawba decreased 

(Yan et al. 2001). Ramcharan et al. (2001b) suggested that the zooplankton community did not respond in 

terms of total biomass because changes in fish predation were counteracted by reciprocal changes in 

Chaoborus predation. Therefore the differences in size-selective predation by fish and Chaoborus caused 

shifts in size distributions as observed by Yan et al. (2001). 



5 

 

 Results from the four year post-manipulation period (1994-1997) did not demonstrate a consistent 

linear cascade from the piscivores to the phytoplankton (McQueen et al. 2001a) implicit to the trophic 

cascade model (TCM) (Persson 1999). Neither algal biovolumes nor chlorophyll-a concentrations 

changed significantly in response to the piscivore manipulation (McQueen et al. 2001b). Tremel et al. 

(2001) concluded that, among the phytoplankton, >70% of the biomass comprised of relatively 

ungrazable taxa (i.e. Chrysosphaerella and Gloeocystis) with grazing rates seldom exceeding 10% of the 

water column per day. While changes to the fish populations resulted in almost complete reversals in lake 

community structure, simple trophic level responses were not established for these lakes. These results 

suggest that top-down interactions are complex for temperate, oligotrophic lakes, and that extrinsic 

factors can influence community dynamics, particularly climate. 

Study Systems: Mouse and Ranger lakes 

 Mouse (45º11’N, 78º51’W) and Ranger (45º09’N, 78º51’W) lakes are small, relatively shallow 

(Table 1), moderately humic, oligotrophic lakes (Tables 2) located in the Muskoka-Haliburton region of 

south-central Ontario (Figure 2) (Ramcharan et al. 1995).  

 These lakes are typical of > 300,000 lakes on the Canadian Shield and are located on granite and 

sand basins at the southern margin of the Precambrian Shield (McQueen et al. 2001a). Ranger Lake has a 

surface area of 11.25 ha, an average depth of 5.5 m, maximum depth of 13 m, and an approximate 

shoreline length of 1.63 km (Figure 3). The littoral substrate is comprised predominantly of sand, the 

profundal substrate sedimentary mud, and the macrophyte cover is sparse. Mouse Lake has a surface area 

of 9.9 ha, a mean depth of 4.9 m, a maximum depth of 9 m and a shoreline length of approximately 1.60 

km (Figure 3). The littoral substrate is a mixture of sand and organic material, the profundal substrate 

sedimentary mud and the macrophyte cover moderate (Visman et al. 1994). Each lake has a small outflow 

channel that allows for the immigration or dispersal of small fish (McQueen et al. 2001a). Shortly after 

ice-out in early May, thermal stratification is typically complete with both lakes developing an oxycline 

by early June (Dillon et al. 2001). 

Ranger Lake 
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Figure 2. Map of south-central Ontario including study lakes and surrounding features (inset shows 

location of study area within Canada). 

 Due to the presence of wetlands in their catchments, the waters of both lakes are fairly dystrophic 

(McQueen et al. 2001b). The catchments for Mouse and Ranger lakes are located on granitic terrain on 

the Canadian Precambrian Shield and, reflecting of their geologic setting, have soft waters (McQueen et 

al. 2001b). The catchment for Mouse Lake (185 ha) is smaller than that of Ranger Lake (260 ha), which 

results in lower annual total runoff into the lake (McQueen et al. 2001b). Estimated flushing rates are 

considered high (> twice per year), with most of the annual runoff occurring with snow melt in early 

spring (Ramcharan et al. 1995). 

 Although the lakes are located in different drainage basins, Mouse Lake (watershed 2EC15) and 

Ranger Lake (2HF10), neither watershed experiences direct impacts from human development (i.e. 

forestry, industry, or agriculture) (Kirkwood et al. 1999).  
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Figure 3. Bathymetric maps of Ranger Lake (left) and Mouse Lake (right) with coring location (dashed 

circle). Inflows and outflows are indicated with arrows. Depth contour lines measured in metres (m).  

Modified from Ramcharan et al. (1995). 

 The only residential properties located on these lakes are a small Junior Ranger Camp on Mouse 

Lake and a sawmill/field house on Ranger Lake. The Junior Ranger Camp was built in 1977, while the 

saw mill was constructed by the rangers at the Frost Center between 1961 to 1963 and operated until 1968 

(G. Moraal, pers. com.). The saw mill was idle until 1974 when it started again until the Frost Center 

closed in 2004. It never operated in the winter and was only used for demonstration purposes (G. Moraal, 

pers. com.). Sewage from both residences is collected by septic systems (Ramcharan et al. 1995). Mouse 

and Ranger lakes are not only similar in physical and morphometric conditions (Table 1) but also in 

chemical composition (Table 2). On a regional scale, these lakes are located in a region of North America 

where atmospheric deposition of strong acids has been substantial for a number of decades. The presence 

of the anion sulphate (SO4
-
), which is typically associated with the deposition of strong acids, was higher 

in both lakes than the provincial median recorded for the period 1991-1993 (McQueen et al. 2001b). 



8 

 

Table 1. Location, morphometric properties and catchment areas of Mouse and Ranger lakes. From 

McQueen et al. (2001a). 

 

 

 

 

 

 Similarly, calcium (Ca) concentrations have fallen from ~ 2.7 mg·L
-1

   in 1992 to ~1.4 mg·L
-1

   in 

2011 (Appendix R), indicating the possibility that the long-term input of strong acids has resulted in 

lower base cation concentrations in the lakes (McQueen et al. 2001b). Collectively, the information 

regarding calcium and sulphate concentrations indicates that Mouse and Ranger lakes have been affected 

chemically by acid deposition. Concentrations of total phosphorus (TP) and total nitrogen (TN) in the two 

lakes indicate that they are oligotrophic and are typical of other Boreal ecozone lakes (McQueen et al. 

2001b). The observed nitrogen to phosphorus mass ratio, typical of lakes from this region of south-central 

Ontario, suggests that the aquatic systems are phosphorus-limited (Molot and Dillon 1991). DOC levels 

(Keller et al. 2008) and pH (Yan et al. 2008b) have risen in several lakes in the Dorset region, while TP 

levels have demonstrated a declining trend (Hall and Smol 1996). 

 The fish communities of Mouse and Ranger lakes prior to 1993 were very different. Mouse Lake 

was originally free of obligate piscivores until 1942, when a brook trout (Salvelinus fontinalis) stocking 

program by the Ontario Ministry of Natural Resources (MNR) was attempted (Ramcharan et al. 1995).  

This attempt at stocking was unsuccessful, and again the MNR tried to establish a trout fishery by first 

treating the lake with the piscicide rotenone in October 1978.  Several more attempts at stocking small 

quantities of yearling rainbow trout (Salmo gairdneri) during subsequent years in Mouse Lake failed. 

Prior to the 1993/1994 fish manipulation, the lake was dominated by large numbers (1200 ind. ha 
-1

) of 

 Mouse Lake Ranger Lake 

Location 45 11’N, 78 51’ W 45 09’ N, 78 51’ W 

Area (ha) 9.9 11.2 

Mean depth (m) 4.9 5.5 

Maximum depth (m) 9 13 

Volume (10
5
m

3
) 4.4 6.3 

Shoreline (km) 1.6 1.6 

Catchment Area (ha) 185 260 
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planktivore-benthic species including pumpkinseeds (Lepomis gibbosus), white suckers (Catastomus 

commersonii), golden shiners (Notomegonus crysoleucas), and three additional species (Visman et al. 

1994).  

Table 2. Summary of MOE April 2010 water chemistry data for Mouse and Ranger lakes. Water 

chemistry variables: calcium, chlorine, specific conductivity, dissolved organic carbon (DOC) , iron (Fe), 

potassium (K), magnesium (Mg), sodium (Na), total nitrogen (TN), pH, total phosphorus (TP), and 

sulphate (SO4). 

 

 

 

 

 

 

 In contrast, Ranger Lake had supported substantial populations of piscivores since the early 1960s 

(McQueen et al. 2001a). In 1949, the MNR was again unsuccessful in stocking brook trout. In 1958 and 

1961, smallmouth bass (Micropterus dolomieui) were introduced and in the early 1970s, largemouth bass 

(Micropterus salmoides) were also introduced. The yellow perch, pumpkinseed and smallmouth bass 

populations subsequently declined as largemouth bass populations gradually grew to high levels 

following their introduction (McQueen et al. 2001a). 

Climate Trends 

 Mouse and Ranger lakes are located in a region of south-central Ontario that has experienced 

warming over the past ~100 years, with warming trends forecasted to continue (Magnuson et al. 1997). 

According to long-term climate records from the Haliburton (Ontario) temperature station (Figure 1), 

mean annual air temperatures have increased noticeably since 1889, with the most pronounced increase 

 Mouse Lake Ranger Lake 

Ca (mg/L) 1.6 1.8 

Cl (mg/L) 0.3 0.9 

Conductivity (µS/cm) 17.2 19.4 

DOC (mg/L) 5.9 6.1 

Fe (µg/L) 569 431 

K (mg/L) 0.3 0.3 

Mg (mg/L) 0.4 0.5 

Na (mg/L) 0.6 1.0 

TN (µg/L) 480 412 

pH 5.9 6.0 

TP (µg/L) 14.9 8.7 

SO4 (mg/L) 3.9 3.3 
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during the winter months (~1.85°C) (Figure 4B). As air temperature is considered to be a dominant 

variable in controlling the timing of lake ice formation and thawing (Williams and Stefan 2006), lake ice 

phenology may be used as an easily measureable and highly visible indicator of current climate change 

(Robertson et al. 1992). Magnuson et al. (2000) examined historical lake and river ice records for 

numerous sites around the Northern Hemisphere and found consistent trends indicating later freeze dates, 

and earlier breakup dates over the last 150 years. Similarly, historical lake ice records for the Dorset 

region clearly display a relationship to recent warming. Mean lake ice records for the Dorset ‘A’ lakes 

from 1975 to 2010 show an increase in the ice-free period by approximately 25 days (Figure 5A), 

resulting from both later ice formation in the winter and earlier melting of ice in the spring. Decreased ice 

cover results in a significant change in albedo and a corresponding input of heat in the late winter and 

spring, which can lead to an earlier onset of summer stratification (Desai et al. 2009), which may have 

implications for the phytoplankton growing season and higher ecological processes (Winder and 

Schindler 2004). These marked changes in air temperature and duration of the open-water season have 

been shown to affect and drive changes in limnological and physical properties of aquatic systems 

(Adrian et al. 2009). 

 Surface and epilimnetic water temperatures are highly correlated with regional-scale air 

temperature, and as such lakes will likely respond to rising air temperatures through changes in their 

physical and chemical properties (Adrian et al. 2009). Rising lake water temperatures may result in long-

term changes in the intensity and duration of vertical mixing and stratification, thermal stability and 

thermocline depth (Adrian et al. 2009). These resulting changes have proven to be important for light 

availability, nutrient availability and oxygen levels which can influence the composition and growth of 

specific aquatic biota (Paterson et al. 2008). For example, at higher temperatures, bloom-forming 

cyanobacteria have been shown to have a competitive edge over other phytoplankton groups in some 

lakes (Wagner and Adrian 2009). 
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 A temporal change in lake primary production resulting from climate variability may have serious 

complications for food web dynamics in aquatic systems (Schindler 2001).  Winder and Schindler (2004) 

found that climate change uncoupled the trophic interactions between the spring diatom bloom and 

populations of the keystone zooplankton herbivore Daphnia, resulting in a long term population decline.  

Algal-zooplankton interactions in pelagic ecosystems form the basis for energy flux to higher trophic 

levels (Platt et al. 2003). A decoupling of this predator-prey relationship may be transmitted to all trophic 

levels if keystone species are affected, causing unexpected ecological consequences. Adrian et al. (2006) 

found that fast-growing spring plankton populations of diatoms and Daphnia responded synchronously to 

spring warming, but that slow-growing summer zooplankton species with longer and more complex life 

cycles did not.  

 DOC concentrations are one of many chemical variables within aquatic systems that are expected 

to undergo changes resulting from climate change.  DOC is important in impairing the visibility of size- 

selective predators (Brooks and Dodson 1965), which has been shown to shape zooplankton Cladocera 

communities (DeSellas et al. 2008). It is also a major determinant of lake transparency and thermal 

structure (Dillon et al. 2003), and as an energy source for aquatic food webs (Arvola et al. 1996).   As 

there are other potential environmental stressors acting simultaneously upon these systems, it is often 

difficult to predict and isolate impacts of climate from those of other multiple stressors (Smol 2010).  
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Figure 4. Comparison of temperature trends from the Dorset region. (A) Mean annual (B) winter, and (C) 

spring temperature (ºC) trends recorded at the Haliburton weather station from1895 to 2008. Linear trend 

lines (straight line) and a 5 year running average (red line) are included in the plot. The slope of the curve 

from the original data was used to calculate the total amount of change in degrees Celsius over the time 

period. Data are from the Historical Adjusted Climate Database for Canada, Environment Canada 

(http://ec.gc.ca/dccha-ahccd/).   
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Figure 5. Dorset Environmental Science Center (DESC) ‘A’ lakes mean ice records from 1975-2010 

including  (A) the number of ice-free days, (B) the ice-out day of year and (C) the ice –on day of year. 

Data from the Ontario MOE DESC. 
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Study Rationale and Objectives 

 Food web manipulations have been the focus of many ecological investigations, which 

collectively emphasize numerous general conceptual models dealing with food web structure and 

interactions. For aquatic systems, there are a myriad of physical, chemical, and biological factors that may 

influence the efficacy of using food web manipulations to alter phytoplankton biomass. These factors 

include: changes in nutrient transport and sedimentation induced by changes in zooplankton body size 

(Shapiro and Wright 1984); changes in abundances of invertebrate planktivores (Benndorf 1995); changes 

in nutrient cycling by fish (Schindler et al. 1996); and changes in fish-induced disturbances of sediments 

(Meijer et al. 1990), just to name a few. In particular, algal communities responding to fish introductions 

in temperate lakes have been shown to be quite variable as these aquatic food webs are complex and 

dynamic (Gregory-Eaves and Keatley 2010). 

 The overall objective of this study was to revisit and study the effects of two softwater Canadian 

Shield lakes that had undergone strong top-down manipulations of the piscivore community nearly 20 

years ago using paleolimnological techniques. High-resolution down-core analyses of diatom, Cladocera, 

and Chaoborus remains will be used to track the effects of the Dorset food web piscivore manipulation 

project and capture any changes, if any, since the completion of the project. Specifically, my research 

questions were: 

 1) Can changes in food web structure (i.e. species composition) resulting from the Dorset  

  food web piscivore manipulation project be tracked and identified in the sedimentary  

  record? 

 2) If so, have these shifts persisted or deviated since the manipulation?  

 3) Using high-resolution 
210

Pb dated sediment cores, how have the diatom, Cladocera and  

  Chaoborus assemblages changed over time for Mouse and Ranger lakes (past ~150  

  years)? 
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 4) Given natural variability, how significant were assemblage changes before the   

  manipulation? Was there a recent directional change evident in the sedimentary   

  record that may have been overshadowed by the recent Dorset piscivore manipulation?      

 Although ample modern limnological data has been collected for these lakes, no paleoecological 

studies have been conducted.  The results of this study will provide additional insight of our 

understanding of top-down manipulations, and how paleolimnology may be used to assess and track 

remediation efforts. Chapter 2 of this thesis details the changes observed in species composition of 

sedimentary diatom, Cladocera and Chaoborus assemblages. In addition, reconstructed chlorophyll-a 

concentrations, which may be used as a proxy to track past changes in aquatic primary production, are 

presented. Chapter 3 summarizes the main findings of this study. Supplementary information and 

supporting data are presented in the Appendices. 
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Literature Review 

Paleolimnology   

 Long-term data for aquatic systems are necessary so that pre-disturbance (~1850 ) conditions can 

be determined in order to discern anthropogenically-related changes from natural variability, allowing 

lake managers to perform effective lake restoration measures (Smol 1992).  In the absence of detailed 

monitoring programs, this knowledge may be obtained using paleolimnological techniques that examine 

information preserved in lake sediments (Smol 2008). Paleolimnology uses the physical, chemical and 

biological information preserved in lake sediments to reconstruct and infer past environmental conditions 

of aquatic systems (Smol 2008). There are numerous environmental proxies that are archived in the 

sediments of lakes including algal taxa (e.g. diatoms, chrysophytes), invertebrates (e.g. Cladocera, 

Chaoborus), pollen grains, plant remains (e.g. phytoliths), pigments (e.g. chlorophyll-a) and charcoal that 

are used for the reconstruction of past limnological conditions (Smol 2008). 

Diatoms as Proxy Paleoindicators 

 

 Diatoms (Bacillariophyceae) have proved to be sensitive paleoindicators of environmental change 

because of their well-defined ecological optima and tolerances to limnological variables, which allow for 

past environmental reconstructions (Stoermer and Smol 2010).  Diatoms are the most abundant algal 

group in most freshwater ecosystems and possess several characteristics that make them reliable 

biological indicators. An extremely important feature of diatoms is that their cell walls are composed of 

silica, which preserve well in most lake sediments (Smol 2008). Depending on the ornamentation of these 

siliceous cell walls, identification down to the species or sub-species levels can be determined (Stoermer 

and Smol 2010). Diatoms also have very fast migration rates which allow them to colonize new habitats 

quickly. Therefore assemblage shifts closely mirror environmental shifts which can be used to infer 

historical lake water conditions (Smol 2008).  
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 Diatom assemblages have been applied to evaluate water quality trends and other environmental 

conditions globally, including lake acidification (e.g. Cattaneo et al. 2004; Cumming et al. 1992), lake 

eutrophication (e.g. Hall and Smol 1996; Reavie et al. 1995), fisheries status (e.g. Holtham et al. 2004; 

Gregory-Eaves et al. 2003) and climate change (e.g. Smol et al. 2005; Birks et al. 2004). In addition, they 

are particularly important components in aquatic ecosystems because they contribute to primary 

production and have an influential role in the food webs of lakes (Stoermer and Smol 2010). Diatoms are 

a high quality food source for herbivores and often play an important role in aquatic food web structure 

and function (Round et al. 1990). Diatom species may respond directly to variables associated with 

climate but are highly likely to respond to climate-related limnological variables such as extent of ice-

cover, thermal stratification, water depth, pH, nutrient cycling and other chemical variables (Smol et al. 

1991; Anderson 2000; Battarbee 2000).   

 Marked changes in diatom assemblages from high-latitude lakes have demonstrated a shift toward 

higher relative abundances of the planktonic Cyclotella stelligera complex and lower abundances of the 

benthic Fragilaria taxa and tychoplanktonic Aulacoseira species (Rühland and Smol 2005; Rühland et al. 

2003; Sorvari et al. 2002). These shifts in sedimentary diatom assemblages have been suggested to result 

from longer growing seasons due to reduced ice cover and/or enhanced thermal stratification driven 

primarily by climate warming (Sorvari et al. 2002; Rühland et al. 2003). Rühland et al. (2008) later 

demonstrated that these marked changes were not limited to Arctic and alpine regions, and that lakes at 

temperate latitudes have shown similar ecological changes. Nonetheless, even though climate-related 

shifts in diatom assemblages have been illustrated in temperate regions, Rühland et al. (2008) suggested 

that these changes may be more difficult to isolate because of simultaneous anthropogenic disturbances 

acting on these systems. Not all lakes support the particular diatom taxa shift as illustrated by Rühland et 

al. (2008). Reported increases of other planktonic species such as Asterionella and Tabellaria are 

recorded with concurrent decreases in Aulacoseira taxa (Smol et al. 2005; Solovieva et al. 2005, 2008; 

Enache et al. 2011). 
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Invertebrates as Paleoindicators 

 

 To isolate the impacts of multiple stressors, a multi-proxy approach using other paleoindicators 

such as the fossil remains of invertebrates (Cladocera, Chaoborus) can be used to ensure a more complete 

representation of the various ecological interactions (Smol 2008).  

 The analysis of chitinous skeletal structures (i.e. shells, head-shields, post-abdomens and claws) 

of Cladocera have proved to be effective paleoindicators because of their high ecological diversity, 

sensitivity to environmental change and short generation time that allows for a rapid response to change 

(Korhola and Rautio 2001). Cladocera abundance and distribution is affected, to some extent, by other 

organisms in a lake ecosystem, therefore making them reliable indicators of changes in the food web and 

trophic cascades (Korhola and Rautio 2001). They are also useful indicators because, although they 

inhabit a wide range of habitats as a group within lakes, individual species are closely associated with 

specific habitats (Bos 2001). Similar to diatoms, the exoskeletal remains of Cladocera captured in the 

sediment of lake basins have provided the means to infer past environmental conditions and disturbances 

affecting lakes. They have been used to track lake trophic status (Broderson et al. 1998; Jeppesen et al. 

1996), acidification (Nilssen and Sandoy 1990), lake levels (Korhola et al. 2005) and climate (Gyllström 

et al. 2005). Given that Cladocera are controlled by environment variables (Korhola and Rautio 2001), a 

changing climate has the capability of influencing the many environmental factors that may impact the 

structure of Cladocera communities (Sweetman et al. 2010).  

 Fish predation is believed to be size selective and the strength of fish predation can have a 

considerable impact on zooplankton size distribution in lakes (Brooks and Dodson 1965). Numerous 

studies have focussed on reconstructing fish predation and regimes (St. Jacques et al. 2005; Jeppesen et 

al. 2002) with the hope of quantifying past trophic status. Traditionally, paleolimnological inferences 

using Cladocera have been based on changes in species assemblage. However size structure is also a 

potentially sensitive community metric. Bosmina appendages (mucrones and antennules) act as defence 



19 

 

mechanisms for these small herbivorous cladocerans from grasping predators, as increases in appendage 

length increase predator handling time, allowing Bosmina more opportunity for escape (Branstrator 

1998). For example, Alexander and Hotchkiss (2010) presented a surface sediment calibration set for the 

reconstruction of zooplankton community size structure using Bosmina mucro and antennule lengths and 

found that mucro length increases were positively correlated with increasing abundances of its primary 

copepod predators Diacylops thomasi and E. lacustris. In addition, Korosi et al. (2008) related the size of 

Bosmina and Daphnia chitinous remains in the surface sediments of 42 south-central Ontario lakes to pH, 

DOC, and TP providing meaningful insights on the environmental factors structuring Cladocera size in 

Ontario Shield lakes. 

 Environmental factors related to climate change that might have a strong influence in regulating 

Cladocera distribution include changes in ice cover duration (Magnusson et al. 2000; Smol et al. 2005), 

DOC and UV penetration (Rautio and Korhola 2002; Zellmer et al. 2004), and changes in water level 

(Korhola et al. 2005). As crustacean zooplankton are continually experiencing an increase in 

anthropogenic stressors and new stressors with relatively unknown effects (Jeziorski and Yan 2006), it is 

prudent to continue paleolimnological studies in order to decipher the interactions within these lake 

systems and their responses. For example, Finney et al. (2000) used a multi-proxy approach of nitrogen 

stable isotopes, diatoms and Cladocera to reconstruct Pacific sockeye salmon abundance and to determine 

to what extent climate variability and fishing has impacted this resource. Whereas diatoms have been used 

primarily as indicators of nutrients, and have the potential to represent an indirect connection to vertebrate 

dynamics, Cladocera analyses can make strong complements to diatom analyses and therefore can bolster 

environmental and ecological interpretation (Gregory-Eaves and Keatley 2010).  

 Larvae of the phantom midge, Chaoborus (Diptera: Chaoboridae), are widespread in temperate 

lakes (Wissel et al. 2003), and are often the top invertebrate predators in the pelagic zones (McQueen et 

al. 1999). For this reason, it is important to understand the dynamics of Chaoborus as they can play an 

important role in aquatic food webs (Moore et al. 1994). Their abundances are regulated to a large extent 
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by fish predation (Pope et al. 1973) and, as a result, Chaoborus investigations have primarily focused on 

understanding responses to fish predation or the absence/removal of fish populations (Uutala and Smol 

1996; Heiri and Lotter 2003; Garcia and Mittelbach 2008). Predation by Chaoborus has also been shown 

to play a significant role in controlling zooplankton communities (MacKay et al. 1990). The chitinized 

mandibles of Chaoborus are well preserved and can be easily identified to the species taxonomic level 

(Figure 6) (Uutala 1990).  For this reason, they are well suited for paleolimnological studies as shifts in 

Chaoborus taxa recorded in the sediment record can be used to infer past fish status (Sweetman and Smol 

2006). Nonetheless, the interpretation of Chaoborus fossil stratigraphies has been used to identify several 

other environmental factors including eutrophication (Quinlan and Smol 2000; Little and Smol 2000), 

oxygen levels (Quinlan and Smol 2010), acidification (Yan et al. 1985) and lake water-level 

reconstructions (Korhola et al. 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Chaoborus mandibles recovered from Mouse Lake, Ontario (A) Chaoborus (Sayomyia) (B) C. 

flavicans (C) C. trivittatus, and (D) C. americanus. Scale bar equals 100 µm. 



21 

 

 Multi-proxy studies can provide a comprehensive overview of the ecological interactions within a 

system and the response to environmental variables (Smol 2008); however careful considerations are 

required when interpreting the use of multi-proxy data as support for findings (Birks and Birks 2006). 

Biomanipulations and Paleolimnology 

 

 Biomanipulation mechanisms are extremely complex and the results can often be confounded 

through the interactions of various stressors. Paleolimnological studies concerning food web 

manipulations can provide the framework from which long-term effects may be assessed and novel 

management strategies applied (Smol 2008). 

 While paleolimnogical techniques have been used widely to infer past climate and environmental 

conditions (Smol 1992), their use to study the long-term responses of lakes to food web manipulations is 

comparatively sparse. Several paleolimnological studies involving the effects of fish introductions include 

Brugan and Speziale (1983), Leavitt et al. (1989), Uutala et al. (1994), Schindler et al. (2001), Heiri and 

Lotter (2003), Sweetman and Finney (2003), St. Jacques et al. (2005) and Eilers et al. (2007).  

 In particular, Leavitt et al. (1989) used fossil pigment and zooplankton remains to track changes 

over time in fish community structure in two Michigan lakes (Peter and Paul lakes) since the 1950s. 

Changes in food web structure and limnological conditions were well documented in the annually 

laminated sediments which recorded shifts in algal productivity corresponding to shifts in zooplankton 

size.  

 More recently, St. Jacques et al. (2005) used the remains of algae (diatoms) and zooplankton 

(Cladocera) from Lake Opeongo in Ontario to decipher the effects of a cisco introduction in 1948. 

Marked changes in diatom assemblages were observed consisting of shifts towards higher phosphorus 

preferences such as Asterionella formosa with simultaneous increases in the dominant Cladocera Bosmina 

longirostris following the introduction. The cause behind this noticeable shift was attributed to the 

increased nutrient recycling driven by the manipulation of the fish community (St. Jacques et al. 2005). 

An analyses performed by Schindler et al. (2001) determined that the introduction of trout altered the 
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nutrient recycling within the lake resulting in increased algal biomass because primary production was 

stimulated by accessing phosphorus sources not normally available to pelagic communities in 

oligotrophic mountain lakes. Gregory-Eaves and Keatley (2010) suggest that it is often difficult to 

reliably reconstruct changes in fish dynamics in low elevation lakes based solely on sedimentary diatom 

analyses as diatoms. Cladoceran analyses make strong complements and can greatly bolster 

environmental and ecological interpretations as diatoms are primarily indicators of nutrients and thus 

represent an indirect connection to vertebrate dynamics (Gregory-Eaves and Keatley 2010). These results 

reiterate the complexity of natural ecosystem processes and the prudence required when considering lake 

management strategies.   

 Chaoborid and chironomid fossils have be used to infer the historical status of fish in lakes and 

the presence/absence of fish (Johnson et al. 1990; Kurek et al. 2010). For example, the large, non-

migratory and strongly pigmented Chaoborus americanus is extremely vulnerable to fish and is an 

indicator of fishless lakes (Stenson 1980), whereas smaller, migratory species such as C. punctipennis and 

C. flavicans are capable of co-existing with fish (Wissel et al. 2003). Following the enhancement of 

piscivory, Chaoborus have also been shown to exert the same strong predation pressure on large 

herbivorous zooplankton as planktivorous fish (Benndorf et al. 2000; Ramcharan et al. 2001a). For 

example, Wagner et al. (2005) found that invertebrate predators such as Leptodora and Chaoborus 

compensated for the effects of planktivorous fish by increasing and contributing to the reduction of 

Daphnia biomass. 

 Evidence suggests that responses resulting from food web manipulations can be controlled 

through both top-down and bottom-up actions. However, when the outcome of results were found to be 

contradictory to expectations implicit to these cascade models, this further reiterated that aquatic systems 

are complex and dynamic, and that multiple stressors may be acting simultaneously masking the effect of 

the manipulations. Paleolimnological studies can assist in determining how components of lake 

ecosystems are responding to these multiple stressors by providing valuable information preserved in lake 

sediments of biological assemblages that extend beyond existing records (Smol 2010). The use of 
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multiple proxies may have the potential to contribute greatly to our understanding of how lakes and their 

biota respond to internal and external forcing (Birks and Birks 2006). 
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Abstract 

 Food web biomanipulations provide the means to partly control water quality problems (i.e. algal 

blooms) in lakes by altering internal ecological mechanisms. However biomanipulation mechanisms are 

complex and the results are often confounded through the interactions of various stressors. This study 

used paleolimnological approaches using the fossil remains of diatoms, Cladocera and Chaoborus 

indicators to explore the effects of past fish manipulations of two oligotrophic lakes (Mouse and Ranger 

lakes) located in south-central Ontario.  A major focus was the temporal period associated with the most 

recent Dorset food web piscivore manipulation project (1991-1997). The diatom assemblages recorded 

only subtle changes over time, with the most pronounced variation in the past decade, likely responding to 

recent warming. Following the smallmouth (Micropterus dolomieu) and largemouth (Micropterus 

salmoides) bass addition to Mouse Lake, the zooplankton and Chaoborus fossil record revealed that a 

reduction in planktivorous fish led to expected shifts in community size structure, but with changes 

apparently delayed by ~5-10 years. Primary production, as inferred from VRS chlorophyll-a 

concentrations, had been relatively stable for over ~200 years but increased significantly following the 

piscivore addition. A shift to larger, more efficient herbivorous zooplankton (i.e. Daphnia) should have 

suppressed phytoplankton as they are able to filter food particles at a much faster rate and graze a wider 

size-range of algae compared to the less effective grazer, Bosmina. However, changes to the lake system 

from climate warming may have uncoupled the trophic interactions, producing a mismatch in the timing 

of favourable environmental conditions in an algal-herbivore interaction. In addition, these oligotrophic 

lakes support algal communities often classed as being ungrazable, which would also substantially reduce 

grazer-mediated responses in the phytoplankton. Ranger Lake did not respond to reductions to piscivores 

as expected in terms of zooplankton and Chaoborus size structure. Larger-bodied Cladocera (i.e. 

Daphnia, Holopedium gibberum and Polyphemus pediculus) increased in abundance while small Bosmina 

species decreased markedly in the uppermost sediments. While some results of this study corroborated the 

expected effects of biomanipulation theory (i.e. species-specific shifts in size), the inconsistencies 
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encountered highlight that other drivers (i.e. climate) are likely to mediate the effects of biomanipulations, 

particularly in temperate lake systems experiencing multiple stressors. 

Introduction 

 Freshwater lakes have progressively been altered by human activities (Schindler 2001), ranging 

from direct inputs of chemicals to more indirect inputs such as pollution being transported long distances 

before being redeposited back to Earth (Smol 2008). In addition, climate change is capable of affecting 

numerous lake properties (Keller 2007), such as unexpected perturbations to food webs as interacting 

aquatic species respond to these dynamics environmental conditions (Stenseth and Mysterud 2002). Lakes 

in the Muskoka-Haliburton region of south-central Ontario have been exposed to several environmental 

stressors that have significantly altered the physical, chemical and biological condition of lakes over the 

last three decades (Yan et al. 2008a).  For example, lakes in this region have experienced falling acidity 

and total phosphorus (TP) levels, alterations to DOC, longer ice-free periods / growing seasons, and 

changing predator assemblages (Yan et al. 2008b). Unfortunately, the confounding influence of several 

stressors occurring simultaneously makes it difficult to isolate how each works individually, as stressors 

may produce synergistic and antagonistic effects (Smol 2010).  

 Perhaps the most common lake management issue for lakes worldwide remains nutrient 

enrichment, which is capable of causing changes to the chemical, physical, biological and ecosystem 

characteristics of freshwater bodies (Carpenter 2005). Biomanipulation of lakes has been widely explored 

as a restoration tool in north temperate lakes (Hansson et al. 1998), with the intent to suppress nuisance 

algae by means of a trophic cascade (Shapiro and Wright 1984). Biomanipulations have been an 

important paradigm in lake ecology, chiefly based on the top-down control of pelagic food webs 

(Carpenter et al. 1985) and the size-efficiency hypothesis proposed by Brooks and Dodson (1965). 

Simply put, a rise in piscivore biomass may negatively affect planktivore biomass, in turn increasing 

herbivore biomass (e.g. Daphnia), and decreasing phytoplankton biomass (Carpenter et al. 1985). 
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However, results from biomanipulation studies have demonstrated high variability (Kasprzak et al. 2002), 

and have come under intense scrutiny (e.g. Wetzel 2001; Persson 1999), sparking the top-down versus 

bottom-up (i.e. nutrient loading model) controversy (McQueen et al. 1986). While trophic cascade 

interactions may explain some of the variance not explained by nutrient loading models, it has recently 

been suggested that, when both approaches are used in tandem, one can begin to understand, but not fully 

quantify, many of the confounding complexities regulating aquatic primary productivity (Hodgson 2005; 

Carpenter et al. 1985). 

 The seven year (1991-1997) Dorset food web piscivore manipulation project attempted to assess 

the magnitude of trophic level interactions within pelagic communities responding to strong top-down 

manipulations of the fish community in two oligotrophic lakes located on the Precambrian Shield. Mouse 

and Ranger lakes were selected for this study because they were similar physically (Table 1) and 

chemically (Table 2), but structured by contrasting food webs. Ranger Lake had supported a substantial 

piscivore community, since being stocked in the early 1960s, while Mouse Lake contained only 

planktivorous fish (Ramcharan et al. 1995). Over the course of the experiment, smallmouth (Micropterus 

dolomieu) and largemouth (Micropterus salmoides) bass were live-captured from Ranger Lake and 

transferred to Mouse Lake during the fall of 1993 and spring of 1994 (McQueen et al. 2001a). During the 

four year post-manipulation period (1994-1997), changes in community size structure were observed, 

although the biomanipulation was not effective in controlling algal biomass and chlorophyll-a 

concentrations (McQueen et al. 2001b).  

  Yodzis (1988) suggests that, in order to assess the lasting impacts of a biomanipulation, long-

term (~20-30 years) observations are required from aquatic systems. In the absence of long-term 

monitoring data, paleolimnological methods can be used to assess the effectiveness of these management 

techniques. A multi-proxy paleolimnological study can provide a comprehensive overview of the various 

ecological interactions within a lake system and the response to environmental variables (Smol 2008). 

Diatoms (Bacillariophycae) have proven to be excellent paleoindicators because of their well-defined 
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ecological optima and (to a lesser extent) tolerances to limnological variables, fast migration rates which 

allow them to colonize new habitats quickly (Stoermer and Smol 2010), and siliceous cell walls which 

allow them to preserve well in most lake sediments (Smol 2008). Diatoms have proven to be exceptional 

indicators of cultural eutrophication (Hall and Smol 2010), and have been used to track changes related to 

fisheries status (Holtham et al. 2004; Gregory-Eaves et al. 2003; Finney et al. 2000).  

 The chitinous remains of Cladocera are equally important paleoindicators, as their intermediate 

position in lake food webs makes them sensitive to both top-down and bottom-up forces. As a result, 

changes in community structure can be indicative of changes in the physical and chemical lake 

environment (e.g. Ca decline; Jeziorski et al. 2008), and changes in food web structure (Korosi and Smol 

2012). Furthermore, differences in the morphology of the subfossil remains of Bosmina have proven to be 

very useful for tracking changes in food web structure (Korosi et al. 2012), whereas increases in body 

length, or in the length of appendages (i.e. mucro and antennule), can directly infer an increase in 

invertebrate predation pressure (Alexander and Hotchkiss 2010), and indirectly infer a decrease in fish 

predation (Sweetman and Finney 2003). 

  The larval stage of the phantom midge Chaoborus is also a useful paleoindicator, as it is one of 

the top invertebrate predators in lakes (McQueen et al. 1999; Moore et al. 1994). While Chaoborus 

investigations have focused primarily on understanding response to fish predation and/or the 

absence/removal of fish populations (Uutala and Smol 1996), the composition of chaoborids has also 

been shown to be a significant determinant of zooplankton community structure in Boreal Shield lakes 

(Kurek et al. 2011). 

 While paleolimnological techniques have been used widely to infer past climate and 

environmental conditions (Smol 1992), their use in studying long-term responses of lakes to 

biomanipulations is relatively sparse. Leavitt et al. (1989) used fossil pigment and Cladocera remains to 

track changes in fish community structure over time in Peter and Paul lakes (Michigan, U.S.A.), recording 
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shifts in algal productivity corresponding to shifts in zooplankton size. Marked changes in diatom and 

zooplankton assemblages were recorded in Lake Opeongo, Ontario, following the introduction of cisco in 

1948 (St. Jacques et al. 2005). St. Jacques et al. (2005) demonstrated that fish introductions not only 

affect predator-prey relationships in lakes, but also alter fundamental limnological processes, such as 

nutrient cycling. More recently, Boll et al. (2012) tracked changes over an 18-year period in the 

abundance of benthic macroinvertebrates and the stable isotope composition (C, N) of benthic 

invertebrates and zooplankton in Lake Vaeng, Denmark, following a biomanipulation (removal of 

cyprinids). 

 In this study, we use paleolimnological techniques to return to Mouse and Ranger lakes and 

assess the effects of the Dorset food web piscivore manipulation project nearly 20 years following its 

completion. High-resolution down-core analyses of diatom, Cladocera, and Chaoborus remains will be 

used to track the effects of the biomanipulations and capture ecological changes, if any, since the 

completion of the project. In addition, sedimentary chlorophyll-a concentrations (Michelutti et al. 2010) 

will be analyzed in an attempt to reconstruct historical lake primary production with respect to known fish 

introductions. We will also examine how the diatom, Chaoborus, and Cladocera assemblages of Mouse 

and Ranger lakes have changed since pre-industrial times (pre ~1850s), to identify natural variability. The 

results of this study will provide additional insight of our understanding of top-down manipulations, and 

how paleolimnology may be used to assess and track remediation efforts.  

Study Sites 

Mouse and Ranger lakes 

 Mouse (45º11’N, 78º51’W) and Ranger (45º09’N, 78º51’W) lakes are small (9.9 and 11.2 ha, 

respectively), shallow (9 and 13 metres maximum depth, respectively), oligotrophic lakes located at the 

southern margin of the Canadian Precambrian Shield (Figure 1) (Ramcharan et al. 1995). The surficial 

overburden is thin (< 1 m) glacial till with some thicker localized sand deposits, particularly at Ranger 

Lake, and organic deposits (peat) in the low lying areas (McQueen et al. 2001a). Both are single basin 
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lakes that thermally stratify and have anoxic hypolimnia during the ice-free season (Visman et al. 1994). 

Littoral zones are very small and neither lake has extensive macrophyte beds, although Mouse Lake has 

more macrophyte growth than Ranger Lake (Ramcharan et al. 1995). The flushing rates for Mouse and 

Ranger lakes are high with an approximate rate of 2.41 and 2.32 (1995) per year and approximate 

volumes of 4.39 x 10
5
 m

3
 and 6.32 x 10

5
 m

3
 (1995), respectively (Ramcharan et al. 1995). The catchment 

for Mouse Lake (185 ha) is smaller than that of Ranger Lake (260 ha), which results in lower annual total 

runoff into the lake (McQueen et al. 2001b).  

Mouse and Ranger lakes are not only similar morphologically, but also chemically (Table 2). The 

spring 2010 whole-lake water chemistry data for Mouse and Ranger lakes revealed pH to be 5.9 and 6.0, 

respectively, while Ca concentrations were measured at 1.6 and 1.8 mg/L (MOE 2010). These low Ca 

concentrations may indicate that base cations have been removed from the lake and catchment by the 

long-term input of strong acids. The total phosphorous (TP) of Mouse (14.9 µg/L) and Ranger (8.7 µg/L) 

indicate that these lakes are oligotrophic to oligo-mesotrophic, and typical of other Shield lakes (MOE 

2010). 

 Mouse Lake (watershed 2EC15) and Ranger Lake (watershed 2HF10) are located in different 

drainage basins, yet neither experiences direct impacts from human development (Kirkwood et al. 1999). 

Public access to these lakes and fishing are restricted by the Ontario Ministry of Natural Resources. 

Currently, there is a small Junior Ranger Camp on Mouse Lake and a saw mill/field house on Ranger 

Lake with sewage collected by a septic system. The Junior Ranger Camp was built in 1977 and remains 

active during the summer months, whereas the saw mill was constructed in 1963 and closed along with 

the Leslie M. Frost Center in 2004. 
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Table 1. Location, morphometric properties and catchment areas of Mouse and Ranger lakes. From 

McQueen et al. (2001a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Summary of Ontario Ministry of the Environment whole-lake water chemistry data for Mouse 

and Ranger lakes from April, 2010.  Water chemistry variables: calcium (Ca), chloride (Cl), specific 

conductivity, dissolved organic carbon (DOC), iron (Fe), potassium (K), magnesium (Mg), sodium (Na), 

total nitrogen (TN), pH, total phosphorus (TP), and sulphate (SO4). From MOE (2010). 

 

 

 

 Mouse Lake Ranger Lake 

Ca (mg/L) 1.6 1.8 

Cl (mg/L) 0.3 0.9 

Conductivity (µS/cm) 17.2 19.4 

DOC (mg/L) 5.9 6.1 

Fe (µg/L) 569 431 

K (mg/L) 0.3 0.3 

Mg (mg/L) 0.4 0.5 

Na (mg/L) 0.6 1.0 

TN (µg/L) 480 412 

pH 5.9 6.0 

TP (µg/L) 14.9 8.7 

SO4 (mg/L) 3.9 3.3 

 

 

 Mouse Lake Ranger Lake 

Location 45 11’N, 78 51’ W 45 09’ N, 78 51’ W 

Area (ha) 9.9 11.2 

Mean depth (m) 4.9 5.5 

Maximum depth (m) 9 13 

Volume (10
5
m

3
) 4.4 6.3 

Shoreline (km) 1.6 1.6 

Catchment Area (ha) 185 260 
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Figure 1. Map of Mouse and Ranger lakes with respect to nearby lakes (inset shows location of study area 

within Canada). 
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 The fish communities in the two lakes are very different and have been controlled over time by 

the MNR, with the most recent fish manipulation during the fall of 1993 and spring of 1994 (Figure 2). 

Prior to the manipulation, Ranger Lake supported substantial populations of smallmouth bass and 

largemouth bass, while the planktivore community comprised small numbers of yellow perch, white 

sucker, pumpkinseeds and golden shiners (Ramcharan et al. 1995). The Mouse Lake community was 

dominated by large number of planktivore-benthivore species including pumpkinseeds, golden shiners 

and white suckers, while containing no piscivorous fish (Demers et al. 2001). 

 

 

Figure 2. Timeline of fish introductions for Mouse and Ranger lakes. The dashed area indicates the 

presence of smallmouth and largemouth bass. 

Materials and Methods 

Sediment Core Collection and Extrusion 

 Sediment cores were retrieved using a Glew (1989) gravity corer fitted with a Lucite tube (63.3 

cm long and 7.5 cm internal diameter) from the central deep-water regions of Mouse and Ranger lakes on 

September 9th, 2010.  The core lengths were 20.25 cm and 41 cm, respectively. Sediment cores were 

sectioned immediately on site at 0.25 cm intervals using a Glew (1988) vertical extruder and placed in 

individual Whirl-Pak
®
 sample bags. Sediments were transported and stored at ~10°C in a cold room at the 
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Paleoecological Environmental Assessment and Research Laboratory (PEARL) at Queen’s University in 

Kingston, Ontario. 

Radiometric Dating 

 Both sediment cores were analyzed for 
210

Pb activity using gamma spectrometry techniques in 

selected sediment intervals (Appleby 2001). Sediment samples were processed using a VirTis
®
 freeze 

dryer and ~0.5 g of freeze dried sediment from each sample was placed in polypropylene test tubes. The 

tubes were then sealed with 2-Ton Epoxy and allowed to equilibrate for a minimum of two weeks before 

counting in an EG&G Ortec
®
 germanium (Gr) crystal well detector at PEARL. Activities of 

210
Pb, 

214
Bi 

and 
137

Cs were then measured and corrected according to procedures outlined in Schelske et al. (1994). 

210
Pb dates were then determined by means of a computer program (BINFORD) developed by Binford 

(1990) using the constant rate of supply (CRS) model (Appleby and Oldfield 1978). Dates were 

extrapolated using a 2
nd

 order polynomial for sediment intervals beyond background levels of 
210

Pb 

activity. 

Chlorophyll-a Analysis  

 The same freeze-dried sediment intervals used for radiometric dating were also prepared for 

chlorophyll-a (Chl-a) analysis. Lake sediment Chl-a concentrations were measured using visible 

reflectance spectroscopy (VRS) to reconstruct past trends in aquatic primary production, according to 

procedures outlined in Michelutti et al. (2010).  This technique is fast and non-destructive to the sediment 

sample, which allows the sediment to be used for additional analyses when sediment is limited.  

 For each lake, freeze-dried sediment was sieved through a 125 µm mesh to remove the influence 

of particle size and water content on the spectral signal. The sediment was then placed in glass 

scintillation vials, with enough to cover the base of the vials. Reflectance spectra were obtained using a 

Model 6500 series Rapid Content Analyzer (FOSS NIRSystems Inc.), operating over a range of 400-

2,500 nm.  The reflectance spectra were compared to calibration samples covering a range of sedimentary 
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Chl-a concentrations, as determined by high performance liquid chromatography (HPLC).  The area of 

the reflectance trough found between 650-700 nm is highly correlated with the summed concentrations of 

sedimentary Chl-a, all derivative isomers and degradational phaeopigments quantified by HPLC (Wolfe 

et al. 2006). Using a linear regression relating HPLC-derived concentrations of Chl-a, with spectral 

indices capturing the trough near 675 nm, allowed us to reconstruct sedimentary Chl-a concentrations 

(mg g
-1

 dwt) from the reflectance spectra (Michelutti et al. 2005).  

Diatom Preparation and Analyses 

 Sediments from both cores were prepared for diatom analysis using standard techniques outlined 

in Battarbee et al. (2001). The uppermost 10 cm of sediment for each lake was sampled at every 0.25 cm 

interval, while the remaining sediment was sampled at every 0.5 cm interval. Approximately 0.5 g of wet 

sediment from each sub-sample were treated with a 1:1 molar mixture of concentrated nitric (HNO3) and 

sulphuric (H2SO4) acid to digest the organic content of the sediment. The samples were placed in a hot 

water bath (~80°C) to accelerate the digestion process. The samples were then allowed to settle and cool 

for 24 hours before the oxidation by-products were aspirated and rinsed with de-ionized water. This 

process was repeated until a neutral pH was obtained (~6-7 rinses). These slurries were then used to 

prepare glass microscope slides for diatom analysis. The slurries were pipetted onto glass cover slips in a 

series of four dilutions and were allowed to evaporate completely overnight on a slide warmer before 

being mounted onto glass slides using the permanent mounting medium Naphrax
®
. 

 A minimum of 400 diatom valves were identified and enumerated along parallel transects across 

cover slips using a Leica
®
 DMRB microscope (1000 x magnification) equipped with differential 

interference contrast optics. Diatom photomicrographs were taken using Northern Eclipse Image Analysis 

Software version 6 (Empix Imaging Inc.) to serve as a reference for our taxonomic identifications. 

Diatoms were identified to the lowest taxonomic level possible using primarily Krammer and Lange-

Bertelot (1986-1991), and Camburn and Charles (2000). 
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 In order to graphically represent changes in diatom assemblages through time, stratigraphic 

profiles were prepared for each analyzed core with the computer program TGView 2.02 (Grimm 2004). 

Diatom species present at greater than 3% relative abundance in at least one interval were included in 

these profiles. Major zones of similar diatom assemblages were delineated using stratigraphically 

constrained incremental sum of squares (CONISS) cluster analysis (Grimm 2004) based on the whole 

fossil assemblage, with the number of zones determined via the broken stick model (Bennett 1996) by 

means of the vegan package (Oksanen et al. 2010) for the R software environment (R development Core 

Team 2010). Principal component analysis (PCA) was used to explore patterns of variation in the diatom 

stratigraphical sequence over time using the computer program CANOCO for Windows, version 4.5 (ter 

Braak and Šmilauer 2002) because Detrended Correspondence Analysis (DCA) revealed a linear 

distribution for the fossil data (i.e. a short gradient length).  

 Lake water pH (Appendix A, B) and total phosphorus concentrations (TP) (Appendix C, D) were 

inferred using a diatom-based weighted average (WA) regression and calibration model developed by 

Hall and Smol (1996). Percentage data were not transformed and only taxa reaching >1% relative 

abundances were included. In order to assess how well a calibration set of modern samples provides 

analogs for fossil core samples, analog matching with squared chord distance (SCD) was undertaken 

using the modern analog technique (MAT) in C2 (Juggins 2003). Fossil assemblages with minimum 

dissimilarity coefficients (min DC) less than 2 standard deviations of the mean min DC of the 54 lake 

training set (Hall and Smol 1996) were accepted as having good modern analogs. Fossil assemblages with 

min DC exceeding the analog cut off value were considered poor analogs (Appendix E). Only fossil taxa 

exceeding >1% relative abundance were included in the analyses. Diatom diversity was calculated for 

each sample using the Hill’s N2 statistic (Hill 1973) and plotted against core depth to examine changes in 

the abundances of common taxa. It should be noted that there are problems associated with diversity 

measures in paleolimnological studies as intervals at the bottom of the core may represent longer time 
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periods, and sedimentation rates may also vary through time, therefore integrating different amounts of 

sediment and fossil deposition (Smol 1981). 

Cladoceran Sample Preparation and Analyses 

 Microscope slides from each core were prepared following standard techniques outlined in 

Korhola and Rautio (2001). Approximately 1.0 g of wet sediment was deflocculated in a 10% KOH 

solution for ~30 minutes at 80°C. The solution was then passed through a 37µm sieve and rinsed with de-

ionized water until all small particulate material had washed through. The residue retained on the sieve 

was transferred to a small vial using de-ionized water. Several drops of 10% ethanol were added to 

prevent fungal growth while a few drops of safranin-glycerin solution were added to stain the cladoceran 

remains. Finally, 50µl aliquots were pipetted onto slides and made permanent using glycerin jelly. 

 Each fragmented remain was identified to a species or genus level following several different 

taxonomic sources: Szeroczynska and Sarmaja-Korjonen (2007), Witty (2004), Frey (1982), Taylor et al. 

(2002), Sweetman and Smol (2006b), Bos (2001), and Dumont & Smirnov (1996).The Daphniids were 

separated as belonging to one of two species complexes as discussed by Korosi et al. (2008), DeSellas et 

al. (2008) and Witty (2004); the Daphnia  longispina complex (D. retrocurva, D. ambigua, and D. 

mendotae) and the Daphnia pulex complex (D. catawba, D. minnehaha, D. pulicaria, and D. pulex). 

Bosmina and Eubosmina were not differentiated. 

 A minimum of 70-100 individuals (Kurek et al. 2010) were enumerated per interval using a 

Leica
®
 DMRB light microscope with bright field optics (10-40x objective, 15x ocular lens). Each 

cladoceran remain (carapace, headshield, postabdominal claw) was tabulated separately, and the most 

abundant type of remain for each taxon was used to determine the number of individuals (Frey 1986). 

 Antennule length of bosminid headshields, carapace and mucro length of bosminid carapaces 

(Figure 3), and the length of Daphnia post abdominal claws in lake sediments were measured following 

methods used in Korosi et al. (2008). These fragments were measured using Northern Eclipse Image 
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Analysis Software version 6 (Empix Imaging Inc.).  A total of 50 bosminid remains samples were 

measured as this has been statistically determined as the appropriate number of remains required to 

characterize size structure (Brahney et al. 2010). However, insufficient Daphnia remains were recovered, 

and thus Daphnia size was removed from subsequent analyses. 

 

 

 

Figure 3.  Photomicrographs showing the location of the measurements for Bosmina spp. antennule (AL), 

carapace (CL) and mucro (ML) lengths using sediments from Mouse Lake. 

 

 A stratigraphy was prepared using TGView 2.02, and a constrained incremental sum of squares 

(CONISS) cluster analysis was performed on the cladoceran relative abundance data for each lake 

(Grimm 2004). Only cladoceran taxa exceeding 3% relative abundance in at least one interval were 

included in the stratigraphies. 

Chaoborus Sampling and Analyses 

 Standard methods outlined in Walker (2001) for subfossil midges were used to isolate Chaoborus 

mandibles from the sediments. Approximately 2-5 g of wet sediment was deflocculated in 5% KOH for 
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~30 min at 80°C. The solution was then passed through a 100 µm sieve and was gently rinsed with de-

ionized water. The sediment retained on the sieve was then transferred into a beaker using distilled water. 

Aliquots were then poured into a Bogorov counting tray in which four passes through each tray were 

completed. Mandibles were handpicked with forceps for each entire sample using a dissecting microscope 

at 20x magnification.  Chaoborus mandibles were placed onto a cover slip and mounted on a glass 

microscope slide with Entellan
®
. Taxa were identified using a Leica

®
 DMRB microscope using bright-

field illumination at 200x magnification. Chaoborus identification followed the taxonomic key of Uutala 

(1990) based on the size, shape and position of the subordinate tooth. Chaoborus taxa identified from 

these sediments included Chaoborus flavicans Meigen, Chaoborus trivitattus Loew, Chaoborus 

americanus Johannsen and Chaoborus (subgenus Sayomyia). Chaoborus (Sayomyia) is a taxon that 

includes both Chaoborus albatus Johnson and Chaoborus punctipennis Say.  As noted by Uutala (1990), 

these taxa cannot be differentiated using subfossil mandibles. 

 Chaoborus data were presented as the number of mandibles per gram dry weight to compensate 

for variability in water content of sediment per interval. A principal component analysis was undertaken 

to summarize trends in community composition over time. 

Instrumental and Environmental Records 

 Long-term climate records were available for the region from the Environment Canada Adjusted 

and Homogenized Canadian Climate Data (AHCCD) website (http://ec.gc.ca/dccha-ahccd/). The longest 

(dating back to 1895) and most continuous record available for annual and seasonal mean surface air 

temperature was obtained from the Haliburton weather station (~60 km southeast of the study lakes).  

 While there are no lake ice records available for Mouse and Ranger lakes, there are historical 

mean lake ice records for the eight Dorset ‘A’ lakes in the surrounding region made available by the 

Dorset Environmental Science Center (DESC).  Data have been recorded since 1975 and include the 

number of ice-free days, the ice-on day of year and the ice-off day of year.  

http://ec.gc.ca/dccha-ahccd/


50 

 

 The turnover (spring and fall) and summer surface (epilimnion) limnological data (including Gran 

alkalinity, total aluminum (Al), calcium (Ca), chloride (Cl), specific conductivity, dissolved organic 

carbon (DOC), iron (Fe), potassium (K), manganese (Mn) magnesium (Mg), sodium (Na), nitrate/nitrite 

(NO3/ NO2), pH, total phosphorus (TP), euphotic zone chlorophyll-a, and sulphate (SO4)) for Mouse and 

Ranger lakes have been monitored semi-continuously (i.e. not in every year) since 1991 by the Ontario 

Ministry of Environment (MOE). 

Results 

210
Pb Dating 

 The radiometric dating activity profiles for both cores demonstrated exponential declines in 
210

Pb 

concentrations with core depth, suggesting the sediment profiles are undisturbed (Figures 4,5). For Mouse 

Lake, background 
210

Pb activities were reached at a sediment depth of ~ 12 cm (Figure 4) while Ranger 

Lake reached background at ~20 cm (Figure 5). When 
210

Pb chronologies were extrapolated using a 
 
2

nd
  

order polynomial model, the bottom of the sediment cores corresponded to the following estimated dates: 

Mouse Lake (~1704 at 20.125 cm) and Ranger Lake (~1758 at 26.125 cm). These 
210

Pb dates suggest the 

sediment cores represent the last ~300 years and therefore include pre-industrial (~1850) conditions 

Chlorophyll-a Analysis 

 Sedimentary inferred Chl-a concentrations (mg g
-1

 dry weight) were used to track past changes in 

aquatic primary production. The VRS-inferred Chl-a profiles for the two sediment cores showed the 

highest concentrations in Mouse Lake ([Chl-a] range: 0.043-0.156 mg g
-1

 dry weight; Ranger Lake [Chl-

a] range: 0.044-0.084 mg g
-1

 dry weight) (Figure 6).  Beginning in the late 1800s, Chl-a levels decreased 

in the sediments of Mouse Lake and were the lowest (~1920-1940) in the entire record (Figure 6). Chl-a 

concentrations remain low to ~1940 when levels began to increase modestly (Figure 6). This increasing 

trend continued to the late 1990s, when Chl-a levels increased abruptly and were the highest on record 

(Figure 6).   The Chl-a profile from Ranger Lake demonstrated a slight decrease starting from the base of 

the core to ~1950 when levels began to increase modestly (Figure 6). Concentrations continued to 
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increase, followed by a more recent increase beginning in ~2000, after which the highest values in the 

record were recorded (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 
210

Pb radiometric dating analysis of sediment core from Mouse Lake. (A) Estimated age of 

sediment vs. sediment depth. Error bars represent standard error of age at the top and bottom of the 

interval; (B) Total 
210

 Pb, 
214

 Bi and 
137

 Cs activities vs. sediment depth. Error bars indicate 1 standard 

deviation of activities.  
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Figure 5. 
210

Pb radiometric dating analysis of sediment core from Ranger Lake. (A) Estimated age of 

sediment vs. sediment depth. Error bars represent standard error of age at the top and bottom of the 

interval; (B) Total 
210

Pb, 
214

Bi and 
137

Cs activities vs. sediment depth. Error bars indicate 1 standard 

deviation of the activities.  
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Figure 6. Changes in VRS-inferred chlorophyll-a (mg g
-1

 dry weight) for Mouse and Ranger lakes. 

 

Mouse Lake 

Diatom Profile  

 The diatom flora recorded from the sediments of Mouse Lake was diverse, with a total of 221 

taxa identified (Appendix F). The most common diatom taxa (Figure 7) were plotted stratigraphically to 

show the timing and magnitude of changes in diatom composition over the last ca. 200 years (Figure 8).  

Cluster analysis (CONISS) delineated three significant zones via the broken stick model (1704-1906, 
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1906-2002, and 2002-2010). However, we chose to designate four zones based on fish regimes. The 

results displayed in the profile reflect a relatively stable assemblage with subtle changes. 

 Diatom species were also grouped based on habitat preference (i.e. planktonic, tychoplanktonic 

and benthic) to reveal general trends through time in terms of relative abundance (Figure 9) (Appendix 

G). Tychoplanktonic diatom species have become less abundant in the modern sediments, while benthic 

species have increased through time (Figure 9). Planktonic species have remained relatively stable, and 

have remained at low relative abundances (Figure 9). 

Zone 1:pre-~1800-~1942 (20.125-8.75 cm) 

 The diatom assemblage was dominated by heavily silicified, tychoplanktonic species. In 

particular, the Aulacoseira taxa (i.e. A. lirata, A. distans, A. perglabra) represented nearly 62% of the 

relative abundance in this zone (Figure 9). A. perglabra var. florinae was present in this zone in five 

intervals, reaching a maximum abundance of 8% (Figure 9). Acidophilous Eunotia taxa and Fragilaria 

taxa were also consistently present in this zone. Small benthic Achnanthes taxa (A. curtissima, 

A.marginulata, and A. lacus-vulcani) and Navicula taxa increase slightly towards the end of this zone 

(~12 cm depth). 

Zone 2: ~1942- ~1978 (8.75-5.5 cm) 

 The heavily silicified A. distans continued to be well represented in the assemblage, where it 

became the dominant taxon (Figure 9).  A. lirata decreased in relative abundance from ~20% to ~10%.  

Asterionella ralfsii var. americana, a planktonic pennate species, and the periphytic benthic Pinnularia 

abaujensis var. lacustris species, appeared in relatively low abundances in the sediment record, having 

been virtually absent prior to this period (Figure 9). Eunotia spp., Fragilaria spp. and Navicula spp. 

remain consistent in terms of relative abundance (~5-10%) (Figure 9).  
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Zone 3: ~1978- ~1993/94 (5.5-3.75cm) 

 Very few changes in the diatom assemblage occur during this zone, although there was a small 

decrease in the relative abundances of Achanthes taxa (Figure 9). Furthermore, the small, periphytic 

Pinnularia biceps var. pusilla species, and Stauroneis spp. increased, but remained at very low relative 

abundances to the present (Figure 9). 

Zone 4: ~1993/94 – Present (3.75-0 cm) 

 Achnanthes spp. and A. lirata continue to decrease in the uppermost sediments, reaching their 

lowest relative abundances on record (Figure 9). A. distans increase in abundance in the uppermost 

sediment. Benthic Cymbella hebridica appears more frequently in the sediment record in this zone, 

concurrent with slight increases of Neidium affine and Nitzschia spp. (Figure 9). Pinnularia taxa 

(Pinnularia abaujensis var. lacustris and Pinnularia biceps var. pusilla) continued to increase in relative 

abundance, especially in the uppermost 1 cm. Tabellaria flocculosa str. IIIp, which had been fairly 

consistent in relative abundance in zones 2 and 3, decrease to half its former numbers at ~2 cm. 
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  A. perglabra     A. distans            A. lirata       A. distans 

Aulacoseira 

T. flocculosa str.IIIp    T. fenestrata    T. quadriseptata   T. flocculosa  v. linearis        Cyclotella stelligera complex 

    Tabellaria       Cyclotella 

Figure 7. Photographs of common diatom taxa from Mouse and Ranger lakes for taxonomic reference. 
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 Figure 8. Stratigraphic diagram showing the percent relative abundances (%) of common diatom taxa (>3%) from Mouse Lake Ontario, as 

well as VRS-inferred chlorophyll-a (Chl-a) in a 
210

Pb-dated sediment core. Also included is the Hill’s N2 sample diversity. Dashed line 

marks the zonations of fish regimes. 
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Figure 9. Relative abundances (%) of planktonic (A), benthic (B), and tychoplanktonic (C) diatom species 

plotted versus depth (cm) in Mouse Lake. Also included is the Hill’s N2 (D) sample diversity for each 

interval. Dates of known fish introductions are included as dashed vertical lines. 
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Cladocera Profile 

 Cladoceran remains were well preserved and abundant throughout the sediment core of Mouse 

Lake (Appendix H). Photos of common Cladocera sedimentary remains found in Mouse Lake are 

presented in Appendix I. The assemblage was represented by 35 cladoceran taxa (Appendix J), while 

cluster analysis delineated three significant zones via the broken stick model (Figure 10). 

 The sub-fossil Cladocera remains revealed that the community was dominated by Bosmina 

species throughout the sediment record; however, considerable changes in the pelagic Cladoceran 

community were observed (Figure 10). Prior to ~1924, Bosmina spp. were present at relative abundances 

of 55% on average. After ~1924 (11.25 cm), Bosmina spp. relative abundance increased to 70% on 

average, reaching a maximum of 75% until ~2002 (2.625cm). At a core depth of 2.625 cm (~2002) 

Bosmina spp. relative abundances begin to decline. Species of the Daphnia pulex complex reached their 

highest relative abundances in these uppermost sediments (Figure 10). Similarly, we observed an increase 

in the relative abundance of the larger bodied Holopedium gibberum and the predatory Cladocera 

Polyphemus pediculus since ~2002 (Figure 10). 

 The most abundant littoral taxa in the record were Alonella nana and Monospilus dispar, a rock 

associated taxon (Korhola and Rautio 2001). These taxa decreased at ~1924 (10.125 cm), coincident with 

shifts in Bosmina spp. 

Bosmina size structure 

 Bosmina spp. mucro lengths were stable and were the highest in the record from the bottom 

interval of the sediment core to approximately 1924, averaging 57.91 µm. At ~1920 (10.125 cm), mucro 

lengths declined considerably, becoming stable for the remainder of the core at an average of 44.57 µm.  

Antennule lengths were greater on average earlier in the record. Bosmina carapace lengths were highly 

variable, with no clear trend in the record (Figure 10; Appendix K). 
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Figure 10. Stratigraphic diagram showing the percent relative abundances (%) of common cladoceran taxa (>3%) from Mouse Lake, Ontario, as 

well as Bosmina antennule (AL), carapace (CL), and mucro (ML) lengths, and VRS-inferred chlorophyll-a (Chl-a) in a 
210

Pb-dated sediment core. 

The zones indicated different fish regimes. 
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Chaoborus  

 A total of 350 Chaoborus mandibles were recovered from the Mouse Lake sediment core, of 

which four taxa (Chaoborus (Sayomyia), C. flavicans, C. trivitattus and C. americanus) were represented 

(Appendix L).  The total density of Chaoborus mandibles was variable throughout, reaching a maximum 

of 82.62 mandibles•g
-1

 dwt at 1.375 cm, and a low of 2.92 mandibles •g
-1

 dwt at 9.375 cm (Figure 11). 

The density of mandibles is interrupted by a low density period ~1924 (~10 cm) at an average of 4.4 

mandibles •g
-1

 dwt (Figure 11).  

 Chaoborus (Sayomyia) are dominant in the sediment record and, on average, this taxon composes 

~67 % of the assemblage (Figure 11). C. flavicans appears stable from the bottom of the core to 12.375 

cm before decreasing to ~5.375 cm, upon which density begins to increase towards the uppermost 

sediment. C. trivitattus remains in low numbers, at an average of 1.09 mandibles•g
-1

 dwt to about 2005 

(1.375 cm), when a maximum density of 30.98 mandibles•g
-1

 dwt is reached at this interval. C. 

americanus appears only once in the record at ~1980 (5.375 cm), immediately following the rotenone 

treatment (Figure 11). 
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Figure 11. Stratigraphic diagram showing Cladoceran taxon compositional change from Mouse Lake, Ontario, as well as Bosmina antennule (AL), 

carapace (CL), and mucro (ML) lengths, and VRS-inferred chlorophyll-a (Chl-a) in a 
210

Pb-dated sediment core. In addition, the densities of 

Chaoborus mandibles per gram dry weight are also shown. 
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Ranger Lake 

Diatom Profile   

 The diatom flora recorded in Ranger Lake was also diverse, with a total of 183 taxa identified 

(Appendix M). CONISS delineated 3 significant zones via the broken stick model (1764-1881, 1881-

1995, and 1995-2010) (Figure 13). Planktonic diatom species have increased over time, driven by an 

increase in Cyclotella stelligera complex and a variety of Tabellaria strains, while tychoplanktonic 

species have become less abundant (Figure 12) (Appendix N). Benthic species have remained relatively 

stable throughout the core (Figure 12).    

Zone 1: pre-~1800s-~1949 (25.875-14.125 cm) 

 The diatom assemblage was dominated by the heavily silicified, tychoplanktonic Aulacoseira 

distans (Figure 13). The co-dominants for this zone included the acidophilic Asterionella ralfsii var. 

americana, benthic Brachyshira brebisonii, Eunotia spp., and the pennate planktonic Tabellaria 

flocculosa str. IIIp. T. flocculosa str. IV decreased steadily in relative abundance at ~1850 (22.875cm) 

while T. flocculosa  str. IIIp increases synchronously (Figure 13). Planktonic taxa (Cyclotella stelligera 

complex, Eunotia zasumensis, and T. flocculosa str. IIIp) increase in relative abundance synchronously 

during the late 1800s (Figure 13).  

Zone 2: ~1949-~1958/61 (14.125-12.75cm) 

 No significant changes occur in the diatom assemblage in this zone as the assemblage remains 

stable. 

Zone 3: ~1958/61-~1993/94 (12.75-5.125cm) 

 The centric C. stelligera complex is found consistently at stable abundances, as are Eunotia taxa. 

T. flocculosa str. IIIp attains its highest relative abundances in the middle of this zone (~20%) before 

decreasing.  
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Zone 4: ~1993/94 – present (5.125 – 0 cm) 

 C. stelligera complex decreased in the uppermost sediments and was replaced by 

otherplanktonics such as Asterionella Formosa and the T. flocculosa IIIp and IV varieties. 

 

Figure 12. Relative abundances (%) of planktonic (A), benthic (B), and tychoplanktonic (C) diatom 

species plotted versus depth (cm) in Ranger Lake. Also included is the Hill’s N2 (D) sample diversity for 

each interval. Dates of known fish introductions are included as dashed vertical lines. 
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Figure 13. Stratigraphic diagram showing the percent relative abundances (%) of common diatom taxa (>3%) from Ranger Lake, Ontario, as 

well as VRS-inferred chlorophyll-a (Chl-a) in a 
210

Pb-dated sediment core. Dashed line marks the zonations based on fish regimes. 
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Cladocera Profile 

 The Ranger Lake assemblage was represented by 36 cladoceran taxa (Appendix O), dominated by 

the pelagic Bosmina species. No significant changes in littoral taxa were observed, with the exception of 

an increase in relative abundance of the open-water predatory cladoceran Polyphemus pediculus at ~1992 

(5 cm) (Figure 14).
 

 Significant changes in the pelagic community were observed in Ranger Lake. Prior to the fish 

removal (1993/94), Bosmina spp. were present at relative abundances of 68%, on average (Figure 14). 

After ~1993/94, the relative abundance of Bosmina spp. decreased, reaching 36% in the uppermost 

interval, the lowest abundance recorded throughout the core (Figure 14). During the same period, 

Daphnia pulex complex and Holopedium gibberum increased to more than double previous relative 

abundances (Figure 14). 

 Before the fish removal, D. longispina complex were present, reaching a maximum relative 

abundance of 12% in the early 1900s. Directly following the manipulation-induced changes in piscivore 

and planktivore densities, D. longispina complex (represented in this lake by D. retrocurva, D. ambigua, 

and D. mendotae) decreased and nearly disappeared (Figure 14). 

Bosmina spp. size structure 

 Bosmina spp. antennule and carapace lengths were fairly stable from the bottom of the sediment 

core (~1800) to ~1950 (~14 cm) (Figure 14) (Appendix P). At this point, antennule lengths decreased 

sharply but returned to previous observed lengths in ~2000. Concurrently, carapace length increases to its 

greatest length (262.1 µm) at ~1950 (~14 cm), but begin to decline towards the uppermost sediments 

(Figure 14). Bosmina spp. mucro lengths are at their greatest lengths at the bottom of the core and 

decrease steadily for the remainder of the core. At ~2000 (~3 cm), Bosmina spp. antennules, carapace and 

mucro lengths all decreased sharply, reaching their lowest recorded lengths (98.39, 218.95, and 40.08 µm, 

respectively) (Figure 14). 
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Figure 14. Stratigraphic diagram showing the percent relative abundances (%) of common Cladoceran taxa (>3%) from Ranger Lake, Ontario, as 

well as Bosmina antennule (AL), carapace (CL), and mucro (ML) lengths, and VRS-inferred chlorophyll-a (Chl-a) in a 
210

Pb-dated sediment core. 
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Chaoborus Assemblage  

 A total of 473 Chaoborus mandibles were recovered and identified from the Ranger Lake 

sediment core (Appendix L). The assemblage was represented by three taxa (Chaoborus (Sayomyia), C. 

flavicans, and C. trivittatus) at varying densities. Chaoborus (Sayomyia) and C. flavicans were co-

dominant representing nearly 90% of the assemblage.
 

 Chaoborus (Sayomyia) is characterised by two high density periods between ~1800 - ~1930 

(57.02 mandibles•g
-1

 dwt) and ~1997 – present (74.79mandibles•g
-1

 dwt), with a low density period 

between ~1940 and ~1993, at an average of 25.2 mandibles•g
-1

 dwt. While Chaoborus (Sayomyia) 

recorded a low density between 14.375 and 4.375 cm, C. flavicans increased and attained the greatest 

density, with a maximum of 127 mandibles•g
-1

 dwt at a depth of 8.375 cm. C. trivitattus density remains 

fairly stable throughout the core, at an average of 12.88 mandibles•g
-1

 dwt (Figure 15).  
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Figure 15. Stratigraphic diagram showing Cladoceran taxon compositional change from Ranger Lake, Ontario, as well as Bosmina antennule (AL), 

carapace (CL), and mucro (ML) lengths, and VRS-inferred chlorophyll-a (Chl-a) in a 
210

Pb-dated sediment core. In addition, the densities of 

Chaoborus mandibles per gram dry weight are also shown. 
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Summary graphs of overall trends 

 General trends for a variety of proxies (diatom, Cladocera, Chaoborus, Cladocera length 

measurements and Chl-a) were summarized and compiled for comparison by site (Figure 17). Fish 

manipulation dates were included in these graphs to facilitate comparisons amongst the profiles.  

 The downcore diatom PCA profiles for Mouse Lake summarized trends in community 

composition over time (Figure 16). Mouse Lake PC axis-1 shows little change in diatom composition 

from the bottom of the core (~1700) to ~1924 when a noticeable shift occurs (Figure 16). PC axis-2 also 

experiences a change in direction at approximately the same time, however accounting for little variation 

in diatom composition (13.4%). Variation in Cladocera assemblages as summarized by PC axis-1 and 2 

also capture a noticeable shift around the same period as the downcore diatom PCA profiles (Figure 16). 

The variation in Chaoborus community composition is most heavily weighted on the first axis (77.6%), 

with the most pronounced changes occurring in the early 1990s, likely in response to the biomanipulation. 

Bosmina mucro measurements are stable early on, while also being the greatest on record. Mucro lengths  

abruptly decrease at ~10 cm, lengths becoming stable for the remainder of the core (Figure 16). 

Sedimentary Chl-a concentrations were relatively stable early on in the record, with a noticeable increase 

in the mid-1990s.  

 The downcore PCA profiles for Ranger Lake display very little change in diatom community 

composition over time (Figure 17). Cladoceran PC axis-1(25.3%) accounts for the most variation, with a 

noticeable shift occurring at 12 cm (~1960) (Figure 17). No clear direction exists for Chaoborus PC axis-

1 (55.2%) or 2 (43.8%). Chlorophyll-a concentrations increase noticeably at 14 cm and continue to 

increase in the uppermost sediment. 
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Figure 16. Trend summary graphs including principal components analysis (PCA) of diatom, Cladocera and Chaoborus; Bosmina size 

measurements (antennule, carapace and mucro lengths); and sedimentary chlorophyll-a concentrations for Mouse Lake.   
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Figure 17. Trend summary graphs including principal components analysis (PCA) of diatom, Cladocera and Chaoborus; Bosmina size 

measurements (antennule, carapace and mucro lengths); and sedimentary chlorophyll-a concentrations for Ranger Lake.   
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Discussion 

 At both study sites, the subfossil Cladocera and Chaoborus communities demonstrated distinct 

changes in species and size structure throughout the sedimentary record, likely attributable to past fish 

introductions. Diatom assemblages at Mouse and Ranger lakes were fairly stable with more variability 

experienced in the past few decades. In contrast, the data suggest that past fish introductions have had 

very little effect on diatom assemblage change, if any, and that abiotic factors (e.g. longer ice-free 

periods, changes in DOC concentrations and pH) may be most responsible for observed changes. The 

recent Dorset piscivore manipulation project appears to have restructured invertebrate community size as 

expected with the top-down control hypothesis, with a shift from small to large-bodied zooplankton that 

are more effective grazers of algal stocks in Mouse Lake. However primary production, as inferred by 

sedimentary chlorophyll-a concentrations, recorded little variability following the manipulation, and then 

increased markedly over the past ~15 years.  This was in contrast to expected top-down control inferences 

result, suggesting that aquatic food webs are complex and that other extrinsic factors (e.g. climate 

warming) may further complicate ecosystem responses to stressors in temperate systems (Keller 2009).    

Mouse Lake  

Ecosystem changes preceding the Dorset food web piscivore manipulation project (1993/94) 

 The Chaoborus community prior to the 1942 brook trout (Salvelinus fontinalis) stocking program 

was well represented by smaller-bodied Chaoborus (Sayomyia), while large Chaoborus flavicans and 

Chaoborus trivitattus were present, albeit at low densities. Chaoborus americanus mandibles were not 

found in the early sedimentary record, suggesting that the lake has historically supported fish. Studies 

have repeatedly demonstrated the reliability of C. americanus as a proxy for the presence and/or absence 

of planktivorous fish (e.g. von Ende 1979; Lamontagne and Schindler 1994; Uutala et al. 1994; 

Sweetman and Smol 2006a), as strong pigmentation (Stenson 1980) and lack of diurnal vertical migration 

(DVM; von Ende 1979) make this species susceptible to fish predation (Stenson 1980). Unlike the larger 

chaoborids, Chaoborus (Sayomyia) have demonstrated a positive relationship between abundance and 



74 

 

presence of fish (Wissel et al. 2003), as this very transparent species is known to stay fairly high in the 

water column even during the day, without being eliminated by fish (Roth 1968; Tsalkitzis et al. 1994).  

 Bosmina body size measurements were fairly stable prior to ~1920 (Figure 10), undergoing little 

variation. Mucro and antennules lengths were the highest on record during this early period (Figure 10), 

suggesting high invertebrate predation (e.g. copepods, Chaoborus) and low planktivorous fish abundance 

(Alexander and Hotchkiss 2010). Bosmina with long mucrone and antennules increase predator handling 

time, allowing Bosmina more opportunity for escape (Kerfoot 1975).The relative abundance of Bosmina 

was lowest during this period (Figure 10), which corroborates the hypothesis that invertebrate predation 

was high, as the density of Bosmina has been shown to be negatively affected by intense predation 

(Arnott and Vanni 1993).  

 As invertebrate predation appears to have suppressed Bosmina abundances, the littoral Cladocera 

community represented a greater proportion of the record (>50%). The dominant chydorid was Alonella 

nana, a clear-water species (Whiteside 1970), which has been most associated with shallower lakes 

(Sarmaja-Korjonen and Alhonen 1999; Korhola and Rautio 2001; DeSellas et al. 2008). Other common 

chydorid species included Alona intermedia, and Monospilus dispar, a rock associated species (Korhola 

and Rautio 2001).  

 The early diatom assemblage was dominated by Aulacoseira species, a taxon indicative of well 

mixed lake conditions (Rühland et al. 2008). The presence of acidophilic Eunotia species during this 

period, and throughout the sediment record, may indicate that the lake has been naturally slightly acidic. 

Based on the diatom assemblage, the inferred- pH reveals that lake water pH was fairly stable early on in 

the record, with a more recent trend towards becoming slightly less acidic (Appendix A). The modern 

(~1990- present) instrumental pH record reveals a similar trend, with increasing pH (Appendix A). 

Diatom species diversity (N2) increased during the late-1800s after being stable early in the record. The 

diversity patterns observed may be an artifact of different sediment accumulation and compaction (Smol 

1981) through time and therefore should be interpreted with caution. 
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 An abrupt change in terms of species composition and density of the Cladocera, diatom and 

Chaoborus assemblages was recorded at ~1920 (~10 cm) (Figure 10), which pre-dated the 1942 brook 

trout stocking program. We observed a significant increase in abundance of pelagic Bosmina and 

subsequent decrease in the littoral community (Figure 10). Chaoborus densities were drastically reduced 

and sedimentary chlorophyll-a concentrations were recorded at the lowest levels in the core (Figure 10). 

This observed change may have been triggered by a watershed disturbance that occurred in the early 

1900s (~10 cm) or perhaps. During sediment processing for analyses, we observed an increased amount 

of sand at ~10 cm and adjacent intervals. Sedimentation rate increased almost 5-fold between ~1891 and 

~1924 (from 0.014 to 0.066 g/cm
2
/ yr, respectively), which may have resulted from a pulse disturbance 

possibly caused by clear-cut logging (Appendix Q). Pulse disturbances, resulting in increased sediment 

runoff, are likely to be manifested most strongly in the littoral zones of lakes, close to the mouths of rivers 

or inlets, where both sedimentation rates and turbidity are maximal (Donohue and Molinos 2009), which 

may explain why we observed a decrease in the Cladocera littoral communities (Figure 10). Both 

deforestation (Likens et al. 1970) and fire (Schindler et al. 1980) can increase allochthonous nutrient flux 

to lakes which should result in increased algal biomass (e.g. increases in Chl-a). However, our Chl-a 

record revealed no significant changes at this time and, in fact, concentrations were lowest during this 

period. Similarily, Steedman (1998) found that the effects of clear-cutting at the Coldwater Lakes 

Experimental Watersheds on lake water chlorophyll-a levels revealed no significant differences one year 

after the clear-cutting events which may support our results.  It is also possible, however, that since our 

Chl-a data are presented as concentration data, the fact that sedimentation rates increased at this time may 

have diluted our pigment signal (Smol 2008) 

 Light attenuation by turbidity decreases the fraction of light absorbed by photosynthesising 

organisms in lakes, and has been shown to reduce the density, growth rates and production of 

phytoplankton considerably (Cuker et al. 1990).  A watershed disturbance resulting in an increase of in-

wash materials may create turbid conditions less favorable for tychoplanktonic taxa (Leira et al. 2007), 
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such as Aulacoseira distans and Aulacoseira perglabra varieties (Figure 8). While certain 

tychoplanktonic diatom species are negatively affected by turbid conditions, others such as the heavily 

silicified Aulacoseira lirata species appear to thrive under less stable conditions (Figure 8).

 Following this period of low sedimentation rates (~1920s), sedimentation rates dropped to near 

pre-disturbance levels, perhaps suggesting that landscape stabilization was rapid and likely resulting from 

second growth forest. The increase in relative abundance we observed of the tychoplanktonic Aulacoseira 

species (Figure 8) may be related to an increase in water transparency following the stabilization of 

catchment soils (Leira et al. 2007). 

 The colonization of the lake by beavers (Castor canadensis) may explain the changes observed in 

the sediment record at ~10 cm (~1920), as a major cause of environmental change in lakes results from 

the activities of beavers (Boudreau et al. 2005). Beavers fell trees to contruct dams and lodges, which may 

ultimately raise the water level in lakes (Ray et al. 2001). The observed decrease in littoral Cladocera taxa 

and subsequent increase in pelagic taxa may represent a change in lake level state. The increase in 

sedimentation rate during this period may also correlate with an initial beaver colonization of the lake as 

the loss of trees surrounding the lake used for the construction of the dam may have increased sediment 

runoff.    

 Chaoborus density increased after the disturbance (~1920s) favouring small Chaoborus 

(Sayomyia), reflecting the 1942 brook trout introduction and the subsequent predation effect on larger 

chaoborids (Figure 11). Bosmina remained the dominant Cladocera in the record leading up to the 

1993/94 Dorset manipulation project, while the littoral community was represented by several chydorid 

species at very low abundances (Figure 10). Other pelagic Cladocera taxa remained at very low numbers; 

however the large Holopedium gibberum began to appear more frequently in the sedimentary intervals. 

Interestingly, Yan et al. (2008b) found a switch in composition from small- to large-bodied Cladoceran 

assemblages over time (since 1980) in nearby lakes. Although an established planktivore fish community 

would not favour these larger Cladocera, an increase in chromophoric DOC due to climate change or 

reductions in acidity (Keller et al. 2008) may have led to reductions in the risk from visual predators 
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(Brooks and Dodson 1965).  Bosmina size and antennules demonstrated some variability, but with no 

clear directional change (Figure 10). Following the disturbance (~1920), and trout introductions (~1942), 

mucro lengths demonstrated no response and remained stable for the remainder of the core (Figure 10). 

 Immediately after the 1978 rotenone treatment that extirpated all the fish in the lake, we recorded 

a Chaoborus americanus mandible (Figure 11), a known indicator of extirpation of larger fish species 

(Sweetman and Smol 2006a). Although Chaoborus larvae are planktonic, the adults can readily fly from 

one water body to another (Wissel et al. 2003), making it possible that C. americanus dispersed from a 

nearby habitat and established a brief population in Mouse Lake following the fish extirpation.  

The Dorset Food Web Piscivore Manipulation Project (1993/94) to the present 

 Following the piscivore addition (1993/94), a substantial recruitment among the bass was 

observed during the Dorset Project, with overall declines in the density of all non-piscivores (from 2111 

ha
-1

 in 1994 to 137 ha
-1

 in 1997; Demers et al. 2001). As the planktivorous fish in Mouse Lake were 

reduced, the paleolimnological data revealed that smaller chaoborids declined while larger chaoborids, C. 

flavicans and C. trivitattus, increased from reduced predation pressure. Yet the decrease in planktivory 

did not result in an immediate shift in terms of size and species composition as it was approximately ten 

years later that densities of the larger Chaoborus increased. Most mesozooplankton with short generation 

times can respond more quickly to changes in fish planktivory to changes in fish planktivory than 

macrozooplankton (e.g. Chaoborus) that have longer generation times (He et al. 1994). Response lags 

have been documented in other fish manipulations (Northcote et al. 1978, Luecke 1986). For example, it 

took 5-10 years for the biomass of C. flavicans to reach high levels following the elimination of 

planktivorous fish in a quarry in Germany (Benndorf 1995). Following the manipulation in 1994 and 

1995, Mouse Lake experienced a strong yellow perch year class, in which yellow perch density was >3 

times higher than the pre-manipulation average (Demers et al. 2001). After the manipulation, larger 

yellow perch were effectively eliminated (Demers et al. 2001), allowing young of the year (YOY) fish to 

have access to abundant, and essentially unlimited food source (e.g. zooplankton). YOY perch predation 

has been shown to have a strong effect on zooplankton (Romare et al. 1999), initially feeding on 
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zooplankton and later undergoing ontogenic shifts in resource and habitat use switching to benthic prey 

(e.g. Chaoborus) (Huss et al. 2008). As such, the immediate effects of the manipulation were likely 

dampened, as changes in body size in zooplankton (e.g. increases in Daphnia and Holopedium gibberum) 

and Chaoborus were observed many years after the manipulation, once yellow perch densities finally 

declined in 1997 (Demers et al. 2001). 

 The response lag may also be explained by food-limitation immediately after the manipulation. 

While smaller Chaoborus species ingest mostly smaller zooplankters such as rotifers (Moore et al. 1994), 

larger chaoborids can eat a wide range of prey sizes (Wissel and Benndorf 1998). However, the largest 

prey may even have been too large as to be too difficult for the largest chaoborids to ingest (Ramcharan et 

al. 2001). A large increase in the biomass of Holopedium was noted in 1996 (Yan et al. 1996), coinciding 

with a sudden decline in Chaoborus biomass. This larger, sheathed zooplankter has a low vulnerability to 

Chaoborus (Allan 1973), and thus Chaoborus may have been food-limited in the early stages of the fish 

removal, taking longer to respond. 

 Of the larger bodied Cladocera, Holopedium gibberum responded to the biomanipulation most 

rapidly, likely attributable to the food preferences of larval Chaoborus. Allan (1973) demonstrated that 

Chaoborus eat young Daphnia but not Holopedium, which may have caused increased competition 

amongst the zooplankton, and contributed to the reduction in the relative abundance of smaller Cladocera 

(e.g. Bosmina) in Mouse Lake (Figure 11).    

 Following the reduction of planktivorous fish, the fraction of larger zooplankton increased. 

Smaller chaoborids unable to ingest larger prey (Moore et al. 1994) were most likely out-competed by the 

larger species. Daphnia, Holopedium gibberum and even the predatory Polyphemus pediculus increased 

at ~2002 (~2 cm), concurrent with a decrease in Bosmina. The Cladocera may have also demonstrated a 

response lag to the removal of planktivorous fish as shifts in size structure occurred many years after the 

manipulation. The species replacement of Bosmina by Daphnia in the zooplankton assemblage should 

theoretically have led to reduced algal production, as Daphnia can graze a broader size range of algae, 

filter food particles faster and recycle nutrients at a slower rate than an assemblage dominated by Bosmina 
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(Carpenter and Kitchell 1993). However, we observed an increase in VRS-inferred chlorophyll-a, 

increasing more than 2 fold between ~1997 and 2010. Prior to this trend, sedimentary chlorophyll-a levels 

had remained relatively unchanged for over 200 years.  

 Our observations reveal that there may be many possible explanations contributing to these 

results. Firstly, in soft-water lakes of the Canadian Shield, Daphnia are often not the dominant large-

bodied grazers typical of harder waters, as Holopedium gibberum often fill this role (Yan et al. 1988). 

Through comparative studies, Holopedium gibbeurm appears to only rarely influence chlorophyll levels 

in Shield lakes (Pérez-Fuentetaja et al. 2000). In addition, Ramcharan et al. (1995) showed that the 

majority of zooplankton in Mouse Lake prior to the manipulation comprised of cyclopoid and calanoid 

copepods, which have been shown to be less efficient grazers. The algal communities found in Mouse 

Lake were dominated by chrysophytes, dinoflagellates and cryptophytes, many of which are relatively 

poorly grazed and derive much of their energy from heterotrophic pathways (Tremel et al. 2001). Mean 

summer community grazing rates seldom exceeded 10% of the epilimnetic volume per day (Tremel et al. 

2001), and it is therefore not surprising to see any significant grazer mediated effects. Lastly, instrumental 

temperature records from nearby Haliburton, Ontario, have recorded a considerable increase in mean 

annual temperature since the turn of the century which may be affecting lake properties. Mean lake ice 

records from nearby Dorset ‘A’ lakes have also recorded a substantial change in ice phenology since 

1975, with ice-off occurring earlier (~18 days), ice-on occurring later (~6 days), and the ice-free period 

lasting longer (~25 days) (MOE 2010). Increased thermal stratification and a longer growing season may, 

in part, account for the increased lake productivity observed. 

 The negative impacts of Ca decline on Daphnia in softwater Shield lakes have recently been well 

established (Jeziorski et al. 2008), revealing a threshold response to Ca, with reproduction and survival 

negatively impacted. Interestingly, while lake water Ca concentration of Mouse Lake (Appendix R) have 

fallen near the 1.5 mg L
-1 

threshold concentration suggested by Ashforth and Yan (2008) in lab-based 

studies, the abundance of Daphnia pulex complex has increased. The evident resilience of the D. pulex 

complex may come as a result that one or more members of this species complex (represented in this lake 
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by D. catawba, D. pulicaria) have a greater tolerance for low Ca conditions than D. pulex (Jeziorski et al. 

2012). This was confirmed by counts of modern-day zooplankton communities that were collected from 

net sampling hauls between 1991 and 1997 (Yan et al. 2001). These data revealed that, in a series of 

vertical hauls taken from the deepest basin of Mouse Lake,  D. pulex were absent from the entire dataset 

(Yan et al. 2001). The D. pulex complex was represented almost entirely by D. catawba, a species known 

to be both acid-tolerant (Malley and Chang 1986) and Ca-insensitive (Shapiera et al. 2011). It is also 

possible that the D. pulex complex may be getting Ca from some different unmeasured source (e.g. 

additional Ca from food sources) in natural settings (Jeziorski et al. 2012). Environmental (e.g. climate) 

and ecological factors (e.g. decreased predation pressure from biomanipulation) may also be ameliorating 

the effect of Ca decline on these species. 

 Noticeable changes in the diatom assemblage were noted in the early 2000s (~ 2 cm). Small 

Achnanthes species (e.g. A. curtissima, A. minutissimum, and A. lacus- vulcani) and Aulacoseira lirata 

decreased towards the uppermost sediment while being replaced with an increase in abundance of A. 

distans. Again we recorded an increase in benthic epiphytic diatoms such as Pinnularia abaujensis var. 

lacustris, Pinnularia biceps var. pusilla, Cymbella hebridica, Neidium affine and Nitzschia species 

coincident with an increase in VRS-inferred chlorophyll-a. An increase in growing season would favor 

macrophyte growth, providing more habitat for these benthic epiphytes. The increase in A. distans, which 

can be considered a benthic form (Paul et al. 2010), likely benefits from a longer growing season and 

enhanced light availability while inhabiting the sediment surfaces in the littoral zone. Species diversity of 

diatoms, quantitatively reported as the Hill’s N2, declined following the bass introduction (Figure 8). 

Decreases in acidophilic Tabellaria flocculosa str. IIIp and small Achnanthes species are likely 

responding to changes in water quality, as lakewater pH has increased the past 20 years (Appendix A) 

 The abundance of larger chaoborid species (C. flavicans and C. trivitattus) may reflect recent 

increases in DOC as coloured DOC may create more available refuge, lowering the relative risk of the 

larger taxa to visual predators (Yan et al. 2008b). Wissel et al. (2003) demonstrated that larger chaoborids 

were shown to be more abundant in lakes with higher DOC concentrations as the humic components of 
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DOC strongly reduce light penetration (Schindler 1971), which should impair visually foraging 

planktivorous fish. As such, the increase in abundance of larger chaoborids following the bass addition 

may enjoy the double advantages of reduced predation from planktivorous fish and the positive effect of 

increasing DOC. In addition to positively affecting Chaoborus communities, DOC has also been shown 

to be important in shaping cladoceran communities (DeSellas et al. 2008; Yan et al. 2008b) because of its 

visually impairing effects of size selective predators (Brooks and Dodson 1965). As such, the larger 

Cladocera taxa (e.g. Daphnia, Holopedium, Polyphemus pediculus) we observed in the uppermost 

sediments are likely benefiting from elevated DOC levels observed recently.  

Ranger Lake 

Ecosystem changes preceding the Dorset Food Web Piscivore Manipulation Project (1993/94) 

 Similar to the Mouse Lake diatom record, the dominant species in Ranger Lake were 

tychoplanktonic Aulacoseira distans (Figure 13). Acidophilic Eunotia species were consistently present 

in each interval of the sedimentary record, which suggests that the lake has been always slightly acidic 

(Figure 13). During the late-1800s, we observed a shift to a different diatom assemblage that included 

increases in abundance of planktonic species (e.g. Cyclotella stelligera complex, Eunotia zasumensis and 

Tabellaria flocculossa str. IIIp), which had only been present in trace amounts in previous intervals 

(Figure 13). The increase in planktonic types was accompanied by a compensatory overall decrease in the 

relative abundance of benthic diatoms (e.g. Tabelleria floccuslosa str. IV) (Figure 13). This recorded 

increase in planktonic species would suggest a transformation of aquatic habitat as planktonic diatoms 

have been shown to be substantially affected by the amount of light, stratification and stability of the 

water column (Rühland et al. 2008). They demonstrated that the Cyclotella stelligera complex exploit 

longer ice-free periods and/or deeper, subsurface habitats where nutrient concentrations are more 

elevated, and where light properties become more stabilized as thermal stratification develops (Rühland et 

al. 2008). During this period our results suggest that less ice cover and stronger and longer thermal 

stratification may have caused an increase in the abundance of planktonic diatom species.  
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 We record a shift in Cladocera and Chaoborus species composition concurrent with the increases 

in planktonic diatoms in the late 1800s suggesting multiple trophic levels were affected by some type of 

disturbance (e.g. fish introduction). For example, we see increases in small Bosmina at the expense of 

several littoral species, while large Chaoborus flavicans decrease with a shift towards smaller bodied 

chaoborids (Figure 15). Interestingly, we observed a decrease in primary productivity as recorded by 

VRS-inferred chl-a at approximately the same period as the recorded increase in planktonic diatoms 

(Figure 13). This increase in small herbivorous Bosmina may have been able to consume greater amounts 

of phytoplankton, controlling primary productivity to a greater extent. Changes in size structure of aquatic 

organisms (e.g. Bosmina and Daphnia) can have significant consequences to the nutrient cycle within 

lakes, ultimately affecting processes such as primary production (Korosi et al. 2012). While no fish 

monitoring records are available from this period, we can hypothesize, based on the paleolimnological 

records, that fish may have been introduced.  An increase in planktivorous fish would suppress large C. 

flavicans resulting in lower densities, as C. flavicans have been shown to not co-exist as well with fish as 

the smaller chaoborid species (Wissel et al. 2003). Alternatively we recorded a decrease in pelagic 

Diaphanosoma brachyurum concurrent with the switch to smaller chaoborids. This Cladocera species has 

been shown to indicate low nutrient conditions (DeMott 1985) and reduced vertebrate predation, as Keller 

and Conlon (1994) found that D. brachyurum density was highest in a survey of 60 fishless Precambrian 

Shield lakes. Bosmina antennule and mucro lengths are higher when we observe D. brachyrum in the 

record, and subsequently decrease which would suggest lower predation pressure from copepods possibly 

due to high planktivory by fish (Kerfoot 1981). However it is difficult to confirm a link between 

invertebrate predation (e.g. copepods) and size of appendages of Bosmina remains, as soft-bodied 

copepods do not preserve well in lake sediments. Nonetheless, we may attribute predation on Bosmina in 

these lakes as the zooplankton communities in Canadian Shield lakes are predominantly comprised of 

copepods (Ramcharan et al. 1995).  

  The 1949 trout introduction appears to have had an impact on primary productivity, as VRS Chl-

a levels increased. The introduction of fish has often been linked to changes in lake nutrient cycles and 
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primary production (McQueen et al. 1992).  Paleolimnological evidence from several Rocky Mountain 

lakes indicated that algal production substantially increased following trout introductions and that 

introduced trout fundamentally altered nutrient cycles and stimulated primary production by accessing 

benthic P sources that were not normally available to pelagic communities (Schindler et al. 2001). The 

increase in primary production recorded in Ranger Lake (Figure 13) likely resulted from a combination of 

factors: increased size-selective predation pressure by planktivorous fish on larger herbivorous 

zooplankton (e.g. Daphnia), reduced grazing on phytoplankton communities, an increase in pelagic 

nutrient supply from introduced trout regenerating benthic and terrestrial nutrients and a warming climate. 

Sedimentary chl-a concentrations continued to increase moderately until the 1958/61 bass introduction, 

when concentrations became stable for ~30 years. The stabilization of Chl-a concentrations may suggest 

that the top down manipulation effectively controlled primary production, with enhanced grazing pressure 

resulting from an increase in large, important zooplankton grazers (e.g. Daphnia).   

 Following the 1958/61 bass introduction, we observed high densities of large C. flavicans, while 

small Chaoborus (Sayomyia) were recorded at the lowest numbers in the core (Figure 15). Small 

Chaoborus are not only vulnerable from fish predation but also to the larger chaoborids (C. flavicans and 

C. trivittatus) through predation and competition for zooplankton prey (von Ende 1982, Tsalkitzis et al. 

1994). Not only may these larger chaoborids be suppressing small Chaoborus (Sayomyia), but they also 

may be responsible for the decrease in Bosmina abundance (Figure 15). In greater densities, large 

Chaoborus have been shown to extensively prey upon small Cladocera species (e.g. Bosmina) because of 

their gape limitations (Lynch 1979). 

 We also observed an increase in larger, more visible Cladocera species, such as the Daphnia 

longispina complex, the D. pulex complex and Holopedium gibberum, following the bass introduction. 

These Cladocera are likely benefitting from decreased predation from planktivorous fish (Figure 14). We 

also noted a decrease in the length of Bosmina mucrones, which would suggest reduced invertebrate 

predation as long Bosmina appendages are a specific defence response to the presence of predatory 

copepods (Kerfoot 1975; Sweetman and Finney 2003). Copepods must be able to manoeuvre their 
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bosminid prey in such a way as to expose the soft, ventral body surface for ingestion (Kerfoot 1975). Yet, 

as mentioned earlier, copepods do not preserve well in lake sediments and as such we cannot confirm a 

link between copepods and size of appendages. Pastorok (1980) found that, during laboratory 

experiments, given the choice between two prey items, Chaoborus preferred copepods over Cladocera. 

High densities of large Chaoborus may have selectively preyed upon copepods within the lake, partly 

relieving predation pressure experienced by Bosmina.  

1993/94 Dorset manipulation project to the present 

 We found that, while the removal of piscivorous fish did appear to suppress larger zooplankton 

(e.g. Daphnia and Holopedium gibberum) in subsequent years after the manipulation, relative abundances 

of these larger Cladocera increased more than ~10 years following bass introduction (Figure 14). The top-

down control did not have long-lasting effects on the zooplankton community, as Bosmina abundances 

decreased to all time low levels in the uppermost sediment (Figure 14). The Chaoborus community did 

shift to more abundant small-bodied species as expected, however larger chaoborids were still present 

many years after the bass removal.  

 The presence of larger chaoborids (e.g. C. flavicans and C. trivitattus) and zooplankton (e.g. the 

Daphnia pulex complex, Holopedium gibberum, Polyphemus pediculus) following the bass removal may 

reflect the influence of DOC on visually guided planktivorous fish. The removal of bass should have 

resulted in a shift to smaller zooplankton (e.g. Bosmina) as planktivorous fish would have been released 

from predation. DOC is capable of influencing several variables within aquatic systems including a 

decrease in reactive distance of planktivorous fish (Wright et al. 1980) and overall predation rate (Persson 

1986). At reduced visibility, planktivorous fish have been shown to lose the ability for size-selective 

predation (Janssen 1980), which is likely one possible explanation as to why we observed larger 

chaoborids and an increase in larger Cladocera in subsequent years. Low visibility should not interfere 

with feeding by chaoborus, because these tactile predators do not rely on light to detect prey (Giguere 

1980). 



85 

 

 The increase in the Daphnia pulex complex in the uppermost sediments is especially striking, as 

many of the known limnological changes that occurred in recent years in Mouse Lake (e.g. bass removal, 

decrease in [Ca]) should have favoured low Ca tolerant Bosmina over Daphnia. Interestingly Jeziorski et 

al. (2012) found the D. pulex complex, often in significant relative abundances, in low Ca lakes of the 

Canadian Shield. They suggested that the laboratory-determined Ca threshold of 1.5 mg/L for D. pulex 

(Ashforth and Yan 2008) does not strictly apply to the entire species complex, and that one or more 

members of this species complex may have a greater tolerance for low Ca conditions than D. pulex. There 

may be several possible factors interacting that may have led to an increase in Daphnia abundance.  More 

recent reductions in lake water pH measured in Mouse Lake would favour the acid-sensitive daphniids 

(Dillon et al. 1984). As well, reductions in light penetrations resulting from increases in chromophormic 

DOC would also favour daphniids over other Cladocera (Sterner et al. 1997).   

 Of the two daphniid species complexes in the Ranger Lake sediment record, we observed a near 

complete elimination of the Daphnia longispina complex in the uppermost 5 cm. In a study of 42 

oligotrophic lakes from south-central Ontario, DeSellas et al. (2011) found similar observations in which 

the relative abundance of D. longispina was lower in recent sediments compared to pre-industrial 

sediments. The impact of Ca decline may explain the decrease in this species, as D. longispina has been 

shown to have high Ca requirements (Jeziorski et al. 2012). Daphnia in particular are more vulnerable to 

being captured by visually hunting planktivorous fish than other Cladocerans (Brooks and Dodson; 

Lazarro 1987) due to their large bodies. Of the two species found in Ranger Lake, the D. longispina 

complex is the larger of the two and should be the first to be reduced by fish. Similarly, Adamczuk (2010) 

found that predation of fish had a stronger effect on the populations of D. longispina than on the smaller 

D. cucullata, while Pijanowska (1990) observed that the smaller daphniids were ignored by fish as a food 

item. Although difficult to isolate the effect of a single stressor upon this species, the synergistic effect of 

these multiple stressors acting simultaneously may explain the decline of D. longispina in the past ~20 

years. 
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 A clear decrease in Bosmina size measurements was observed in Ranger Lake above a core depth 

of 5 cm (Figure 14), matching well with the removal of smallmouth and largemouth bass. A decrease in 

the size of Bosmina and their appendages indicate reduced predation from invertebrates, as copepods and 

other invertebrate predators would be reduced and heavily preyed upon by planktivorous fish (Alexander 

and Hotchkiss 2010).   

 Our study recorded a slight increase in Chl-a concentrations with the removal of bass, suggesting 

a rise in primary production (Figure 14). Surprisingly Chl-a concentrations increased more rapidly above 

a depth of 2 cm (~2007), concurrent with an increase of the keystone herbivore Daphnia. Daphnia have 

been identified as an important predictor of lake production in previous studies (Carpenter et al. 1998; 

McQueen et al. 1986), often controlling algal production because Daphnia are able to graze a broader 

size-range of algae, filter food particles faster and recycle nutrients at a slower rate than a zooplankton 

assemblage dominated by Bosmina. Nutrients, such as nitrogen and phosphorus, are factors known to be 

important drivers of phytoplankton growth yet there has been minimal variation in TP concentrations the 

past ~20 years (Appendix D). It may be possible that, even without an increase in TP concentration in 

Ranger Lake, primary production may be increasing in response to climate warming and a longer growing 

season. For example, Kilham et al. (1996) found that in the absence of any additional external nutrient 

loadings, climate induced changes associated with rising temperatures promoted summer phytoplankton 

growth, while McQuatters-Gollop et al. (2007) recorded increases in Chl-a despite decreasing nutrient 

concentrations. Our observed increases in Chl-a concentrations suggest that climatic variability may be a 

more important driver of primary production than nutrient concentrations and trophic alterations. 

Conclusions 

 In this study, we evaluated the effects of past food-web manipulations of two oligotrophic lakes 

in the Muskoka- Haliburton region of Ontario using paleolimnological techniques. Although there is little 

doubt that manipulations of fish communities can affect pelagic communities, the long-term success of 

biomanipulations to control algal biomass and improve water clarity remains highly controversial. The 

Dorset food web piscivore manipulation project failed to significantly change algal biomass or 
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chlorophyll-a concentrations during the post manipulation observation phase for Mouse Lake. However, 

Yodzis (1988) suggests that, in order to assess the long-term impacts of manipulations, long-term (~20-30 

years) observations are required for aquatic systems for north temperate lakes. In the absence of long-term 

monitoring data, the sedimentary record from Mouse and Ranger lakes allowed us to return to these 

systems to assess the effects of this management technique.  

 After the 1993/94 fish manipulations, the concentrations of Chl-a increased in both lakes, 

however it was more pronounced in Mouse Lake. The sedimentary record of Cladocera and Chaoborus 

revealed that the piscivore addition to Mouse Lake led to changes in the pelagic community that were in 

accordance with the theory of size-selective visual predation. There appears to have been a lag in the 

zooplankton community composition as the larger bodied Cladocera species, including the keystone 

grazer Daphnia pulex complex, did not attain its maximum relative abundance until much later (~10 years 

after). Substantial warming over the last few decades has been linked to an increase in the ice-free season 

(e.g. growing season) and the duration and strength of thermal stratification, which most likely is having 

an appreciable effect on water quality in these oligotrophic lakes. Climate warming may be uncoupling 

the trophic interactions in these aquatic systems, producing a mismatch in the timing of favourable 

environmental conditions in an algal-herbivore interaction. 

 The piscivore removal from Ranger Lake revealed an interesting record, as predicted changes in 

Cladocera body-size were not evident, showing an unstable zooplankton community structure >10 years 

after the manipulation. According to top-down theory the removal of piscivores suggests a shift to 

smaller-bodied zooplankton (e.g. Bosmina) as the larger-bodied Cladocera are the preferred prey items for 

planktivorous fish. While this did occur very briefly in the sedimentary record, such changes were not 

sustained, resulting in a marked decrease in Bosmina accompanied with an increase in larger-bodied taxa 

(e.g. Daphnia pulex complex, Holopedium gibberum, Polyphemus pediculus). This suggests that the top-

down control alone was not able to maintain changes and that multiple stressors may be driving the 

system more recently. These results further reiterate that long term monitoring is required to make 
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successful conclusions with respect to such experiments. As well, the subtle variations observed in 

Ranger Lake following the attempted bass removal may have resulted from not all the bass being 

successfully removed, dampening the affects of a fish manipulation. 

 The changes in the diatom assemblages in both lakes  were modest and for the most part fairly 

stable. In terms of phytoplankton species composition, these lakes have relatively low TP concentrations, 

high DOC concentrations, and relatively low acidities which favour typical Canadian Shield algal 

communities which are often relatively ungrazable. Therefore we should expect reduced grazer-mediated 

responses in the phytoplankton in these oligotrophic lakes; as they are more likely driven by bottom-up 

processes including the supply of nutrients from both external and internal sources. Climate change poses 

a recent challenge for lake manipulation projects as increased temperatures and/or changed precipitation 

patterns can diminish the possibility of obtaining top-down control of phytoplankton (Søndergaard et al. 

2007). 

 Top-down controls in temperate lakes are complex and dynamic making it challenging to 

interpret ecological change in multiple stressor environments, as the interactions of stressors can lead to 

novel ecological communities (Quinlan et al. 2008). Our results demonstrated that biomanipulations are 

not as clear-cut as some ecological theory would suggest and do not respond in a linear fashion.  
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Chapter 3 

 

 

 

General Discussion and Conclusions 

 

 

 Top-down manipulations of aquatic food webs have been the focus of many ecological 

investigations that have attempted to control algal biomass and improve water quality. While food web 

manipulation theory has collectively been based upon several general conceptual models (e.g. Brooks and 

Dodson; Carpenter et al. 1987), there are numerous physical, chemical and biological factors that may 

influence and confound the effectiveness of a food web manipulation. The long-term success of 

biomanipulations remains highly controversial as studies have failed to significantly control algal biomass 

(Yodzis 1988). Mouse and Ranger lakes were studied extensively in the 1990s during the Dorset Food 

Web Manipulation Project as the fish communities underwent strong top-down controls (McQueen et al. 

2001). In the absence of monitoring since the completion of the project, paleolimnological techniques 

were used in our study to revisit and assess the effects of the manipulation. High-resolution down-core 

analyses of diatom, cladocera and Chaoborus remains were used to track natural variability and determine 

the effects of past fish manipulations through time.  

 This study attempted to provide an assessment of a top-down manipulation to two Canadian 

Shield lakes, while addressing the following questions:  

 1) Can changes in food web structure (i.e. species composition) resulting from the  

  Dorset  food web piscivore manipulation project be tracked and identified in the  
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  sedimentary record? If so, have these shifts persisted or deviated since the   

  manipulation?  

 The sedimentary record of cladocera and Chaoborus revealed that the piscivore addition to 

Mouse Lake led to changes in the pelagic community as expected with the theory of size-selective visual 

predation (Brooks and Dodson 1965). However, the switch to larger-bodied zooplankton (e.g. Daphnia 

and Holopedium gibberum) did not occur immediately after the manipulation, with a response lag likely 

occurring. Primary production, as inferred by sedimentary Chl-a concentrations, increased substantially in 

the years following the manipulation.  Increases in the ice-free season and the strength and duration of 

thermal stratification are likely having an appreciable effect on water quality in these Shield lakes with 

climate warming diminishing the possibility of obtaining top-down control of phytoplankton.  

 The piscivore removal from Ranger Lake did not result in expected changes acoording to top-

down theory. The zooplankton community demonstrated very little change, if any, immediately following 

the manipulation. Small-bodied Bosmina decreased in the uppermost sediments, while we observed an 

increase in larger-bodied taxa suggesting the top-down control of the system (i.e. removal of piscivores) 

had no effect in driving changes in the plagic communities. The modest changes, if any, we observed in 

the Ranger Lake diatom record are likely a result of a changing climate. 

 2) Using high-resolution 
210

Pb dated sediment cores, how have the diatom, Cladocera  

  and Chaoborus assemblages changed over time for Mouse and Ranger lakes (past  

  ~150 years)?  

 

 The diatom record of Mouse Lake indicated little taxonomic changes over the last ~150 years. 

The algal community of Mouse Lake is likely driven more by bottom-up processes than grazer-mediated 

controls. Early in the 1900s, Mouse Lake was likely affected by a watershed disturbance as marked 
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changes in diatom, cladocera and Chaoborus was captured simultaneously in the paleolimnological 

record. 

   

 3) Given natural variability, how significant were assemblage changes before the  

  manipulation? Was there a recent directional change evident in the sedimentary  

  record that may have been overshadowed by the recent Dorset piscivore   

  manipulation?     

 This study demonstrated that top-down controls in temperate lakes are complex and dynamic, 

making it a challenge to interpret ecological change. Climate variability experienced by Mouse and 

Ranger lakes may be a more important driver of primary production than trophic alterations. 

 The impacts of Ca decline on Daphnia in softwater Shield lakes concentrations in both lakes have 

been well established (Jeziorski et al. 2008). Ca concentrations in Mouse and Ranger Lakes have fallen 

near the 1.5 mg/L
-1

 threshold (Ashforth and Yan 2008), with respect to reduced reproduction and survival. 

Interestingly, as Ca concentrations in both lakes decrease, we record the largest increases in Daphnia 

relative abundance.  It may be possible that Daphnia are receiving Ca from an unmeasured source in 

natural settings and/or that decreased predation pressure resulting from the biomanipulation may be 

ameliorating the effect of Ca decline on these species. 

 Additional research is required to more fully understand the complex interactions of stressors in 

the Muskoka-Haliburton region of Ontario. This may be accomplished with more, whole-lake 

investigations that include a variety of physical (i.e. large, deep lakes) and chemical conditions. 

Furthermore, longer term limnological studies combined with seasonal-resolution paleolimnological 

studies could be useful in assessing the effectiveness of top-down controls. 
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Appendix A. (A) Diatom inferred pH (black circles) of Mouse Lake based upon the transfer function of 

Hall and Smol (1996). Also shown is a five point running mean (Solid black line) and estimated standard 

errors of prediction for the WA inferences (dashed lines).(B) Changes in ice-free pH since 1992. 
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Appendix B. (A) Diatom inferred pH (black circles) of Ranger Lake based upon the transfer function of 

Hall and Smol (1996). Also shown is a five point running mean (Solid black line) and estimated standard 

errors of prediction for the WA inferences (dashed lines).(B) Changes in ice-free pH since 1992. 
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Appendix C. (A) Diatom inferred total phosphorus (µg / l) (black circles) of Mouse Lake. Also shown is a 

five point running mean (solid black line) and the estimated standard errors of prediction for the WA 

inferences (dashed line). (B) Changes in ice-free total phosphorus (µg/ l) since 1992. 
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Appendix D. (A) Diatom inferred total phosphorus (µg / l) (black circles) of Ranger Lake. Also shown is 

a five point running mean (solid black line) and the estimated standard errors of prediction for the WA 

inferences (dashed line). (B) Changes in ice-free total phosphorus (µg/ l) since 1992. 
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Appendix E. Analog comparison between Mouse (A) and Ranger (B) lakes fossil assemblages and the 

modern assemblages within the training set (Hall and Smol 1996). Fossil samples with minimum 

dissimilarity coefficients (min DC) greater than 2 standard deviations of the mean min DC of the 54 lake 

training set are considered poor analogs. The analog cutoff is denoted by a dashed line (0.5183). 
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Appendix F. Raw diatom counts for the Mouse Lake sediment core. 
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Appendix G. Mouse Lake diatom species grouped based on habitat preference (i.e. planktonic, 

tychoplanktonic and benthic). (References include Koppen 1975, Nicholls and carney 1979, Rühland et 

al. 2008, Battarbee et al. 2001, Van Dam et al. 1994, Krammer and Lange-Bertalot 1986-1991 and 

Camburn and Charles 2000). 
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Appendix H. Raw Cladocera counts for the Mouse Lake sediment core. 
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Appendix I. Photos of common Cladocera taxa found in the sedimentary remains of Mouse and  Ranger 

lakes. 
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Appendix J. A list of the Cladocera taxa encountered in Mouse and Ranger lakes. 

 

Family Species 

Bosminidae Bosmina spp.              Bosmina longirostris O.F. Müller (1785)  

                                   Eubosmina longispina Leydig (1860) 

Daphniidae Daphnia cf. longispina 

Daphniidae Daphnia cf. pulex 

Chydoridae Alona affinis Leydig (1860) 

Chydoridae Alona costata Sars (1862) 

Chydoridae Alona guttata Sars (1862) 

Chydoridae Alona intermedia Sars (1862) 

Chydoridae Alona quadrangularis O.F. Müller (1776) 

Chydoridae Alona rustica Scott (1895) 

Chydoridae Alonella excisa Lilljeborg (1853) 

Chydoridae Acroperus harpae Baird (1834) 

Chydoridae Alonella nana Baird (1850) 

Chydoridae Alonella exigua Lilljeborg (1853) 

Chydoridae Alonopsis Americana Kubersky (1977) 

Chydoridae Camptocercus sp. Baird (1843) 

Chydoridae Chydorus bicornatus Doolittle (1909) 

Chydoridae Chydorus brevilabris Frey (1980) 

Chydoridae Chydorus faviformis Birge (1893) 

Chydoridae Chydorus c.f. gibbus Sars (1890) 

Chydoridae Chydorus linguilabris Frey (1982) 

Chydoridae Disparalona acutirostris Birge (1879) 

Chydoridae Disparalona rostrata Koch (1841) 

Chydoridae Eurycercus Baird (1843) 

Chydoridae Graptoleberis testudinata Fischer (1848) 

Chydoridae Kurzia latissima Kurz (1875) 

Chydoridae Leydigia leydigia Schoedler (1863) 

Chydoridae Monospilus dispar Sars (1862) 

Chydoridae Paralona pigra Sars (1862) 

Chydoridae Pleuroxus laevis Sars (1862) 

Chydoridae Rynchotalona falcata Sars (1862) 

Leptodoridae Leptodora kindtii Focke (1844) 

Sididae Sida crystallina americana Korovchinsky (1979) 

Sididae Diaphanosoma spp. Fischer (1850) 

Sididae Latona setifera O.F. Müller (1776) 

Holopedidae Holopedium gibberum Zaddach (1855) 

Macrothricidae Acantholeberis curvirostris O.F. Müller (1776) 

Macrothricidae Ophryoxus gracilis Sars 1862 

Polyphemidae Polyphemus pediculus Linné 1761 
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Appendix K. Mouse Lake Bosmina antennules, mucro and carapace measurements. 
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Appendix L. Raw Chaoborus counts for Mouse and Ranger lakes. 
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Appendix M. Raw diatom counts for the Ranger Lake sediment core. 
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Appendix N. Ranger Lake diatom species grouped based on habitat preference (i.e. planktonic, 

tychoplanktonic and benthic). (References include Koppen 1975, Nicholls and carney 1979, Rühland et 

al. 2008, Battarbee et al. 2001, Van Dam et al. 1994, Krammer and Lange-Bertalot 1986-1991 and 

Camburn and Charles 2000). 
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Appendix O. Raw Cladocera counts for the Ranger Lake sediment core. 
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Appendix P. Bosmina antennules, mucro and carapace measurements for Ranger Lake 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



176 

 

Appendix Q. Sedimentation rate (g/cm
2
/yr) versus depth (cm) and water content (%) for Mouse Lake. 
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Appendix R. Changes in measured Ca (mg/L) for Mouse and Ranger lakes since 1992 and 1993. The lab- 

determined Ca threshold concentration of 1.5 mg/L is represented as the dotted (red) line. 

 

 

 

 

 


