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Abstract 

Species invasions are regarded as one of the most serious threats to biodiversity and native 

ecosystems and our ability to predict and quantify the impacts of invasive species has been an 

arduous task. Since the 1840s, the Laurentian Great Lakes have experienced an exponential 

increase in the number of identified invasive species. The most recent, Hemimysis anomala, is a 

littoral freshwater mysid native to the Ponto-Caspian region of Eastern Europe. They have been 

identified in all of the Great Lakes (except Lake Superior), the St. Lawrence River downstream to 

Québec City, and inland lakes in New York State and have the potential to destabilize energy 

flow in aquatic food webs.  

Using stable isotopes of carbon (
13

C) and nitrogen (
15

N), I evaluated nearshore food web 

structure at four sites along Lake Ontario’s north shore spanning a gradient of Hemimysis density 

to determine: 1) if dominant nearshore food web pathways change seasonally, and 2) whether fish 

exhibit a dietary shift towards consumption of Hemimysis. Also, the effects of Hemimysis 

consumption on the growth of yellow perch (Perca flavescens) were quantified using 

bioenergetics modeling and four predictive feeding scenarios simulating Hemimysis incorporation 

into yellow perch diets. 

My results suggest Hemimysis are being incorporated into diets of round gobies, alewife and 

small yellow perch, which has resulted in a trophic lengthening of the food web. As Hemimysis 

populations continue to establish and stabilize, fish may incorporate this species into their diets at 

a higher rate. Based on the bioenergetic modeling, the incorporation of Hemimysis into the diets 

of yellow perch will have a negative impact on their growth. These negative impacts on fish 

growth will likely be exacerbated when the limited seasonal availability of Hemimysis, patchy 

distribution and predator avoidance behaviours, are considered. These results have implications 

surrounding the sustainability of the Great Lakes fishery as Hemimysis will likely increase 
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competition with young fish for food and fish consumption of this new invasive may lead to 

reduced fish growth. 
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Chapter 1 

General Introduction and Literature Review 
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1.1 General Introduction 

In a world that is ever changing, ecosystems must respond and adapt to anthropogenically or 

naturally-induced changes. Increasing human populations, urbanization and global trade have 

opened the flood gates to invasive species introductions, through increased shipping, 

channelization and increasing access to ecosystems that were previously inaccessible (Ricciardi 

and Rasmussen, 1998). Species invasions are regarded as one of the most serious threats to 

biodiversity and native ecosystems and our ability to predict and quantify the impacts of invasive 

species has been an arduous task (Vander Zanden et al., 1999; Mills et al., 2003). Aside from 

expected losses of biodiversity and damage to species habitats, the estimated economic loss and 

control costs of invasive species are high: $7.5 billion per year in Canada (Dawson, 2002) and 

$120 billion per year in the United States (Pimentel et al., 2005). When considering indirect 

effects, which include reduced production of natural resources, invasive species cost Canada $13-

35 billion per year (Colautti et al., 2006). 

The Laurentian Great Lakes are home to 183 invasive species, the most recent of which is 

Hemimysis anomala (Crustacea, Malacostraca, Mysida, Mysidae, hereafter Hemimysis) a large 

predatory macroinvertebrate that was first discovered in Lake Michigan in 2006 (Pothoven et al., 

2007; Figure 1.1). Since 2006, Hemimysis has been found in all of the Great Lakes (except Lake 

Superior; Figure 1.2), throughout the St. Lawrence River and in several inland lakes in New York 

State (Marty et al., 2010, Brown et al., 2012). As the most recent invader to the Great Lakes, our 

understanding of this organism’s behaviour and ecology are limited (Boscarino et al., 2012; 

Marty et al., 2010; Marty et al., 2012), leaving a lot of uncertainty surrounding its impacts on the 

Great Lakes ecosystem. While these studies provide an excellent foundation for understanding 

the behaviour and ecology of Hemimysis, few studies have attempted to characterise their effects 
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on the Great Lakes food webs, and quantify their impact on higher trophic levels within this basin 

(cf Lantry et al., 2010 and Lantry et al., 2012). Hemimysis can have significant effects on lower 

trophic levels (Ketelaars et al., 1999; Borcherding et al., 2006) potentially provoking a trophic 

cascade, leading to severe alterations of current food web dynamics. Studies have found that fish 

in the Great Lakes have begun to incorporate Hemimysis into their diets (Lantry et al., 2010; 

Lantry et al., 2012; Fitzsimons et al., 2012), but there is uncertainty surrounding how this will 

affect fish growth. While Hemimysis may provide a new food source for fish in the nearshore, 

potentially providing some relief from the energy sink caused by invasive zebra and quagga 

mussels (Dreissena polymorpha and D. bugensis), they may also compete with larval and 

juvenile zooplanktivorous fish for a common food source. The invasion of Hemimysis into the 

Great Lakes food web will likely result in complex interactions between multiple species and 

trophic levels, leading to a restructuring of food webs and their energy flow. 

1.2 Invasion History of the Laurentian Great Lakes Basin 

Ecosystems worldwide face unprecedented levels of human-induced stresses and as a result of 

human activities, biodiversity is being lost at greater rates than have ever been seen in history 

(Millenium Ecosystem Assessment, 2005). Thousands of non-indigenous species of invertebrates, 

vertebrates, plants and fungi have invaded ecosystems globally, but only a small percentage of 

these organisms threaten biodiversity, ecosystem functioning, natural resources and human health 

(Ricciardi, 2006). Most recent invasions have been attributed to human activities such as global 

trade, which has been found to accelerate species introductions spatially and temporally 

(Ricciardi and Rasmussen, 1998; Levine and D’Antonio, 2003). For this reason, large aquatic 

ecosystems, such as the Great Lakes/St. Lawrence River ecosystem is considered a hot spot for 

invasive species. 
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In the Great Lakes most recent invasive species have resulted from ballast water exchange 

from transoceanic ships (Mills et al., 1993; Ricciardi and MacIsaac, 2000), and it has been 

estimated that a new invader is discovered every 28 weeks, which is the highest rate recorded for 

a freshwater system (Ricciardi, 2006). The completion of the St. Lawrence Seaway in 1959, has 

contributed to the exponential increase in invasive species throughout the Great Lakes basin and 

surrounding watershed through time (Figure 1.3). Since 1840, 183 invasive species have been 

reported in the Great Lakes basin, but only a small percentage of these have had significant 

impacts on the Great Lakes resulting in severe detrimental ecological, economic and social 

responses (Christie, 1972; Mills et al., 2003). 

The invasion of the sea lamprey (Petromyzon marinus) into the Great Lakes is renowned for 

causing one of the greatest ecological impacts in the Great Lakes basin. It is thought that they 

invaded Lake Ontario via the Erie Canal (Mandrak and Crossman, 1992) and the first recorded 

sea lamprey in Lake Ontario was in May 1835 (Smith, 1995). By the late 1800s, frequency of 

lamprey wounding was very high among Lake Ontario lake trout, but at the time sea lamprey 

were not attributed to the rising mortality in lake trout (Christie, 1973). The first sea lamprey was 

captured entering Lake Erie in 1921 via the Welland Canal (Eshenroder and Burnham-Curtis, 

1999), and quickly spread throughout the remaining Great Lakes. In the 1940s, declines in lake 

trout abundance were thought to have been caused by overfishing, however subsequent research 

attributed these declines to sea lamprey (Christie, 1972). With the exception of Lake Superior and 

some stock in Lake Huron, native lake trout have been extirpated showcasing the devastating 

impact this invasive has had on the Great Lakes ecosystem. Christie (1972) argued that while sea 

lamprey predation, overfishing and water quality were all destabilizing factors in the Lake 
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Ontario fish community, food web dynamics need to be better understood to grasp long-term fish 

community changes. 

In 1988, the zebra mussel (Dreissena polymorpha, and later quagga mussel D. bugensis) made 

its way into the Great Lakes via ballast water in trans-Atlantic ships, reengineering the Great 

Lakes food webs and irreversibly changing fish community dynamics (Mills et al., 2003). In less 

than 10 years, this invader had reached all five of the Great Lakes resulting in drastic ecological 

changes (Hoyle et al., 2003; Mills et al., 2003). Dreissenids are filter feeding bivalves that can 

filter up to one to four litres of water per day (Silverman et al., 1996; Horgan and Mills, 1999). 

Their feeding rates, in combination with high reproductive rates and densities have resulted in 

increased water clarity, through the reduction of phytoplankton densities (Mills et al., 2003). 

Phytoplankton is an essential food source for zooplankton (prey source for juvenile fish) and 

builds the foundation to both the littoral and pelagic food webs (Hecky et al., 2004). Dreissenid 

mussels have reengineered the nearshore benthic community increasing the interception, retention 

and recycling of nutrients and have diverted substantial portions of lower trophic level pelagic 

food web energy to the littoral region; a process referred to as the “nearshore shunt” (Hecky et 

al., 2004). 

Direct effects of invasive species on the Great Lakes ecosystem do not depict the full picture 

of their impacts. The Great Lakes ecosystem is dynamic and invasive species (such as the 

aforementioned) have cascading effects on the system, disrupting once stable, complex food 

webs.  
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1.3 Food Web Disruption by Invasive Species in Lake Ontario 

With the introduction and establishment of invasive species, the Laurentian Great Lakes have 

suffered losses in ecosystem diversity and native biodiversity. As a result of sea lamprey 

predation, some of Lake Ontario’s major fish stocks (deep water sculpin, Myoxocephalus 

thompsoni; lake trout, Salvelinus namaycush; burbot, Lota lota; coregonids, Coregonus spp.) had 

seriously declined in abundance or become extirpated by the 1970s (Mills et al., 2003). 

Secondary effects resulting from top-down trophic cascades are equally as troublesome. With the 

loss or decline of pelagic top predators, fish communities underwent compositional changes. 

Non-indigenous species such as rainbow smelt (Osmerus mordax), alewife (Alosa 

pseudoharengus) and white perch (Morone americana) flourished due to the decline in top 

predators (Mills et al., 2003).  All three fish are non-native to Great Lakes and their rise in 

abundance has been linked to extirpations of sculpin and deepwater cisco (Mills et al., 2003).  

As a planktivorous species, the rise of alewife populations led to heavy predation on 

zooplankton, resulting in a zooplankton community dominated by smaller species (Mills et al., 

2003). Up to 1990, alewife were responsible for >95% of zooplanktivory by fish in Lake Ontario 

(Rand et al., 1995); when their abundances declined in the early 1980s to 1990s (O’Gorman et 

al., 2000) the zooplankton community shifted in response, exhibiting an increase in abundance of 

larger zooplankton (i.e. Daphnia; Johannsson, 2003). Even though zooplankton predation 

pressures declined during this time, zooplankton production also significantly declined 

(Johannsson, 2003). Redirecting food web energy via filter feeding, Dreissena sp. may have 

enhanced declines in phosphorous, leading to observed zooplankton community compositional 

shifts and declines in production in Lake Ontario (Johannsson, 2003). 
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The effects of Dreissena spp. have been far reaching; from increasing water clarity to 

changes in fish abundance and composition. Dreissenid mussels directly compete with some 

benthic species for food and habitat, which has resulted in the extirpation of native American 

unionid mussels in Lake St. Clair and the western basin of Lake Erie and the decline of larger 

native fingernail clams in Lake Ontario (Schloesser and Nalepa, 1994; Mills et al., 2003). Since 

their establishment in the nearshore region of Lake Ontario, dreissenids have reduced 

zooplankton production through their impacts on pelagic primary production (Johannsson et al., 

2000; Hecky, 2004). Through redirecting pelagic food web energy to the nearshore, dreissenid 

mussels may have contributed to the decline in Diporeia abundance, which is an important food 

item for lake whitefish (Coregonus clupeaformis) (Hoyle et al., 2003). With the declines in the 

energy rich Diporeia, lake whitefish started to incorporate dreissenids into their diet. This dietary 

switch was linked to the decline in lake whitefish body condition and abundance (Hoyle et al., 

2003). Similarly the severe decline in slimy sculpin has been linked to reductions in productivity 

brought on by nutrient abatement and to reductions in Diporeia, brought on by dreissenid mussel 

colonization. 

While the introduction and establishment of dreissenid mussels has had many adverse effects 

on the Great Lakes ecosystem, they have also enhanced some habitats allowing some species to 

flourish. Their ability to colonize both soft and hard substrates has increased the lake bottom 

structural complexity providing more refuges for benthic invertebrates from predation. Also, 

dreissenid faeces or pseudofaeces will not re-suspend and travel as easily as the unfiltered 

original particle, which increases the retention time of these materials in the nearshore, increasing 

nutrient availability to other littoral benthos (Hecky et al., 2004). Overall, non-dreissenid benthic 

biomass has declined in the Great Lakes after the invasion of dreissenid mussels; however, 
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benthic diversity increased as dreissenid mussels have created an environment where some 

benthic species (i.e., amphipods) thrive (Haynes et al., 1999; Nalepa et al., 2003). The increase in 

aquatic macrophytes due to increased light penetration (increased water clarity) could provide 

more nursery and protective areas for zooplankton, invertebrates and young fish. The 

reappearance of the deepwater sculpin (Myoxocephalus thompsonii) in Lake Ontario, followed 

the shift of rainbow smelt and alewives to deeper water in the 1990s (O’Gorman et al., 2000), 

which has been attributed to dreissenid colonization and the resulting increase in water clarity 

(Mills et al., 2003). Similarly, walleye (Sander vitreus) populations, responding to diminishing 

spawning runs of alewife and increased water clarity, dispersed outside of the Bay of Quinte into 

Eastern Lake Ontario (Mills et al., 2003; Casselman and Scott, 2003). Concurrent with the 

decrease in walleye in the Bay of Quinte, yellow perch (Perca flavescens) abundance increased 

substantially (Mills et al., 2003). Through altering food web energy flow, dreissenids have 

irreversibly altered the ecosystem diversity and biodiversity, redefining not only Lake Ontario but 

the entire Great Lakes ecosystem. 

In the 20
th
 century, the Great Lakes food webs have undergone many changes. The effects of 

invasive species on the Lake Ontario food web are vast, leading to entire food web compositional 

shifts and even species extirpations (Mills et al., 2003). The loss of lake trout populations, 

depreciation of fish stocks and water quality degradation led to a lot of pessimism surrounding 

Lake Ontario’s restoration. Since 1970, drastic measures have implemented to aid in the 

restoration of this lake. By 2000, the impacts of sea lamprey on salmonids and burbot were 

significantly reduced and alewife populations were supporting a Pacific salmon recreational 

fishery (Mills et al., 2003).  The most profound changes were observed in the nearshore region of 

Lake Ontario where several invasive species (i.e. zebra and quagga mussels) were established and 
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water clarity increased substantially and subsequently contributed to the rapid decline in  

Diporeia and fingernail clams (Hoyle et al., 2003; Mills et al., 2003). After evaluating and 

synthesizing impacts on the Lake Ontario food web, Mills et al. (2003) conclude that the 

establishment of invasive species will continue to impede goals of restoring Lake Ontario’s 

historic fish communities, and the resultant ecological effects may be irreversible.  

1.4 Hemimysis anomala 

Hemimysis are the most recent invader to the Great Lakes ecosystem (Pothoven et al., 2006). 

Their history in Europe as a dietary supplement for native fish stocks has had negative (decline in 

zooplankton biomass, reducing prey for planktivorous fish), positive (increased fish growth and 

production) and neutral (no change in fish production) results (Ketelaars et al., 1999; Borcherding 

et al., 2007; Arbačiauskas et al., 2010). The biology and behaviour of Hemimysis make them 

novel organism to the nearshore, but also generate a lot of uncertainty surrounding their impacts 

on not only the Lake Ontario food web but the Great Lakes ecosystem. 

1.4.1 Biology 

Hemimysis are native to the Ponto-Caspian region of Eastern Europe where they reach high 

densities in the coastal regions of the Caspian, Black and Azov seas (Whitmann, 2007; Marty, 

2007). They are translucent to ivory coloured and have red chromatophores dispersed throughout 

their thorax, abdomen and caudal segments, prompting the common name “the bloody red 

shrimp” (Figure 1.1). The colour intensity of these chromatophores is in response to light and 

temperature and may be a response to predation (Salemaa and Hietalahti, 1993; Ketelaars et al., 

1999; Pothoven et al., 2007). Average Hemimysis length in Europe is 8-10 mm for males and up 



 

 

 

10 

to 11 mm for females (Marty, 2007). In Lake Ontario, male lengths range from 5-11 mm, while 

females range from 5-13 mm in length (T. Johnson, OMNR, Picton, Ontario, unpubl. data). 

In both Europe and the Great Lakes, Hemimysis prefer shallow water (0-9 m depth) near 

structural features (i.e. rocky substrate with deep interstices, around man-made structures 

including piers) (Borcherding et al., 2006; M. Yuille personal observation), however they have 

been reported at depths of 50 m in the Dnieper Reservoir and > 30 m in Lake Ontario (Marty, 

2007; M. Walsh, United States Geological Survey (USGS), Oswego, New York, pers. comm.). 

Hemimysis is a nektonic species that can move quickly and efficiently in the water column. They 

undergo a diel vertical migration moving up into the water column at night to feed, and seek 

refuge in the substrate during the day. They may aggregate in swarms during the daytime that can 

be abundant enough to occupy several square meters of area (Dumont, 2006). These swarms 

generally avoid sunlight and high flow velocities by swarming in the interstitial spaces of 

complex substrates (i.e., rocks, cobble, etc) and have been found in association with macrophytes 

(Pothoven et al., 2007; M. Yuille personal observation). Dense swarms of Hemimysis have been 

reported both in the near shore and at depths of ~ 20 m during daytime, although the factors 

influencing the formation of these aggregations remain unclear (Minchin and Boelens, 2010). In 

both Europe and the Laurentian Great Lakes basin, Hemimysis were mostly found associated with 

anthropogenically-influenced habitats, such as harbours, piers and reinforced concrete shorelines 

(Pothoven et al., 2007; Wittmann, 2007; Taraborelli et al., 2012). Their diet is variable, including 

zooplankton, algae, phytoplankton and detritus (Ketelaars et al., 1999; Marty et al., 2010). 

Borcherding et al. (2006) reported size-selective feeding with small Hemimysis (juveniles ≤3 

mm) feeding on algal material and large individuals (adults >3 mm) feeding on zooplankton. 

However, stable isotope studies in the Great Lakes suggest opportunistic omnivory regardless of 
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size (Marty et al., 2010). As a result, Hemimysis may play a critical role in the food web linking 

primary and secondary producers and potentially provoking trophic cascading effects. 

1.4.2 Hemimysis in Europe 

In the late 1940s, mysid species were intentionally introduced to several Eastern European 

reservoirs, lakes and rivers to provide a high quality food item for resident fish with the goal of 

increasing fish production in these areas (Arbačiauskas et al., 2010). In the 1980s, mysid stocking 

programs were stopped in Europe as research revealed adverse effects on native food webs as a 

result of introduced mysids (Ketelaars et al., 1999; Wittmann, 2007; Arbačiauskas et al., 2010). 

Intentional introductions of Hemimysis in European waterways have resulted in declines in 

zooplankton biomass and increases in phytoplankton biomass (Ketelaars et al., 1999; 

Borcherding et al., 2006), potentially reducing available food energy to higher trophic levels. 

While fish species like asp (Aspius aspius), ruffe (Gymnocephalus cernuus) and stickleback 

(Gasterosteus aculeatus) consumed Hemimysis, Perca sp. became voracious predators of this 

mysid following their introduction in European lakes (Borcherding et al., 2007; Arbaciauskas et 

al., 2010). In some cases, populations of young-of-year European perch (Perca fluviatilis) 

changed their diet to consist entirely of Hemimysis (Borcherding et al., 2007). Laboratory feeding 

experiments found this same perch species also experienced increased lipid content and increased 

growth performance when Hemimysis portions were increased in their diets (Borcherding et al., 

2007). This led Borcherding et al. (2007) to suggest that Hemimysis are a higher quality food item 

relative to zooplankton, and the reduction in zooplankton resulting from predation by Hemimysis 

caused fish to increase their reliance on Hemimysis to augment their diet. However, in a review of 

Lithuanian fisheries management practices (specifically mysid introductions), Arbaciauskas et al. 

(2010) concluded no growth or production increase was evident for European perch when 
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comparing lakes with and without introduced mysids in Lithuanian waters. Furthermore, they 

conclude that while some fish species may benefit from mysid introductions/invasions at certain 

life stages, this alternative prey source is having no positive effects on the ecosystem as a whole. 

While both the Borcherding et al. (2007) and Arabaciauskas et al. (2010) studies reached 

different conclusions regarding the effect of Hemimysis on fish growth and production, both 

groups agree that Hemimysis reduces resident zooplankton density in invaded waters. 

Increased navigation routes and shipping traffic due to increased global trade accelerated the 

spread of Hemimysis throughout Eastern Europe and into central and western European waters 

and subsequently the Great Lakes (Grigorovich et al., 2003; Pothoven et al., 2007). 

Mitochondrial DNA analyses by Audzijonyte et al. (2008) suggested two possible routes of 

invasion into Northern and Western Europe; the first starts in the lower Dnieper River and 

expands to the Baltic Sea and further to the Rhine delta, while the second occurs from the Danube 

delta and spreads across the continent via the Danube River and down the River Rhine through 

the Danube canal. The second pathway with the Danube lineage was responsible for the invasion 

of the Great Lakes (Audzijonyte et al., 2008). 

1.4.3 Hemimysis in the Great Lakes 

Ricciardi and Rasmussen (1998) identified Hemimysis as a high risk invader likely to 

establish in the Great Lakes as a result of transatlantic shipping. Two independent sightings of 

Hemimysis were reported in 2006; one in Lake Michigan near Muskegon Harbor and one in Lake 

Ontario near Oswego (Pothoven et al., 2006; Kipp and Ricciardi, 2007). Since this time, 

Hemimysis have spread throughout all of the Great Lakes (except Lake Superior; Figure 1.2), 

extended their range into the Finger Lakes region of the United States (Marty et al., 2010; Brown 

et al., 2012) and downstream in the St. Lawrence River to Québec City (S. Avlijas, McGill 
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University, Montréal, QC, pers, comm.). Frequency of occurrence of Hemimysis at shore based 

sampling stations in the Canadian waters of Lake Ontario increased from 65% (n=19) to 90% 

(n=19) over a 12-month period between 2008 and 2009, and their densities increased about one 

order of magnitude during this period suggesting the population was still expanding (Taraborelli 

et al., 2012). In the Great Lakes system, Hemimysis eat a variety of prey (Marty et al., 2010; L. 

Rudstam, Cornell University, Ithaca, New York, pers. comm.), have high production and 

densities in Lake Ontario (Taraborelli et al., 2012), a relatively large body size, and high energy 

content (Walsh et al., 2010).With the highest recorded densities found in Lake Ontario at over 

1800•m
-3

 (Taraborelli et al., 2012), Hemimysis have great potential to disrupt not only the 

nearshore, but also the offshore Lake Ontario food webs through altering food web energy flow to 

higher trophic levels. 

To date, there are few studies exploring the potential ecological impacts of Hemimysis in the 

Great Lakes. Using diet analysis, Lantry et al. (2010, 2012) observed the presence of Hemimysis 

in three of nine targeted fish species (alewife, yellow perch and rock bass) from southern Lake 

Ontario and in two bycatch fish species (cisco, (Coregonus artedi) and white perch, (Morone 

americana)). Similar to seasonal diet composition trends observed by Borcherding et al. (2006), 

Lantry et al. (2012) found that the dry weight composition of Hemimysis in alewife diets varied 

seasonally from < 1% in June and increasing to 18.8% - 98.5% of their diets in late summer early 

fall (August and September). They suggest that the consumption of Hemimysis will be most 

prevalent in fish that actively feed during crepuscular periods and have the ability to consume fast 

moving prey such as Mysis diluviana or small fish. While Lantry et al. (2010, 2012) did 

document consumption of Hemimysis by select fish species, their study focused on a small 

portion of Lake Ontario in late summer and relied on stomach content analyses, which only 
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provides a “snapshot” of fish feeding behaviour. Fish digestion rates of soft-bodied prey, such as 

Hemimysis, can be quite fast possibly introducing bias to the results of a gut content based 

analysis. Laboratory digestion rate experiments using yellow perch have shown Hemimysis to be 

fully digested within 2-4 hours post-ingestion at 14-24ºC (T. Johnson, OMNR, Picton, Ontario, 

unpubl. data). Owing to the wide seasonal and spatial variation in Hemimysis density (Taraborelli 

et al., 2012) and fish diet (Bowen, 1996), without sampling throughout the year, it is hard to 

determine whether the diet composition, and ultimately growth and production, of these fish will 

change notably in response to the presence of Hemimysis as a prey item. While gut content 

analyses can provide greater taxonomic resolution of prey items consumed by fish, coupling these 

observations with stable isotope analyses will provide a more balanced long-term representation 

of fish feeding preferences, including the possible incorporation of Hemimysis into fish diets. 

1.4.4 Stable Isotopes 

In contrast to gut content analysis, stable isotopes (ratios of 
13

C:
12

C and 
15

N:
14

N) are 

commonly used to describe trophic interactions, food web structure and energy pathways in 

aquatic ecosystems over longer time periods, as they provide a time integrated signature of 

assimilated prey items (Peterson and Fry, 1987; Post, 2002; Campbell et al., 2003). Stable 

isotopes can be used to describe food web complexity and are powerful tools for revealing food 

web shifts resulting from invasive species disruptions (Vander Zanden et al., 1999; Campbell et 

al., 2009). The stable isotope signature (δ
15

N and δ
 13

C) of an organism reflects the mixture of 

stable isotope signatures of consumed prey after fractionation through feeding, digestion, 

absorption and excretion processes (Peterson and Fry, 1987). The ratio of stable isotopes of 

nitrogen (
15

N:
14

N) can be used to estimate trophic position because the δ
15

N of a consumer is 

typically enriched by 3.4‰ relative to its diet (Peterson and Fry, 1987; Post, 2002). In contrast, 
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the ratio of carbon isotopes (
13

C:
12

C) changes at a slower rate as carbon moves though food webs 

(Peterson and Fry, 1987; Post, 2002) so it can be used to determine the ultimate sources of 

carbon, and the energy flow through a food web. In freshwater lakes, δ
13

C values can help 

differentiate between pelagic (offshore) and littoral (near shore) sources of energy (Post, 2002) as 

δ
13

C of the base of the littoral food web is more enriched in 
13

C (less negative δ
13

C) relative to the 

base of pelagic food webs (France, 1995).  

1.5 Thesis Objectives 

Environmental change associated with biological pollutants such as invasive species is likely 

irreversible (Mills et al., 2003). Since the 1970s, the Lake Ontario food web, especially the 

nearshore, has become increasingly complex and will continue to change in response to 

unplanned invasive species introductions (Mills et al., 2003). Hemimysis is abundant in Lake 

Ontario, produces multiple generations (Taraborelli et al., 2012), and has a high feeding rate 

known to affect zooplankton production (Ketelaars et al., 1999; Borcherding et al., 2006). It 

could therefore dramatically change the local food webs of invaded lakes, becoming an important 

link connecting higher trophic levels (fish) to primary and secondary production. The objectives 

of this thesis are to determine (1) if dominant food web pathways in the nearshore of Lake 

Ontario change seasonally; (2) whether fish are exhibiting a dietary shift towards the 

consumption of Hemimysis; (3) the effects of site specific temperature and diets on yellow perch 

(P. flavescens) growth rate potential and (4) predict potential growth rate responses of yellow 

perch under different scenarios involving consumption of Hemimysis. I accomplished this through 

collecting data and samples from four sites across the north shore of Lake Ontario, spanning a 

gradient of Hemimysis density to classify the local nearshore food webs. I also analysed a long 

term data set on yellow perch to estimate historical growth. I then used bioenergetic models to 
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quantify the effects of yellow perch feeding on Hemimysis under different scenarios of diet and 

prey availability. Assessing and predicting how this new invader will affect nearshore fish species 

is essential in understanding the effects Hemimysis will have on fish communities within the 

Great Lakes basin. Evaluating these effects and their implications to fishery and aquatic resource 

production and biodiversity are important to government agencies, conservation groups and 

fishing interests who depend on the Great Lakes for economic, ecological and social benefit. 
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Figure 1.1: Profile (top) and top view (bottom) of adult Hemimysis anomala (size range: 5 – 12 

mm). Photographs courtesy of NOAA, Great Lakes Environmental Research Laboratory 

(http://www.glerl.noaa.gov/hemimysis/hemi_photo_gallery.html). 
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Figure 1.2: Locations of confirmed occurrences of Hemimysis anomala in the Great Lakes. 

Original figure from Marty et al. (2010).  

  



 

 

 

19 

 

Figure 1.3: Cumulative number of aquatic invasive species in the Laurentian Great Lakes 

between 1840 and 2003. Original figure from Ricciardi (2006). 
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Chapter 2 

Hemimysis anomala in Lake Ontario food webs: stable isotope analysis 

of nearshore communities 
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Abstract 

Hemimysis anomala, a littoral freshwater mysid native to the Ponto-Caspian region, is the 

newest invader to the Laurentian Great Lakes basin. Discovered in 2006, they have since been 

found in all of the Great Lakes (except Lake Superior) and have the potential to offset the dietary 

energy sink caused by invasive dreissenid mussels (Dreissena bugensis and D. polymorpha) in 

the littoral zone. We evaluated nearshore food web structure at four sites along Lake Ontario’s 

north shore spanning a gradient of Hemimysis density to determine: 1) if dominant nearshore food 

web pathways change seasonally, and 2) whether fish are exhibiting a dietary shift towards 

consumption of Hemimysis. No Hemimysis were found in any of the 431 fish (alewife Alosa 

pseudoharengus, round goby Neogobius melanostomus, and yellow perch Perca flavescens) 

stomachs analysed. We used stable isotopes of carbon (
13

C) and nitrogen (
15

N) collected from 

invertebrates and fish to characterise trophic linkages and fish dietary preference. Yellow perch 

and round goby exhibited significantly higher Δδ
15

N at Bronte (high Hemimysis density) 

compared to Cobourg, Waupoos and the Bay of Quinte.  Δδ
13

C of alewife is more enriched at 

Bronte and is comparable to the Δδ
13

C of Hemimysis. Our results suggest Hemimysis are being 

incorporated into diets of round gobies, alewife and small yellow perch and their reliance on 

Hemimysis as a dietary component increases with Hemimysis density. As Hemimysis populations 

continue to establish and stabilize, fish may incorporate this species into their diets at a higher 

capacity. 

 

Keywords: Hemimysis anomala; invasive species; stable isotopes; Lake Ontario  
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2.1 Introduction 

Hemimysis anomala, the bloody red shrimp, (hereafter Hemimysis) were first detected in 

2006 in both Lake Michigan and Lake Ontario (Pothoven et al., 2006; Kipp and Ricciardi, 2007). 

Since then, the extent of their distribution in the Great Lakes basin has increased dramatically 

(Marty et al., 2010), with the highest recorded densities found in Lake Ontario at over 1800•m
-3

 

(Taraborelli et al., 2012). Frequency of occurrence of Hemimysis at shore based sampling stations 

in the Canadian waters of Lake Ontario increased from 65% to 90% over a 12-month period 

between 2008 and 2009, and their densities increased about one order of magnitude during this 

period suggesting the population is still expanding (Taraborelli et al., 2012).   

Although Hemimysis prefer shallow water near structural features (e.g. rocky substrate with 

deep interstices, around man-made structures including piers), they have been reported to depths 

of 20 m in the Laurentian Great Lakes (LGL) (Pothoven et al., 2007). Hemimysis undergo a diel 

vertical migration moving up into the water column at night, and seek refuge in the substrate 

during the day. Dense swarms of Hemimysis have been reported both in the near shore and at 

depths of ~ 20 m during daytime, although the factors influencing the formation of these 

aggregations remain unclear (Lantry et al., 2010, Minchin and Boelens, 2010). Their diet is 

variable, including zooplankton, algae, phytoplankton and detritus (Ketelaars et al., 1999; Marty 

et al., 2010). Borcherding et al. (2006) reported size-selective feeding with small Hemimysis 

(juveniles ≤3 mm) feeding on algal material and large individuals (adults >3 mm) feeding on 

zooplankton. However, previous stable isotope studies in the LGL suggest opportunistic 

omnivory regardless of size (Marty et al., 2010). Hemimysis, in turn, are consumed by a variety 

of fish species, including alewife, round goby, yellow perch and rock bass (Borcherding et al., 

2007; Arbaciauskas et al., 2010; Lantry et al., 2010; Fitzsimons et al., 2012). 
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Intentional introductions of Hemimysis in European waterways have resulted in declines in 

zooplankton biomass and increases in phytoplankton biomass (Ketelaars et al., 1999, Borcherding 

et al., 2006), potentially reducing available food energy to higher trophic levels. However, some 

fish species, especially Perca sp., became voracious predators of Hemimysis following their 

establishment in European lakes (Borcherding et al., 2007; Arbaciauskas et al., 2010). Young-of-

year Perca fluviatilis, sampled from a lake recently invaded by Hemimysis, increased their 

reliance on Hemimysis from 20% to 100% of their diet in just four months (Borcherding et al., 

2007). In laboratory feeding experiments, this same perch species also experienced increased 

lipid content and supernormal growth performance when Hemimysis portions were increased in 

their diets (Borcherding et al., 2007). Borcherding et al. (2007) suspect Hemimysis are a higher 

quality food item (comparable to fish prey), and the reduction in zooplankton as a result of 

Hemimysis predation provokes a heavier fish reliance on Hemimysis to augment their diet. In 

contrast, Arbaciauskas et al. (2010) concluded no growth or production advantage was evident 

for European perch when comparing lakes with and without introduced mysids in Lithuanian 

waters. While both the Borcherding et al. (2007) and Arabaciauskas et al. (2010) studies reached 

different conclusions regarding the effect of Hemimysis on fish growth and production, both 

groups agree that Hemimysis will reduce resident zooplankton density in invaded waters. 

To date, there are few studies exploring the potential ecological impacts of Hemimysis in the 

LGL. Hemimysis utilise a variety of prey (Marty et al., 2010; L. Rudstam, Cornell University, 

Ithaca, New York, pers. comm.), have high production and densities in Lake Ontario (Taraborelli 

et al., 2012), a relatively large body size, and high energy content (Walsh et al., 2010). For these 

reasons, Hemimysis has high potential to alter energy flow in the near shore region through 

dietary transfer. Using diet analysis, Lantry et al. (2010) observed the presence of Hemimysis in 
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three of nine fish species (alewife, Alosa pseudoharengus; yellow perch, Perca flavescens; rock 

bass Ambloplites rupestris) from southern Lake Ontario. They found 84% frequency of 

occurrence of Hemimysis in alewife stomachs, which accounted for 46 – 74.5% of their dry 

weight diet composition, suggesting Hemimysis have the potential to alter feeding preference and 

food web pathways. While Lantry et al. (2010) did document consumption of Hemimysis by 

select fish species, their study focused on a small portion of Lake Ontario in late summer and 

relied on stomach content analyses, which only provides a “snapshot” of fish diet composition. 

Owing to the wide seasonal and spatial variation in Hemimysis density (Taraborelli et al., 2012) 

and fish diet (Bowen, 1996), without sampling throughout the year, it is hard to determine 

whether the diet composition, and ultimately growth and production, of these fish will change 

notably in response to the presence of Hemimysis as a prey item.  

Stable isotopes (
13

C and 
15

N) are commonly used to evaluate trophic interactions and food 

web structure (Peterson and Fry, 1987; Post, 2002; Campbell et al., 2003). The ratio of stable 

isotopes of nitrogen (
15

N:
14

N) can be used to estimate trophic position because the δ
15

N of a 

consumer is typically enriched by 3.4‰ relative to its diet (Peterson and Fry, 1987; Post, 2002). 

In contrast, the ratio of carbon isotopes (
13

C:
12

C) changes at a slower rate as carbon moves though 

food webs (Peterson and Fry, 1987; Post, 2002) so it can be used to determine the ultimate 

sources of carbon, and the energy flow through a food web. In freshwater lakes, δ
13

C values can 

help differentiate between pelagic (offshore) and littoral (near shore) sources of energy (Post, 

2002) as δ
13

C of the base of the littoral food web is more enriched in 
13

C (less negative δ
13

C) 

relative to the base of pelagic food webs (France, 1995).  

Hemimysis is abundant in Lake Ontario, produces multiple generations (Taraborelli et al., 

2012), and has a high feeding rate known to affect zooplankton production (Ketelaars et al., 1999; 
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Borcherding et al., 2006). It could therefore dramatically change the local food webs of invaded 

lakes, becoming an important link connecting higher trophic levels (fish) to primary and 

secondary production. Using δ
13

C and δ
15

N, this study is the first to evaluate nearshore Great 

Lakes food webs across a gradient of Hemimysis density to determine: 1) if dominant food web 

pathways change seasonally, and 2) whether fish are exhibiting a dietary shift towards the 

consumption of Hemimysis. 

2.2 Methods 

Four locations in Lake Ontario spanning a density range of Hemimysis (Figure 2.1) were 

sampled. These sites include Bronte (43º23.570 N, 79º42.348 W; 688 ± 1553 Hemimysis·m
-3

), 

Cobourg (43º57.137 N, 78º09.872 W; 34 ± 46 Hemimysis·m
-3

), Waupoos (44º00.046 N, 

76º59.485 W; 7.2 ± 14 Hemimysis·m
-3

), and the upper Bay of Quinte (44º09.484 N, 77º10.037 W; 

no Hemimysis detected). Each site contained a pier or harbour structure providing shore-based 

access to sample Hemimysis (Taraborelli et al., 2012). Each site was sampled in the spring (May-

Jun), summer (Jul-Aug) and fall (Sept-Oct) seasons in 2009.  

2.2.1 Sample collection 

Hemimysis were collected at night using both vertical plankton net hauls (0.75m diameter, 

400μm mesh size) and sweep nets (250 μm mesh size) at standardized locations at each site. 

Hemimysis were transported to the lab in filtered lake water where they were separated from other 

taxa, rinsed in distilled water, and stored at -80º C prior to stable isotope analyses.  

Other invertebrates known to represent common fish prey (T. Johnson, OMNR, Picton, 

Ontario, unpubl. data) were sampled in the vicinity of Hemimysis collections. Bulk zooplankton 

samples were collected using vertical tows of a 63 µm mesh net. Amphipods, chironomids, 
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oligochaetes, and dreissenid mussels (Dreissena bugensis and D. polymorpha) were collected by 

scraping rocks and piers, and through the use of ponars on local sediment. Dreissenid mussels 

were removed from their shells prior to analysis. All invertebrate samples were transported back 

to the lab on ice where they were rinsed in distilled water and stored at -80 º C prior to stable 

isotope analyses. 

Three common fish species representing different feeding behaviours were chosen to evaluate 

potential trophic shifts related to Hemimysis.  Species included yellow perch (Perca flavescens), 

round goby (Neogobius melanostomus), and alewife (Alosa pseudoharengus). Yellow perch are 

native to the LGL where juveniles (< 150 mm size class) feed primarily on plankton and small 

invertebrates in the nearshore and adults (> 150 mm size class) feed on larger invertebrates and 

fish in near shore habitats. We suspect yellow perch will feed on Hemimysis at crepuscular 

periods when Hemimysis are entering and leaving the refuge provided by complex substrates. 

Round gobies are invasive, opportunistic benthivores from the native range of Hemimysis and 

prefer rocky/complex substrates. Owing to the similarity of preferred habitat, we expect round 

gobies would opportunistically feed on Hemimysis. Lastly, alewife are a non-native pelagic 

planktivore that are efficient predators of Mysis diluviana in the LGL, and we suspect will 

opportunistically feed on Hemimysis.  

Fish were collected at each site using a variety of gears (fyke nets, gillnets, trapnets, beach 

seines, and electrofishing). All fish samples came from gear within 100 m of known 

concentrations of Hemimysis.  Three individual small and three individual large fish were targeted 

for each species at each site and in each season. Stomachs were removed from the fish and 

preserved in 70% ethanol for diet content analysis. A skinless, boneless, dorsal muscle sample 

(>3 g) was removed and stored at -80º C prior to stable isotope analysis. 
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2.2.2 Diet analysis 

Stomachs were removed from up to 30 fish per species per size class within each site and 

season. Before dissecting, the stomach was placed in a graduated cylinder to determine the 

volume displaced by the full stomach. Stomach contents were then removed and the empty 

volume determined. The volume of stomach contents was determined by subtraction. Stomach 

contents were sorted to the lowest taxonomic level (Thorp and Covich, 2001). Once sorted, a 

proportion of the total gut content was estimated for each taxonomic group and multiplied by the 

total gut content volume to obtain a volumetric estimate of the consumed prey. 

2.2.3 Stable isotope analyses  

All samples were freeze dried in cryotubes, homogenized with a glass rod, and analysed for 

stable isotopes at the University of Windsor using a Delta V IRMS (Thermo Electron 

Corporation, Waltham, MA, USA) equipped with an elemental analyzer (Costech, Santa Clarita, 

CA, USA). Lipid extraction was not performed on fish tissues as the muscle C:N ratio fell below 

3.5 for most samples and was consistent for the entire sample set (see Post et al., 2007). NIST 

Standard 8414 and red tilapia muscle, along with three glycine reference standards were analyzed 

every 12
th
 sample, to compensate for machine drift and for quantification of δ

13
C, δ

15
N, %C and 

%N; every tenth sample was run in triplicate. Precision analysis for standards were calculated 

based on the standard deviation of reference standards, which were ± 0.05‰ for δ
13

C and ± 

0.12‰ for δ
15

N for NIST standard 8414 (n=207), and ± 0.12‰ for δ
13

C and ± 0.17‰ for δ
15

N for 

an internal fish muscle standard (n = 214). Standard deviations of replicate samples within our 

study were ± 0.18‰ for δ
15

N and ± 0.24‰ for δ
13

C (n = 179). 
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2.2.4 Statistical analyses 

Although all four sites are located within Lake Ontario, there are environmental differences 

between the sites that may shift the entire food web, complicating among-site comparison. 

Gastropods and filter feeding bivalves (i.e. dreissenid mussels) integrate these inherent 

differences in their tissues, and thus their stable isotope values can be used to standardize the 

isotopic values of other organisms within each site, facilitating comparisons among sites (Post, 

2002; Campbell et al., 2003). Baseline comparisons using dreissenid mussels were conducted 

using analysis of variance (ANOVA) to test for seasonal and site interactions as well as 

individual seasonal and site effects in δ
15

N and δ
13

C of the samples (Cabana and Rasmussen, 

1996; Vander Zanden et al., 1999; Campbell et al., 2003). Effect terms were systematically 

removed (starting with the interaction term) and Akaike’s Information Criterion (corrected for 

small sample sizes; AICc) was used to determine the most parsimonious model describing the 

data. Site and seasonal standardization was then accomplished by subtracting the isotopic values 

of the mussels from the isotopic values of invertebrates and fish to create Δδ
15

N and Δδ
13

C: 

Δδ
15

N = δ
15

NI or F - δ
15

NM        (2.1) 

Δδ
13

C = δ
13

CI or F - δ
13

CM        (2.2) 

where δ
15

NI or F and δ
13

CI or F are the δ
15

N and δ
13

C values of the individual invertebrate or fish 

sample, δ
15

NM  and δ
13

CM is the δ
15

N and δ
13

CM of the mussels. 

ANOVA was used to test for seasonal and site effects on Hemimysis Δδ
15

N and Δδ
13

C. The 

trophic enrichment of fish species consuming Hemimysis will be relative to the Hemimysis that 

they consume. However, tissue turnover rates of invertebrates are higher than those of fish 

resulting in more pronounced seasonal changes in invertebrate isotopic values (Fry and Arnold, 

1982; MacAvoy et al., 2001; Suring and Wing, 2009). By pooling Hemimysis Δδ
15

N and Δδ
13

C 
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values across seasons for each site, a more generalized Hemimysis isotopic value was generated 

for each site. Fish Δδ
15

N and Δδ
13

C within each season was compared to the mean Hemimysis 

Δδ
15

N and Δδ
13

C per site. Therefore, while significant seasonal effects were detected in 

Hemimysis Δδ
15

N and Δδ
13

C, these were not considered when interpreting Δδ
15

N and Δδ
13

C of 

the fish species. 

Analysis of covariance (ANCOVA) was used to explore body size (ontogenetic) effects on 

δ
15

N and δ
13

C within the three fish species. If ontogenetic differences were found, the size classes 

remained separate; otherwise data were combined prior to subsequent analysis. Three-way 

factorial ANOVAs were used to determine whether there were significant seasonal, site and 

species effects on Δδ
15

N and Δδ
13

C. The three-way interaction was significant, so ANOVA was 

used to test for seasonal differences in Δδ
15

N and Δδ
13

C for each fish species (large yellow perch, 

small yellow perch, alewife and round goby) within each site. Lastly, between site variation was 

tested as an effect on Δδ
15

N and Δδ
13

C for each fish species using type III ANOVAs.  

All statistical analyses were conducted using R statistical software version 2.11.1 and its 

base packages (R Development Core Team, 2010) as well as the “multcomp” and “car” packages 

(Hothorn et al., 2008; Fox and Weisberg, 2010). 

2.3 Results 

2.3.1 Establishing baseline 

We found no significant season x site interaction on δ
15

N of the mussels (p = 0.184). Using 

AICc and systematically removing each term, the most parsimonious model describing the data 

excluded the season x site interaction, seasonal and site effects. There was no significant 

difference in the explanatory power of the original interaction model and the reduced model with 
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all terms removed (p = 0.232). As a result, δ
15

N values were pooled across the seasons and sites 

and averaged (7.43 ± 1.57, n = 55) to obtain the mussel baseline-adjusted value for δ
15

N of 

Hemimysis and fish (δ
15

NM from equation 2.1).  

With regard to the δ
13

C values for the mussels, we found a significant season x site 

interaction (p = 0.019) indicating δ
13

C values for mussels vary significantly by season across sites 

in which they were collected. We tested seasonal effects on δ
13

C within each site and found 

significant seasonal effects at Bronte (p = 0.002), but not at the other sites. Tukey post-hoc 

comparisons revealed significant differences between spring and fall (p = 0.026) and between 

summer and fall (p = 0.002) in δ
13

C of mussels from Bronte. As a result, δ
13

C values were pooled 

across the seasons for Bay of Quinte, Waupoos and Cobourg sites and pooled for the spring and 

summer seasons at Bronte, with the fall Bronte samples analysed separately (Table 2.1). 

The significant seasonal effect at Bronte prompted us to examine site effects in two 

scenarios: 1) seasonally pooled Bay of Quinte, Waupoos, Cobourg and Bronte (Bronte spring and 

summer) data and 2) seasonally pooled Bay of Quinte, Waupoos, Cobourg and Bronte (Bronte 

fall) data. In the first scenario, we found significant site effects (p <0.001) for mussel δ
13

C values. 

Tukey post-hoc comparisons revealed significant differences between the Bay of Quinte and the 

three other sites (Waupoos, p <0.001; Cobourg, p = 0.001; Bronte spring and summer, p <0.001) 

and between Waupoos and Cobourg (p = 0.008). In the second scenario, we again found 

significant site effects (p < 0.001). Tukey post-hoc comparisons again revealed significant 

differences between the Bay of Quinte and the three other sites (Waupoos, Cobourg and Bronte 

fall; p <0.001, p = 0.004, p <0.001, respectively), and between Bronte fall and Cobourg (p 

<0.001). Mussel baseline δ
13

C adjustments to Hemimysis and fish δ
13

C values were based on the 
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seasonal pooling above and on a per site basis (equation 2.2). Baseline adjustment values are 

summarized in Table 2.1. 

2.3.2 Hemimysis 

We tested seasonal and site effects on the calculated Δδ
15

N and Δδ
13

C values for Hemimysis. 

Seasonal effects on Hemimysis Δδ
15

N and Δδ
13

C values were found to be significant (p = 0.008 

and p <0.001, respectively), however, due to differences in tissue turnover rates between 

invertebrates and fish, Hemimysis Δδ
15

N and Δδ
13

C values were pooled within sites regardless of 

the season they were collected to somewhat compensate for tissue turnover rate differences 

(MacAvoy et al., 2001). Seasonal baseline adjusted Hemimysis δ
15

N and δ
13

C are presented in 

Table 2.2. 

Hemimysis Δδ
15

N values were not significantly different between sites (p = 0.282), 

producing an averaged Δδ
15

N of 3.56 ± 1.76 (n = 113) for all sites. Hemimysis Δδ
13

C values were 

significantly different between sites (p <0.001), so they were treated separately in subsequent 

analyses. 

Within each site Hemimysis Δδ
15

N values were significantly higher than benthos Δδ
15

N 

values (p < 0.001, Figure 2.2).  Hemimysis Δδ
15

N values were significantly higher than 

zooplankton at Bronte (p < 0.001), but not significantly different at Waupoos (p = 0.12) (Figure 

2.2a and Figure 2.2c, respectively). Bronte Hemimysis Δδ
13

C values were significantly depleted 

relative to the benthos values (p < 0.001) and were significantly enriched compared to 

zooplankton (p < 0.001). Hemimysis Δδ
13

C values from Cobourg and Waupoos were not 

significantly different from benthos values (p = 0.66 and p = 0.46, respectively), but Hemimysis 

Δδ
13

C values from Waupoos were significantly enriched compared to zooplankton (p < 0.001) 

(Figure 2.2(b, c)). 
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2.3.3 Fish 

We found no physical evidence of Hemimysis in the stomachs of fishes from any of the sites: 

alewife (Bronte, n = 30; Cobourg, n = 71; and Waupoos, n = 19; Bay of Quinte, none collected), 

large yellow perch (Bronte, n = 21; Cobourg, n = 37; and Waupoos, n = 6; Bay of Quinte, n = 6), 

small yellow perch (Bronte, n = 5; Cobourg, n = 11; Waupoos, n = 67; Bay of Quinte, n = 17) and 

round gobies (Bronte, n = 51; Cobourg, n = 25; and Waupoos, n = 64; Bay of Quinte, n = 1). 

Although no Hemimysis were found in any fish stomachs, stable isotopes in fish muscle tissue 

represent the integration of prey items over a longer time period compared to diet analysis. We 

examined the stable isotopes of our fish species to determine whether patterns existed consistent 

with the consumption of Hemimysis. 

ANCOVAs used to detect fish size (total length in mm) effects on δ
15

N and δ
13

C were non-

significant for alewife and round goby so size classes for these two species were pooled. 

However, fish size was a significant effect for yellow perch 
15

N and 
13

C values (p < 0.001 for 

both) so the small and large size classes remained throughout the analysis for this species. We 

tested seasonal variation of each fish species (large and small yellow perch, alewife and round 

goby) within each site (Table 2.3). Although some seasonal effects were statistically significant, 

isotopic differences between the seasonal means were small (< 5% of the mean for δ
15

N and < 

12% of the mean for δ
13

C) and therefore unlikely to have ecological significance. We therefore 

pooled our samples across seasons within sites to increase sample sizes allowing for more robust 

testing of the effects of Hemimysis on the ecosystem. Sample sizes for these comparisons can be 

found in Table 2.3. 

Large yellow perch (YP) Δδ
15

N and Δδ
13

C values were significantly different between sites 

(p <0.001 for both isotopes). Post-hoc Tukey comparisons showed all three sites containing 
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Hemimysis had significantly higher Δδ
15

N values compared to the Bay of Quinte, where no 

Hemimysis have been detected (Figure 2.3a). Bronte, the high Hemimysis density site, had 

significantly higher Δδ
15

N values compared to Cobourg and Waupoos, the medium and low 

Hemimysis density sites (respectively). Δδ
13

C values at the low Hemimysis density site, Waupoos, 

were significantly higher than Cobourg, which was significantly higher than both the Bay of 

Quinte and Bronte (Figure 2.3e). 

Δδ
15

N and Δδ
13

C values of small YP were also significantly different between sites (p 

<0.001 for both isotopes). Post-hoc Tukey comparisons revealed that our high Hemimysis density 

site, Bronte, had significantly higher Δδ
15

N values compared to the other three sites (Figure 2.3b). 

Δδ
15

N values of small YP from Waupoos, our low Hemimysis density site were significantly 

higher than both Cobourg and the Bay of Quinte. Δδ
13

C values from Cobourg, our medium 

Hemimysis density site were higher than our other three sites (Figure 2.3f). Waupoos Δδ
13

C 

values were significantly higher than both Bronte and the Bay of Quinte (Figure 2.3f). 

Alewife Δδ
15

N values were not significantly different across sites (p = 0.150, Figure 2.3c) 

but Δδ
13

C values were significantly different between sites (p <0.001). Post-hoc Tukey 

comparisons on Δδ
13

C values showed Waupoos, the low Hemimysis density site, was 

significantly lower than the other three sites (Figure 2.3g). 

Round goby Δδ
15

N and Δδ
13

C values were significantly different between sites (p <0.001for 

both isotopes). Post-hoc Tukey comparisons showed Bronte, our high Hemimysis density site 

having significantly higher Δδ
15

N values compared to the other three sites (Figure 2.3d). Round 

goby Δδ
15

N values from Cobourg (medium Hemimysis density) were significantly lower than the 

other three study sites (Figure 2.3d). Round goby Δδ
13

C values from Bronte, were significantly 

more depleted compared to the other three sites. While Cobourg round gobies were significantly 
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enriched compared to Waupoos, round goby Δδ
13

C values from both of these sites were not 

significantly different from the Bay of Quinte (Hemimysis not detected) (Figure 2.3h). A 

summary of the sample sizes used in the above statistical tests can be found in Figure 2.3. 

2.4 Discussion 

Fish isotopic values are consistent with expected isotopic shifts reflecting the consumption 

of Hemimysis with the most pronounced effects observed at Bronte, the site with the highest 

Hemimysis density. Increased fish Δδ
15

N values suggest the insertion of Hemimysis into the food 

web results in an increase in food chain length. These results are most evident at the Bronte site, 

implying higher Hemimysis densities result in greater food chain lengthening. Fish Δδ
13

C values 

are comparable to Hemimysis at the Bronte site, and intermediate to traditional prey and 

Hemimysis at the Cobourg and Waupoos sites where Hemimysis densities are lower. Our stable 

isotope data for yellow perch, alewife and round goby from the Bronte site are most consistent 

with expected isotopic shifts resulting from the consumption of Hemimysis.  

Stable isotopes provided evidence that fish are utilising Hemimysis as prey while 

conventional visual gut content analyses did not. Previous studies (Borcherding et al., 2007; 

Lantry et al., 2010) and our own unpublished results for a larger data set have found Hemimysis 

in fish stomachs. However, small-bodied taxa such as Hemimysis digest rapidly making detection 

by visual means more difficult with increasing time post-ingestion (Kionka and Windell, 1972; 

Legler et al., 2010). Laboratory digestion rate experiments using yellow perch have shown 

Hemimysis to be fully digested within 2-4 hours post-ingestion at 14-24ºC (T. Johnson, OMNR, 

Picton, Ontario, unpubl. data). Borcherding et al. (2007) fished their nets for only two hours, 

while our nets were fished overnight (~16 hours) increasing time post-ingestion and reducing our 

ability to detect physical remains. Stable isotopes are a more integrative tool recording 
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assimilated dietary items, and are therefore not subject to problems with differential digestion and 

visual detection.  

Examining the isotopic values of common prey items for our three fish species helps 

illustrate the expected isotopic shift that would occur if Hemimysis were incorporated into fish 

diets. If fish are consuming Hemimysis their isotopic values should shift toward the value of 

Hemimysis (Peterson and Fry, 1987). Relative to benthos, Hemimysis Δδ
15

N value is enriched 

while their Δδ
13

C is comparable (Figure 2.2). Therefore, if a benthivorous fish consumes 

Hemimysis, their Δδ
13

C value will remain relatively unchanged but their Δδ
15

N value should 

increase. Hemimysis Δδ
15

N values are comparable to zooplankton, but their Δδ
13

C is more 

enriched (Figure 2.2). Thus, a planktivorous fish consuming Hemimysis will exhibit an increased 

Δδ
13

C signifying a more littoral carbon source, while their Δδ
15

N will be relatively unchanged 

(Figure 2.2).  

Variability in Hemimysis δ
13

C values has been attributed to a trophic feeding ontogeny 

(Borcherding et al., 2006), but all Hemimysis analysed in our study were adults suggesting 

observed variability is a result of the variation in dietary selection and / or temporal prey source 

values (Marty et al., 2010). Variation observed may correspond to site-specific changes in 

seasonal food availability as productivity in Lake Ontario changes seasonally and can vary among 

sites (Schelske and Hodell, 1991). More fine-scale temporal Hemimysis sampling over the year is 

needed to determine whether seasonal variation in food sources is driving the observed variation 

in Hemimysis δ
13

C values. 

As an obligate planktivore, we expected alewife captured in the vicinity of known 

concentrations of Hemimysis to exhibit enrichment in Δδ
13

C as their reliance on pelagic plankton 

was reduced. Such a shift was evident at the high Hemimysis density Bronte site, but the Δδ
13

C 
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for alewife at the Waupoos and Cobourg sites remained depleted relative to Hemimysis 

suggesting they continue to rely on pelagic zooplankton prey. Lantry et al. (2010) reported the 

presence of Hemimysis in 84% of alewife stomachs captured in southern Lake Ontario near 

Oswego, and a known high density of Hemimysis. We did not expect Δδ
15

N to be very 

informative for alewife as zooplankton and Hemimysis do not differ substantially for this isotope. 

Yellow perch undergo a trophic ontogeny, relying on planktonic prey as juveniles and 

incorporating larger benthic invertebrates and eventually fish as they grow. As such, with 

increasing Hemimysis density, patterns along the Δδ
13

C axis should be stronger than Δδ
15

N for 

small YP as we suspect Hemimysis may replace zooplankton (
13

C enriched vs. 
13

C depleted) in 

their diet. Large YP are littoral omnivores and may substitute benthic organisms for Hemimysis 

(
15

N depleted vs. 
15

N enriched) or indirectly incorporate Hemimysis into their diets through prey 

fish. Combined isotopic values will provide the most complete interpretation for both size classes 

of perch. The Δδ
15

N and Δδ
13

C values were lower for small than large yellow perch reflecting the 

aforementioned trophic ontogeny for this species. Large and small YP Δδ
15

N were lowest in the 

Bay of Quinte, higher at Waupoos and Cobourg, and highest at Bronte, following a gradient in 

Hemimysis density and suggesting Hemimysis contribute to an overall lengthening of the food 

chain (Figure 2.3a and 2.3b). The variability in small YP Δδ
13

C suggests a high degree of 

omnivory in this species (Figure 2.3f). Elevated Δδ
15

N and overlap of Δδ
13

C between small YP 

and Hemimysis, especially at Bronte and Waupoos sites suggests small YP are incorporating 

Hemimysis into their diets (Figure 2.3b and 2f). Large YP Δδ
15

N from Waupoos and Cobourg 

exhibited trophic enrichment close to what would be expected if feeding on Hemimysis (Figure 

2.3a), but their Δδ
13

C values are enriched relative to Hemimysis suggesting large YP from these 

sites consume prey of a similar trophic position to Hemimysis but from a more littoral source 
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(Figure 2.3e), like round goby (cf Post, 2002). Large YP from Bronte have a much higher Δδ
15

N 

than the other sites, which would be consistent with a higher level of piscivory (Grey, 2001). 

There is considerable overlap between Δδ
13

C values for large YP and Hemimysis at Bronte, but 

also high variability in values among individuals, suggesting these perch are relying on multiple 

carbon sources. 

Round goby are littoral benthivores and therefore we expected an increase in Δδ
15

N if they 

increased their reliance on Hemimysis as prey as Hemimysis are elevated in δ
15

N relative to 

benthic organisms. We would not expect changes in Δδ
13

C as Hemimysis show considerable 

overlap with benthos. At the high Hemimysis density Bronte site, Δδ
15

N values for round gobies 

was close to the expected 3.4‰ trophic enrichment (Post, 2002), but shifts at the other sites were 

not suggestive of predation on Hemimysis by round goby. Behavioural adaptations of Hemimysis 

minimise predation success for round gobies (Fitzsimons et al., 2012), which combined with the 

lower Hemimysis density at Cobourg and Waupoos support the observation of limited isotopic 

shifts for round gobies at these sites. 

Comparing fish Δδ
15

N across sites revealed highest levels at Bronte, the site with the highest 

density of Hemimysis. While no differences in δ
15

N were detected across our sites for our baseline 

organism (dreissenid mussels) there were significant site effects on δ
13

C. Standardizing the 

isotopic values across our sites to a common baseline removes anthropogenic and environmental 

effects on stable isotope data (Post, 2002; Campbell et al., 2003), suggesting the observed 

patterns in Δδ
15

N and  Δδ
13

C as Hemimysis density increases, may be a result of an increasing 

reliance on Hemimysis in fish diets. Piscivory is likely partially responsible for high large YP 

Δδ
15

N values, however large YP Δδ
15

N still increases as Hemimysis density increases across sites, 
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with the highest values at Bronte. While piscivory may contribute to the elevated Δδ
15

N values in 

large YP, small YP do not rely heavily on fish in their diet and alewife and round goby rarely 

consume fish (Scott and Crossman, 1998; Corkum et al., 2004). Therefore, it is unlikely that 

piscivory is causing the elevated Δδ
15

N in alewife, round goby and small YP at Bronte. 

Regardless of the strong relationship between Δδ
15

N and Hemimysis density across sites, we 

cannot conclusively state that Hemimysis have been incorporated into fish diets. Despite intensive 

sampling our study could not capture every organism contributing to these four food webs, so it is 

possible that other organisms not captured in this study may contribute to the patterns in δ
15

N and 

δ
13

C observed in the three fish species across the Hemimysis gradient. 

By examining the isotopic patterns of three species of fishes representing different feeding 

behaviours across a gradient of Hemimysis density we were able to provide a more robust picture 

of the likelihood of Hemimysis to alter nearshore food web pathways. Planktivorous fishes, such 

as alewife, that have a documented history of consuming mysids in the Great Lakes (Stewart et 

al., 2009) showed the greatest isotopic shift in our study consistent with the consumption of 

Hemimysis. As Hemimysis density increases, our isotopic data suggest Hemimysis are playing a 

larger role in supporting higher trophic levels. At sites with an intermediate density of Hemimysis 

(Cobourg and Waupoos), the isotopic shifts were intermediate to Bronte (high density) and the 

Bay of Quinte (no Hemimysis). However, as a recent invader to Lake Ontario (Kipp and 

Ricciardi, 2007), it is possible that fish species have not fully adapted their feeding to the 

presence of this new littoral food source. As Hemimysis populations continue to expand in both 

range and density, we predict they will become more important in the diets of resident fishes. 

While stable isotopes provide an integrative picture of feeding pathways and trophic position, 

additional studies using conventional diet analyses and incorporating other taxa may help solidify 
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energy flow pathways in the food web. This will aid future studies examining changes fish 

bioenergetics relative to Hemimysis density.  
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Table 2.1: Average δ
15

N and δ
13

C values for D. polymorpha (mean ± SD) at Hemimysis 

collection sites in Lake Ontario in 2009. Seasonal and site effects were not significant for δ
15

N 

values. “All” refers to an averaged δ
13

C value across all seasons as seasonal effects were not 

significant for these sites. Fall δ
13

C of Bronte zebra mussels were found to be significantly 

different compared to spring and summer zebra mussels. Sample sizes are found in parentheses 

with the specified seasonal pooling. 

  Stable Isotope Values  (mean ± SD) 

Site Season (n) δ
15

N (‰) δ
13

C (‰) 

Bay of Quinte All (9) 7.78 ± 2.69 -31.01 ± 1.75 

Waupoos All (18) 7.64 ± 0.63 -23.49 ± 3.44 

Cobourg All (12) 6.63 ± 2.07 -26.59 ± 1.88 

Bronte Spring and Summer (10) 7.92 ± 0.34 -25.07 ± 1.11 

Bronte Fall (6) 7.06 ± 1.19 -20.13 ± 3.21 
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Table 2.2: Seasonal averaged Δδ
15

N and Δδ
13

C values for H. anomala (mean ± SD) at Waupoos, 

Cobourg and Bronte, Lake Ontario in 2009. Data presented are baseline adjusted. Site effect was 

not significant for Δδ
15

N but was significant for Δδ
13

C so seasonal comparisons within each site 

are presented in this table. Post-hoc Tukey comparisons tested seasonal effects, which were 

considered significant if p < 0.05. Sample sizes are found in parentheses. 

  Stable Isotope Values  (mean ± SD) 

Site Season (n) Δδ
15

N (‰) Δδ
13

C (‰) 

 

 

Waupoos 

Spring Insuf. Material Insuf. material 

Summer (9) 2.79 ± 0.86 

A 

2.68 ± 1.2 

A 

Fall (5) 3.84 ± 0.48 

B 

4.32 ± 1.47 

B 

 

 

Cobourg 

Spring (5) 3.95 ± 1.86 

A 

5.68 ± 0.49 

A 

Summer (4) 1.66 ± 0.48 

A 

3.90 ± 0.95 

B 

Fall (1) 2.76 

A 

7.34 

A 

 

 

Bronte 

Spring (27) 4.18 ± 1.79 

A 

2.39 ± 0.71 

A 

Summer (35) 3.18 ± 2.33 

A 

3.09 ± 1.75 

A 

Fall (27) 3.87 ± 0.79 

A 

-0.68 ± 1.30 

B 
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Table 2.3: Summary of type III ANOVAs testing for seasonal effects on Δδ
15

N and Δδ
13

C within a species of fish (large and small yellow perch, 

alewife and round goby) and within a site (Bronte, Cobourg, Waupoos and Bay of Quinte). Data presented are baseline adjusted. NA signifies 

seasons when that fish species was not caught, and the letters denote seasonal differences within a taxa and site. All differences were considered 

significant if p < 0.05. Sample size is indicated by the number within parentheses. 

  Stable Isotope Values  ( mean ± SD (n) ) 

 

Site 

 

Species 

Δδ
15

N (‰) Δδ
13

C (‰) 

Spring Summer Fall Spring Summer Fall 

 

 

Bronte 

lg. yellow perch NA 10.33±1.93  

A (2) 

9.01  

A (1) 

NA 3.44±1.54 

A (2) 

-1.01 

A (1) 

sm. yellow perch 8.93  

A (1) 

7.91  
A (1) 

8.94±1.29 

A (2) 

5.50   
A (1) 

2.54   

A (1) 

-1.45±0.17 

B (2) 

round goby 6.50±0.35 

A (8) 

6.17±0.76  

A (15) 

5.74±0.34 

A (6) 

3.67 ±0.55 

 A (8) 

3.54±1.88 

A (15) 

-0.57±0.47  

B (6) 

alewife 5.72±0.68 

A (3) 

6.30±0.53  

A (10) 

NA 1.55±0.40  

A (3) 

1.88±0.32  

A (10) 

NA 

 

 

Cobourg 

lg. yellow perch 7.00±0.42 

A (5) 

6.76±0.97 

 A (7) 

5.67   

A (1) 

7.50±0.65  

A (5) 

6.69±1.32  

A (7) 

7.94   

A (1) 

sm. yellow perch 6.17±0.15 

A (5) 

3.05±1.22  

B (5) 

NA 7.31±0.50  

A (5) 

5.86±1.22  

B (5) 

NA 

round goby 4.91±0.41 

A (6) 

2.73±1.05 

 B (7) 

3.00±1.81  

A (6) 

7.04±0.81  

A (6) 

5.87±0.80  

B (7) 

7.17±0.93  

AB (6) 

alewife 5.86±0.39 

A (6) 

5.48±0.55  

AB (9) 

4.73±0.63  

B (5) 

3.25±1.05  

A (6) 

2.85±0.45  

A (9) 

2.02±1.75  

A (5) 

 

 

Waupoos 

lg. yellow perch 8.05±0.71 

A (13) 

7.22±0.33 

 B (8) 

7.45±0.41  

AB (5) 

5.63±0.23 

 A (13) 

5.13±0.55B 

(8) 

4.92±0.51 

B (5) 

sm. yellow perch 6.62±0.41 

A (8) 

5.75±0.64  

B (14) 

6.27±0.09  

AB (2) 

2.29±1.14 

A (8) 

3.83±1.49  

B (14) 

5.47±0.15 

B (2) 

round goby 4.88±0.36 

A (6) 

4.41±0.41 

 B (24) 

4.92±0.36  

A (7) 

4.77±1.31  

AB (6) 

4.49±0.78  

A (24) 

5.74±0.55 

 B (7) 
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alewife 6.22±0.44 

A (9) 

1.86±3.25 

 B (4) 

5.98±0.30  

A (2) 

-0.32±0.64 

A (9) 

1.65±0.91  

B (4) 

-1.16±0.09 

A (2) 

 

Bay of 

Quinte 

lg. yellow perch 6.19   

AB (1) 

5.39±0.45 

 A (8) 

6.25±0.32  

B (8) 

4.30   

A (1) 

1.58±0.66  

B (8) 

4.55±1.09  

A (8) 

sm. yellow perch 3.91±0.56 

A (5) 

5.27±0.59  

B (31) 

4.45±1.52 

AB (6) 

3.41±0.36  

A (5) 

0.94±1.20  

B (31) 

4.43±2.56  

A (6) 

round goby 3.28±0.01 

A (2) 

4.39±0.31  

B (3) 

5.56±0.09  

C (3) 

3.61±0.21  

A (2) 

8.72±0.72  

B (3) 

2.24±0.14  

A (3) 

alewife NA 5.32±0.77 

 (19) 

NA NA 2.15±1.78  

(19) 

NA 
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Figure 2.1: Map of Lake Ontario showing the four sites selected for the current study associated with 2009 annual Hemimysis anomala densities 

(Taraborelli et al., 2012).
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Figure 2.2: Food web δ
15

N and δ
13

C biplots for (a) Bronte, (b) Cobourg, (c) Waupoos and (d) 

Bay of Quinte. Our three priority fish species (large and small yellow perch (LYP and SYP, 

respectively), alewife (Ale), round goby (Rg)) are represented as well as common prey taxa 

(chironomids (Chir), dreissenid mussels (Dreis), amphipods (Amp) and oligochaetes (Olig)). 

Mean δ
15

N and δ
13

C values are presented with error bars representing one standard deviation from 

the sample. 
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Figure 2.3: Δδ
15

N and Δδ
13

C of large (a and e, respectively; Bay of Quinte, n = 17; Waupoos, n = 

26; Cobourg, n = 13; Bronte, n = 3) and small (b and f, respectively; Bay of Quinte, n = 42; 

Waupoos, n = 24; Cobourg, n = 10; Bronte, n = 4) yellow perch (P. flavescens), alewife (A. 

pseudoharengus) (c and g, respectively; Bay of Quinte, n = 19; Waupoos, n = 15; Cobourg, n = 

20; Bronte, n =13) and round goby (N. melanostomus) (d and h, respectively; Bay of Quinte, n = 

8; Waupoos, n = 37; Cobourg, n = 19; Bronte, n = 29) relative to the Δδ
15

N and Δδ
13

C of 

Hemimysis anomala (solid line and grey boxplots, respectively). The dashed lines in (a), (b), (c) 

and (d) represent a 3.4 ‰ 
15

N trophic enrichment relative to Hemimysis. Differences in letters 

above the boxplots indicate significant statistical differences (Tukey HSD, p < 0.05). Data 

presented are baseline adjusted.   

Location (low to high Hemimysis density)
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Chapter 3 

Bioenergetic consequences of Hemimysis anomala on yellow perch 

(Perca flavescens) in Lake Ontario 
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Abstract 

Since the 1840s, the Laurentian Great Lakes have experienced an exponential increase in the 

number of identified invasive species. The most recent, Hemimysis anomala, is a littoral 

freshwater mysid native to the Ponto-Caspian region of Eastern Europe. First described in Lake 

Michigan in 2006, they have since been found in all of the Great Lakes (except Lake Superior), 

the St. Lawrence River and inland lakes in New York State. Studies have shown multiple fish 

species consume Hemimysis within the Great Lakes, and European literature indicates in some 

lakes where Hemimysis have invaded, diets of P. fluviatilis are comprised entirely of Hemimysis. 

This study quantifies the effect of consumption of Hemimysis on the growth of juvenile and adult 

yellow perch (Perca flavescens). Using bioenergetic models, I evaluate the growth response of 

yellow perch to different feeding scenarios incorporating Hemimysis into their diet (1. Hemimysis 

increasing proportionately to 100% of total diet, 2. Hemimysis replacing zooplankton in diets, 3. 

Hemimysis replacing amphipods in diets and 4. Seasonal consumption of Hemimysis). Site 

specific diet and temperature experience of yellow perch were collected from four sites spanning 

a gradient of Hemimysis density. Diet composition was derived from gut contents and isotope 

mixing models. Increasing proportions of Hemimysis in small and large yellow perch results in 

significant declines in growth (ANCOVA, p < 0.01). If Hemimysis replaced zooplankton 

proportionately in the diet, there would be no detectable change in fish growth. If Hemimysis 

replaced amphipods or if yellow perch consume Hemimysis reflecting their seasonal availability, 

there would be a significant decrease in growth rates. While observed density of Hemimysis at our 

high density site (Bronte) is sufficient to support current yellow perch growth, most scenarios at 

all other sites result in reductions in perch growth. These negative impacts on fish growth will 

likely be exacerbated when the limited seasonal availability of Hemimysis, patchy distribution and 

predator avoidance behaviours, are considered. 

 

Keywords: Hemimysis anomala; invasive species; bioenergetics; stable isotopes; Lake Ontario   
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3.1 Introduction 

Numerous non-native plants and animals have established themselves in aquatic ecosystems 

across North America since European colonization (Ricciardi and Rasmussen, 1998). In the 

Laurentian Great Lakes basin alone, 183 non-indigenous species have successfully established 

with several of these species causing profound ecological and economic impacts on invaded 

ecosystems (Ricciardi and MacIsaac, 2000). Notable species including the sea lamprey 

(Petromyzon marinus), zebra and quagga mussels (Dreissena polymorpha and Dreissena 

bugensis, respectively), round goby (Neogobius melanostomus) and the spiny and fish-hook water 

fleas (Bythotrephes longimanus and Cercopagis pengoi, respectively) have had dramatic effects 

through changing ecosystem structure and disrupting food webs (Mills et al., 1993; MacIsaac 

1996; Ricciardi et al., 1998). The most recent documented invader, Hemimysis anomala 

(Crustacea, Malacostraca, Mysida, Mysidae; hereafter Hemimysis), were first identified in Lake 

Michigan in 2006 (Pothoven et al., 2007) and have since been found throughout the Great Lakes 

and St. Lawrence River (Marty et al., 2010). 

Similar to round gobies (Neogobius melanostomus) and zebra mussels, Hemimysis (also 

known as the bloody red shrimp) are native to the Ponto-Caspian region of Eastern Europe. 

Despite similarities in morphology, Hemimysis exhibit many differences from their native Great 

Lakes relative, Mysis diluviana. They prefer shallow water associated with structure (e.g. rocky 

substrate with deep interstices, piers, docks, break-walls), but have been found at depths > 30 m in 

the Great Lakes (M. Walsh, USGS, Oswego, New York, pers. comm.). Hemimysis are known to 

form dense swarms, which have been reported both in the near shore and at depths ~ 20 m during 

daytime (Lantry et al., 2010; Minchin and Boelens, 2010).  Factors influencing the formation of 

these aggregations remain unclear; however, it is suspected that the swarming behaviour is 

attributed to a predator avoidance mechanism. Hemimysis undergo a diel vertical migration 

moving up into the water column at night, and seek refuge in the substrate during the day 
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(Ketelaars et al., 1999; Borcherding et al., 2006; Dumont and Muller, 2009). They are an 

opportunistic omnivore, feeding mostly on zooplankton, but have also been known to consume 

benthic invertebrates, phytoplankton and detritus (Ketelaars et al., 1999; Dumont, 2006; Marty et 

al., 2010). Borcherding et al. (2006) reported size-selective feeding with small Hemimysis 

(juveniles ≤3 mm) feeding on periphyton and phytoplankton and large individuals (adults >3 mm) 

feeding on zooplankton; however, stable isotope studies in the Great Lakes suggest opportunistic 

omnivory regardless of size (Marty et al., 2010). Hemimysis, in turn, are consumed by a variety of 

fish species (Borcherding et al., 2007; Arbaciauskas et al., 2010; Lantry et al., 2010; Fitzsimons 

et al., 2012). Comparing three European lakes, Borcherding et al. (2007) suggest the insertion of 

Hemimysis resulted in increased growth and condition of perch (Perca fluviatilis). However, other 

European research suggests the effects of invasive mysids have not enhanced fish growth and 

condition (Rakauskas et al. 2010; Arbaciauskas et al. 2010). Such conflicting results, plus lack of 

local information, creates considerable uncertainty surrounding the impact of Hemimysis on 

growth of fish in newly invaded lakes such as Lake Ontario. 

Hemimysis have been found at numerous locations in the Great Lakes basin (Marty et al., 

2010; Taraborelli et al., 2012). Average annual densities of Hemimysis in Lake Ontario are as 

high as 688 ± 1553 individuals·m
-3 

(Taraborelli et al., 2012). Hemimysis has a high lipid content 

(Borcherding et al., 2006) with an energy density slightly higher than most zooplankton species 

found in the nearshore of the Great Lakes (Walsh et al., 2010), suggesting they may enhance 

growth of fish that prey on zooplankton. Fish species within Lake Ontario have begun to 

incorporate this new invader into their diets (Lantry et al., 2010; Lantry et al., 2012; Yuille et al., 

2012; Fitzsimons et al., 2012). Based on gut content analysis, nine fish species in the Great Lakes 

have consumed Hemimysis, attesting to their rapid assimilation into the Great Lakes food webs 

(Table 3.1). Traditional gut content analyses provide insight into recent foraging activities and 

important information on ration size and taxonomic resolution of prey items, however, these 
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analyses only offer a snapshot of the most recent feeding event for that individual fish. Stable 

isotopes (
15

N and 
13

C) are often used in food web studies to obtain a more temporally integrated 

characterization of assimilated prey (Peterson and Fry, 1987; Post, 2002; Campbell et al., 2003). 

Recently, stable isotopes were used to characterise four food webs within Lake Ontario that 

spanned a gradient of Hemimysis densities (Yuille et al., 2012).  In contrast to Lantry et al. 

(2010), Yuille et al. (2012) did not find any Hemimysis in stomachs of three fish species (alewife, 

Alosa pseudoharengus; round goby, N. melanostomus; yellow perch, Perca flavescens). However, 

their stable isotope analyses suggest that these same fish had consumed Hemimysis and that their 

consumption of Hemimysis increased with increasing Hemimysis densities (Yuille et al. 2012). 

Their study also shows that the insertion of Hemimysis into Lake Ontario food webs has resulted 

in trophic lengthening, which may have implications for food web energy and contaminant 

transfer (Yuille et al., 2012). 

As Hemimysis populations continue to expand in the Laurentian Great Lakes, it is unknown 

what effects they will have on resident food webs, specifically the growth and condition of 

nearshore fish species. Understanding the effects of Hemimysis on the growth and production of 

fishes will aid government, environment and conservation groups in managing their impact on 

invaded ecosystems. Furthermore, nearshore productivity is important in supporting offshore food 

webs (Vander Zanden and Vadeboncoeur, 2002) but invasive dreissenid mussels have weakened 

this link (Hecky et al., 2004). Ricciardi et al. (2012) hypothesized that the feeding activities of 

Hemimysis will further weaken this littoral-pelagic link through disruption of energy flow unless 

their populations are suppressed via fish predation. This study therefore evaluates the effects of 

incorporation of Hemimysis into the diets of fish across a gradient of Hemimysis density. Using 

bioenergetic models configured with different feeding scenarios, I assess the impact of Hemimysis 

consumption on a representative Lake Ontario fish, the yellow perch (P. flavescens). I 

hypothesize that site specific temperature regimes will have a greater effect on fish growth 
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relative to site specific diets and that the incorporation of Hemimysis into the diets of fish will 

increase their growth. 

3.2 Methods 

Four locations in Lake Ontario spanning a density range of Hemimysis (Taraborelli et al., 

2012) were sampled. These sites include Bronte (43º23.570 N, 79º42.348 W; 688 ± 1553 

Hemimysis·m
-3

), Cobourg (43º57.137 N, 78º09.872 W; 34 ± 46 Hemimysis·m
-3

), Waupoos 

(44º00.046 N, 76º59.485 W; 7.2 ± 14 Hemimysis·m
-3

), and the upper Bay of Quinte (44º09.484 N, 

77º10.037 W; no Hemimysis detected). Each site contained a pier or harbour structure providing 

shore-based access to sample Hemimysis (Taraborelli et al., 2012). Each site was sampled a 

minimum of two times in the spring (May-Jun), summer (Jul-Aug) and fall (Sept-Oct) seasons in 

2009 and 2010. 

3.2.1 Sample collection 

Hemimysis were collected at night using both vertical plankton net hauls (0.75 m diameter, 400 

μm mesh size) and sweep nets (250 μm mesh size) at standardized locations at each site. 

Hemimysis were transported to the lab in filtered lake water where they were separated from other 

taxa, rinsed in distilled water, and stored at -80º C prior to stable isotope analyses.  

Other invertebrates known to represent common fish prey (T. Johnson, OMNR, Picton, 

Ontario, unpubl. data) were sampled in the vicinity of Hemimysis collections. Bulk zooplankton 

samples were collected using vertical tows of a 63 µm mesh net. Amphipods, chironomids, 

oligochaetes, and dreissenid mussels (Dreissena bugensis and D. polymorpha) were collected by 

scraping rocks and piers, and through the use of ponars on local sediment. Dreissenid mussels 

were removed from their shells prior to analysis. All invertebrate samples were transported back 

to the lab on ice where they were rinsed in distilled water and stored at -80 ºC prior to stable 

isotope analyses. 
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Yellow perch (Perca flavescens) are native to the Great Lakes and undergo ontogenetic 

feeding, where juveniles (< 150 mm size class) feed primarily on plankton and small invertebrates 

in the nearshore and adults (> 150 mm size class) feed on larger invertebrates and fish in near 

shore habitats (Bowen et al., 1996; Yuille et al., 2012). Previous studies have indicated that 

yellow perch consume Hemimysis (Lantry et al., 2010; Lantry et al., 2012) and isotopic evidence 

suggests there is a positive correlation between Hemimysis density and its frequency of 

occurrence in yellow perch diets in Lake Ontario (Yuille et al., 2012). I chose yellow perch as my 

focal species as it is a commercially and recreationally important species and I suspect yellow 

perch will feed on Hemimysis during crepuscular periods when Hemimysis are entering and 

leaving the refuge provided by complex substrates. 

Fish were collected at each site using a variety of gears (fyke nets, gillnets, trapnets, beach 

seines, and electrofishing). All fish samples came from gear within 100 m of known 

concentrations of Hemimysis.  Thirty fish per size class were targeted at each site and in each 

season for gut content analyses and of these fish, three individual small and three individual large 

fish were processed for stable isotope analyses. Stomachs were removed from the fish and 

preserved in 70% ethanol for diet content analysis. A skinless, boneless, dorsal muscle sample (>3 

g) was removed and stored at -80º C prior to stable isotope analysis. 

3.2.2 Stable Isotopes 

All samples were freeze dried in cryotubes, homogenized with a glass rod, and analysed for 

stable isotopes at the University of Windsor using a Delta V IRMS (Thermo Electron 

Corporation, Waltham, MA, USA) equipped with an elemental analyzer (Costech, Santa Clarita, 

CA, USA). Lipid extraction was not performed on fish tissues as the muscle C:N ratio fell below 

3.5 for most samples and were consistent for the entire sample set (cf Post et al., 2007). NIST 

Standard 8414 and red tilapia muscle, along with three glycine reference standards were analyzed 

every 12
th
 sample, to compensate for machine drift and for quantification of δ

13
C, δ

15
N, %C and 
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%N; every tenth sample was run in triplicate. Precision analysis for standards were calculated 

based on the standard deviation of reference standards, which were ± 0.05‰ for δ
13

C and ± 

0.12‰ for δ
15

N for NIST standard 8414 (n=207), and ± 0.12‰ for δ
13

C and ± 0.17‰ for δ
15

N for 

an internal fish muscle standard (n = 214). Standard deviations of replicate samples within our 

study were ± 0.18‰ for δ
15

N and ± 0.24‰ for δ
13

C (n = 179). 

3.2.3 Bioenergetics modeling 

I used the Fish Bioenergetics 3.0 software (Hanson et al., 1997) as a tool to generate 

quantitative estimates of the changes in growth that may occur if yellow perch were to consume 

Hemimysis. This software is based on a basic energy balance equation: 

                           ,           (3.1) 

where total consumption of energy (C) is equal to the sum of metabolism (respiration, R; active 

metabolism, A; and specific dynamic activity, SDA), wastes (faecal egestion, F; and urinary 

excretion, U), and growth (somatic growth, ΔB; and gonad production, G). Each component of 

this equation has different forms of the temperature dependence and mass dependence functions 

that can be used, depending on the physiology of each species (Hanson et al., 1997). Two 

established yellow perch models (yellow perch juvenile and adult) available within the software 

were used for my yellow perch (small and large, respectively) temperature and diet manipulations.  

Required inputs to the bioenergetics model include information on fish growth, diet, thermal 

experience, and energy density of predator and prey. In all scenarios for both large and small YP 

spawning losses were not considered. An energy density of 4186 J·g
-1 

was used for small and 

large yellow perch, while prey energy density was summarised from the literature (Tables 3.2 and 

3.3). Energy density of fish and prey were assumed constant throughout the year.  

To determine site specific proportion of maximum consumption values, average weight for age 

2 (45 g) and average weight for age 3 (67 g) yellow perch in the Bay of Quinte were used as the 

modeling start weights for small and large YP (respectively) in the Bay of Quinte model 
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simulations, whereas the average weight for age 2 (42 g) and average weight for age 3 (70 g) 

yellow perch in the Kingston Basin were used as the modeling start weights for small and large 

YP (respectively) in Waupoos, Cobourg and Bronte. End weights were calculated by multiplying 

the start weight by the historically-observed change in growth determined below (Figure 3.1, see 

3.2.4). For small and large YP in the Bay of Quinte, model end weights were 64 g and 86 g 

(respectively) and for Waupoos, Cobourg and Bronte model end weights were 72 g and 100 g 

(respectively). 

3.2.4 Yellow perch historic growth 

Using a historic dataset (1995-2001 and 2004-2010) I looked at the variation exhibited in 

yellow perch growth from two locations within Lake Ontario: the Bay of Quinte and Kingston 

Basin. I chose these time periods as they were the years in which age and growth data were 

available for both the Bay of Quinte and the Kingston Basin. While historical datasets for fish 

species at each of the four sites involved in this study would be best, they were not available. I 

chose the Kingston Basin data as these fish are exposed to systems that are comparable to 

Waupoos and comparable to the Cobourg and Bronte ecosystems (e.g. similar temperatures, 

productivity and physical features). I calculated the instantaneous growth (G = ln(Wt/W0)) from 

age 2 to age 3 yellow perch in consecutive years to represent the “small” fish size class as they 

were the youngest age cohort that had sufficient data. Historical growth for the “large” yellow 

perch size class was determined in the same manner using the age 3 and age 4 fish from these two 

locations. A more robust estimate of instantaneous growth was estimated by bootstrapping the 

data (Quinn and Keough, 2002). Each fish weight was randomly selected from two consecutive 

years (e.g. one weight from age 3 in 1997 and one weight from age 2 in 1996) to calculate an 

instantaneous growth coefficient (this was performed 1000 times for each consecutive year 

pairing). These growth coefficients were then averaged for each year and these averages were 

used in subsequent analyses. I conducted a three factorial analysis of covariance (ANCOVA) on 
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the averaged bootstrapped historical data to test the effects of time, location and fish size (small 

and large) on the mean bootstrapped instantaneous growth coefficients. 

3.2.5 Diet composition 

Stomachs were removed from up to 30 fish per size class (small and large) within each site and 

season. Before dissecting, the stomach was placed in a graduated cylinder to determine the 

volume displaced by the full stomach. Stomach contents were then removed and the empty 

volume determined. The volume of stomach contents was determined by subtraction. Stomach 

contents were sorted to the lowest taxonomic level using keys provided by Thorp and Covich 

(2001). If a stomach was found to be empty, it was excluded from the compositional analysis. 

Once sorted, a proportion of the total gut content was estimated for each taxonomic group and 

multiplied by the total gut content volume to obtain a volumetric estimate of the consumed prey. 

To reduce the influence of rare species on diet composition, species that were present in <5% 

of the total gut content were grouped and pooled into higher taxonomic classifications. To 

normalize the data, the volumes were square root transformed (Quinn and Keough, 2002). I 

performed a principle components analysis (PCA) on the 14 different prey taxa identified in the 

gut content analysis to reduce the dimensionality of the prey taxa data (Quinn and Keough, 2002). 

Using the PCA axis scores associated with the first three PCA axes, I then conducted a 

multivariate analysis of variance (MANOVA) to test for the effect of fish size, season and site  on 

diet composition (Quinn and Keough, 2002).  

3.2.6 Stable isotope mixing model 

IsoSource (Phillips and Gregg, 2003) was used to model the most probable diet compositions 

of small and large yellow perch based on their respective stable isotope profiles. Isotopic sources 

(prey) were corrected for trophic fractionation of nitrogen and carbon (3.4‰ and 0.4‰ per 

trophic level, respectively; Post, 2002) to satisfy isotopic mass balance of consumers prior to 
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inclusion in the model (Pilger et al., 2010). Model mass balance tolerance was set at 0.1 with 1% 

increments (Phillips and Gregg, 2003; Christensen and Moore, 2009). My study used two isotopes 

(
15

N and 
13

C) and a range of potential sources (six to seven), which included: macrophytes, 

zooplankton, Hemimysis, amphipods, chironomids, dreissenid mussels, emerald shiner (Notropis 

atherinoides), round goby (Neogobius melanostomus), and small yellow perch (P. flavescens). I 

used the mean contribution value determined by IsoSource in subsequent bioenergetics models, 

however, the entire range of feasible solutions are provided (Phillips and Greg, 2003). 

3.2.7 Diet 

As year and seasonal effects were not significant on diet composition within sites, I pooled 

diets to the level of site, and used an annual averaged diet for small and for large YP simulations. 

For all juvenile and adult yellow perch bioenergetics models, the small (≤ 150 mm total length) 

and large (> 150 mm total length) yellow perch diet compositions (gut content or stable isotope-

derived) were used (respectively). In the “Seasonal” scenario, the diets started with the site 

specific annual averaged diets, but changed in proportion to Hemimysis consumption observed by 

Borcherding et al. (2007) (see below 3.2.9). The proportion represented by “other” (Figures 3.2 

and 3.3) was removed from the bioenergetics analyses as it had no energetic value (e.g. sand and 

small rocks). 

3.2.8 Temperature 

I used water temperatures recorded in the vicinity of each fish sampling location to represent 

the thermal experience of the perch. Temperature regimes for the Bay of Quinte were estimated 

from daily temperature records collected at the Belleville water treatment plant (5 m depth, 

44°08.998 N 77°23.737 W) in 2009 and 2010, which records water temperatures daily. Water 

temperatures for Waupoos and Cobourg were collected using two Hobo Temperature loggers 

deployed in close proximity to where fish were collected; one temperature logger was placed 0.5 

m from the lake bottom and the other 0.5 m below surface levels in ~3.5 m water depth. Water 
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temperatures were averaged between surface and bottom recordings to provide a more generalized 

water temperature regime experienced by the fish. Temperature loggers were not deployed at the 

Bronte site, but the Grimbsy temperature buoy (surface temperatures, 43°23.000 N 79°47.000 W, 

Grimsby buoy #45139, Environment Canada) was close geographically to Bronte and is suspected 

to undergo similar temperature regimes. Daily temperature records in 2009 and 2010 overlapped 

for the four sites between May 26
th
 and October 1

st
, so all temperature regimes were restricted 

temporally to this time period for statistical comparisons. I used a three factor generalized linear 

model  with a 2
nd

 order polynomial to test the effects of year, time and location on the temperature 

regimes recorded at each site, followed by a Tukey post-hoc test to determine whether there were 

significant differences in temperature regimes between sites (Quinn and Keough, 2002). In 2010, 

a greater range in monthly temperatures was observed, so these data were used in the 

bioenergetics models.  

In the bioenergetics models, average monthly temperatures from 2010 were used for May to 

October; while winter temperatures (January and December) were assumed isothermal at 4°C; 

intervening months were linearly interpolated from observed data. I assumed fish would select the 

warmest temperature available up to their thermal optimum (23°C for adults, 29°C for juveniles, 

Kitchell et al. 1977). At all sites, with the exception of Bay of Quinte for adult yellow perch, 

thermal regimes did not exceed the species thermal optima, and were therefore not constrained. 

3.2.9 Bioenergetic scenarios 

To evaluate the effects of site specific temperature and diet on growth, I ran two separate 

simulations. I ran the models using one diet composition (Bay of Quinte diets for small and large 

YP) but applied site specific temperatures to determine differences in instantaneous growth as a 

result of temperature. In both of these simulations, I used the proportion of maximum 

consumption calculated using the Bay of Quinte temperature regime and the Bay of Quinte diet 

with the Bioenergetics software. To test the effect of site specific diets, I ran the models using one 
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temperature regime (Bay of Quinte temperature regime for small and large YP) but applying site 

specific diet compositions (gut content and isotope-derived). Comparing the resultant growth 

variation from the outcome of these models for each site allows us to determine whether the 

differences in temperature regimes or diet compositions will have a greater effect on the growth of 

yellow perch. 

Four different consumption scenarios were developed based on the behaviour and biology of 

Hemimysis and yellow perch. The first scenario quantifies the effect of 25% incremental increase 

(original diet, 25%, 50%, 75% and 100%) in Hemimysis proportions in yellow perch diets. Using 

a two factor ANCOVA, I tested whether there was a significant effect of diet type (gut content or 

stable isotope-derived) and proportion of Hemimysis on instantaneous growth (G). Ketelaars et al. 

(1999) found that lakes invaded by Hemimysis were associated with declines in zooplankton 

biomass, so the second scenario evaluates the change in growth exhibited by yellow perch when 

Hemimysis replace the proportion of zooplankton found in their respective diets. A controlled 

prey preference experiment showed that yellow perch will choose to consume Hemimysis over 

amphipods (E. ischnus) (Campbell, 2011), which leads to my third scenario where Hemimysis 

replaces amphipods in the diets. The final scenario has seasonal replacement of Hemimysis in 

yellow perch diets following the seasonal pattern observed by Borcherding et al. (2007) in Perca 

fluviatilis (Hemimysis proportions: 0% from January to June, increases to 20% in July, 50% in 

August, 75% in September and then 100% of diets from October to December). For each 

scenario, the site-specific temperature regime and diet were used for small and large YP and the 

aforementioned parameter settings (see section 3.2.3) were used. In each of the scenarios, the 

proportion of maximum consumption was calculated with the Bioenergetics software using site 

specific temperature and unmanipulated site-specific diets. This value was held constant for the 

diet manipulated models in order to quantify effects on fish growth. 
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3.2.10 Relative prey quality 

I determined the relative value of different diets using the following equation: 

M

O

prey
E

E
C  ,               (3.2) 

where        is the relative change in prey quality,    is the total energy consumed in the 

original diet (J∙g
-1

) and    is the total energy consumed in the manipulated diet (J∙g
-1

). Based on 

the assumption that foraging costs remain the same, a        of 1 suggests that Hemimysis will 

have to be equally available (gram for gram) as the prey it replaces for fish to maintain their 

historic growth. If        < 1, this suggests that yellow perch will be able to consume less 

Hemimysis (gram for gram) than the prey it replaces to maintain historic growth, and if         > 

1, this implies yellow perch with have to consume more Hemimysis (gram for gram) than the prey 

it replaces to maintain historic growth levels. For both small and large YP, I transformed the data 

(ln(x)) and used an ANCOVA to test the effects of diet type, site and increasing Hemimysis 

proportion in the diet. 

3.2.11 Predicting Hemimysis densities 

I calculated the required densities of Hemimysis that would be necessary to maintain historic 

growth levels and compared these to the Hemimysis densities observed at each of my sites 

(Taraborelli et al., 2012). With two of the four diet scenarios; Hemimysis replacing: 1) 

zooplankton and 2) amphipods), I used the following equations to calculate required Hemimysis 

densities to maintain historic levels of growth (assuming foraging costs are equal): 
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where       is the volumetric energy (J∙m
-3

) for either amphipods or zooplankton,      is the 

seasonal or annual biomass estimate (g∙m
-3

) of amphipods or zooplankton,      is the energy 

density (J∙g
-1

) for amphipods or zooplankton,    is the biomass of Hemimysis, and    is the 

energy density (J∙g
-1

) of Hemimysis. Using seasonal and annual Hemimysis length estimates from 

Taraborelli et al. (2012) and the Hemimysis length-weight regression equation from Marty et al. 

(2010) I converted the length estimates into average weight estimates for Hemimysis (   ). 

Hemimysis densities (  ) were calculated using equation (3.5). These calculations provide a 

biomass derived estimate of the necessary densities of Hemimysis if the aforementioned situations 

occurred and the catchability of the prey remained equal. Calculations were conducted using 2010 

zooplankton and benthic biomass estimates (K. Bowen, DFO, Burlington, Ontario, unpubl. data; 

R. Dermott, DFO, Burlington, Ontario, unpubl. data) found at each of my four sites, and their 

associated energy density values (Table 3.2), Hemimysis energy density (Walsh et al., 2010) and 

length-weight regression (Marty et al., 2010) and mean spring, summer, fall and annual 

Hemimysis lengths (Taraborelli et al., 2012). Only annual data were available for the Bay of 

Quinte and current biomass estimates of zooplankton (K. Bowen, Fisheries and Oceans Canada 

(DFO), Burlington, Ontario, unpubl. data) and amphipods (R. Dermott, DFO, Burlington, Ontario, 

unpubl. data). 

3.2.12 Sensitivity analysis 

An individual parameter perturbation (IPP) sensitivity analysis was conducted to evaluate the 

relative influence of input parameters for yearly growth output. I simulated growth for small YP 

using the juvenile yellow perch model within the Bioenergetics 3.0 software (Hanson et al., 

1997). The simulation used a constant temperature of 20 ºC, a simplified diet consisting of a 

single prey (zooplankton, energy density 2,170 J·g
-1

), and a constant yellow perch energy density 

of 4,186 J·g
-1

. Under these conditions I simulated growth of a juvenile perch over one year with a 

starting weight of 45 g and end weight of 64 g to attain an estimate for the proportion of 
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maximum consumption. To test the sensitivity of the model to the input data, each parameter 

(temperature, prey energy density, predator energy density and the proportion of maximum 

consumption) was separately varied by ±10% and the simulation was rerun. If the difference in 

the end weight between the models with parameter differences of ±10% and the original 64 g end 

weight is greater than 10%, than that parameter is considered sensitive. For sensitivity analyses on 

the internal physiological parameters of yellow perch cf Kitchell et al. (1977). 

3.2.13 Statistical analyses 

All aforementioned statistical analyses were conducted using R statistical software version 

2.14.1 and its base packages (R Development Core Team, 2011) as well as the “multcomp”, 

“boot” and “car” packages (Hothorn et al., 2008; Canty and Ripley, 2012; Fox and Weisberg, 

2010). 

3.3 Results 

3.3.1 Yellow perch historic growth 

There were no significant differences in instantaneous growth (G) among the two time periods 

so data were pooled into two separate age groups (age 2 to 3 and age 3 to 4) for each location 

(Bay of Quinte and Kingston Basin). There were significant differences between age groups and 

basins (ANCOVA, p = 0.02 and p = 0.03, respectively). Using a post-hoc Tukey test found that 

the yellow perch instantaneous growth in the Bay of Quinte age 2 to 3 cohort was not significantly 

different from that in the Kingston Basin but instantaneous growth of the age 3 to 4 cohort from 

the Bay of Quinte was significantly lower than the pooled cohorts from the Kingston Basin and 

the age 2 to 3 cohort from the Bay of Quinte (Tukey HSD, p = 0.002 and p = 0.02, respectively; 

Figure 3.1). 
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3.3.2 Diet composition 

Diet composition was not significantly different between 2009 and 2010 for either small or 

large YP (MANOVA, p = 0.45). There was a significant effect of site, season and size class 

(MANOVA, p = 0.01, p = 0.03 and p <0.001, respectively). Diet composition was not 

significantly different for small YP with respect to season or site (MANOVA, p = 0.69 and p = 

0.07, respectively) (Figure. 3.2). In general, I found that small YP gut contents were comprised of 

mostly benthic invertebrates and zooplankton. Hemimysis were only found in stomachs of fish 

from Cobourg (8 of 56 stomachs), and of these fish Hemimysis ranged from 5% to 90% of their 

diet composition by volume. Large YP also showed no significant effect of site or season 

(MANOVA, p = 0.4 and p = 0.09, respectively) on diet composition (Figure 3.3). Although I did 

find some benthic invertebrates and zooplankton in my large YP stomachs, the majority of the gut 

contents were dominated by fish remains. Since there were no significant site or season effects on 

diet composition, I used an annual mean for the bioenergetic modeling, but kept site differences to 

facilitate some of the diet replacement scenarios. 

3.3.3 Stable isotope mixing model 

IsoSource was used to determine possible source (prey) contributions to the yellow perch 

stable isotope signatures. Mean model outcomes as well as the 1
st
 and 99

th
 percentile for feasible 

contributions to small and large YP diets are summarized in Tables 3.4 and 3.5 (respectively). 

Overall, the results from IsoSource are similar to gut contents (see Figures 3.2 and 3.3); small YP 

diet compositions comprised of mainly benthic invertebrates and zooplankton and fish comprised 

the majority of the large YP diets. IsoSource models consistently incorporated more plant material 

and Hemimysis into the diets of small and large YP relative gut content analysis, which may be 

related to rapid digestion and inability to discriminate these items in the gut. The isotope-derived 

diets from Bronte for both small and large YP are very similar to each other, where as the isotope-

derived diets between the size classes within each of the other three sites are noticeably different 
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(Figures 3.2 and 3.3). The mean values from the results of the IsoSource models were used in the 

subsequent bioenergetics models for the isotope-derived diets. 

3.3.4 Temperature regimes 

In both 2009 and 2010 water temperatures in the Bay of Quinte were significantly warmer than 

the other three sites, while Cobourg was significantly cooler (Figure 3.4). In 2009, Bronte was 

significantly cooler than Waupoos but in 2010 Waupoos and Bronte were not significantly 

different from one another (Tukey HSD, p < 0.001 and p = 0.999, respectively). The Bronte 

temperature regime was significantly different between years (Tukey HSD, p = 0.01), while the 

effect of year was not significant for the other three sites. For modeling large YP, temperature 

regimes in the Bay of Quinte were constrained to a maximum of 23ºC to account for adult yellow 

perch temperature preferences (see section 3.2.3). Temperature regimes for all other modeling 

scenarios were not constrained as they did not exceed juvenile or adult temperature preferences 

(Kitchell et al., 1977). 

3.3.5 Bioenergetic model scenarios 

Diet had a greater effect on yellow perch growth than temperature (Figure 3.5). Using site-

specific temperature regimes, while keeping the diets equal across sites, I found little variation in 

G across sites for both small and large YP (Figure 3.5a and c, respectively). In contrast, inputting 

site specific diet compositions (gut content or isotope-derived), while keeping temperature 

regimes equal across sites resulted in more observed variation in G. Inter-site variation in growth 

was less for stable isotope-derived diets than for gut content diets (Figure 3.5b and d). Using 

stable isotope-derived diets, the amount of variation in G attributed to diet effects was reduced in 

large YP relative to small YP, whereas the opposite is true using gut content-derived diets. 

Regardless of the diet composition used in the model, bioenergetic scenarios showed a 

significant reduction in G for small YP at all sites with increasing proportions of Hemimysis in the 



 

 

 

65 

diet (ANCOVA, p < 0.01; Figure 3.6). With the exception of Waupoos, there was a significant 

effect of diet type on G (Tukey HSD, p < 0.01). In both the Bay of Quinte and Bronte, small YP G 

decreased below the lower 95% confidence interval surrounding historic growth in the “25% 

Hemimysis” scenario (Figure 3.6a and d). Similarly, the calculated G for small YP using gut 

content in Waupoos and Cobourg was also below this threshold, however the result from using 

the isotope-inferred diet with 25% Hemimysis in the diet, was within the 95% historic growth 

confidence interval (Figure 3.6b and c) suggesting no detectable change in growth. Each 

subsequent increase in Hemimysis proportion to the overall diet caused a decrease in small YP G 

outside the 95% confidence limit. In the “Hemimysis replacing zooplankton” scenario, there was 

no significant difference in small YP G from historic growth levels (Figure 3.6). However, using 

the gut content-derived composition in the model for Bronte showed a significant reduction in G 

from the historic mean. The “Hemimysis replacing amphipod” scenario showed either a decline or 

no significant change in G from the historic means, while the “Seasonal availability” scenario 

showed significant declines in G at all sites for small YP regardless of the diet composition used 

(Figure 3.6). 

Similarly, with large YP there were significant reductions in G with increasing proportions of 

Hemimysis (ANCOVA, p < 0.01; Figure 3.7). Bronte was the only site where there was a 

significant effect of diet type on G (Tukey HSD, p < 0.05). At all sites, a 25% increase in the 

proportion of Hemimysis in the diet resulted in significant declines in G relative to the historic 

means, regardless of the diet composition used and the decline in G with increasing Hemimysis 

proportions is much more pronounced in large than in small YP. With the “Hemimysis replacing 

zooplankton” scenario, there was no significant change in G relative to historic growth (Figure 

3.7). With regard to the “Hemimysis replacing amphipod” scenario, large YP experienced a 

significant decrease in G relative to historic means, with the exception of Waupoos, where there 

was no significant change in G (Figure 3.7b). Lastly, and similar to small YP the “Seasonal 

availability” scenario resulted in a significant decrease in G relative to the historic mean.  
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3.3.6 Relative prey quality 

The relative change in prey consumption shows that small YP will have to consume more 

Hemimysis on a per gram basis relative to other prey items consumed to maintain current levels of 

growth (Figure 3.8). For both small and large YP, ANCOVA results showed there was not a 

significant effect of diet type on relative prey quality, but there was a significant site effect (p < 

0.001). For small YP, post-hoc Tukey tests indicated a significantly higher change in relative prey 

quality with increasing Hemimysis proportions at Bronte relative to the Bay of Quinte, Waupoos 

and Bronte (p < 0.001, p = 0.001 and p = 0.002, respectively). For large YP, post-hoc Tukey tests 

indicated significant differences in relative prey quality with increasing Hemimysis proportions 

between Waupoos and both Bronte and the Bay of Quinte (p < 0.001 for both), and between 

Cobourg and both Bronte and the Bay of Quinte (p < 0.001 for both).  Considering the gut content 

or isotope-inferred diet compositions, a 25% portion of Hemimysis in the diet would result in 

small YP needing to consume more biomass in order to maintain historic growth levels. With the 

exception of Bronte using the gut content diet composition, the “Hemimysis replacing 

zooplankton” scenario shows that if small YP consume Hemimysis in place of zooplankton, they 

will be able to maintain historic growth levels. In contrast, if Hemimysis were to replace 

amphipods in the diets of small YP, they would have to consume more Hemimysis as the data are 

just above the 1:1 line (Figure 3.8). 

Similar to small YP, if Hemimysis replaced other prey in large YP diets proportionately, they 

would have to consume more Hemimysis biomass relative to other prey items consumed in order 

to maintain historic levels of growth (Figure 3.9). The relative change in prey consumption for 

large YP is more pronounced compared to small YP (Figure 3.8 and Figure 3.9). In the 

“Hemimysis replacing zooplankton”` and “Hemimysis replacing amphipod” scenarios, large YP 

will have to consume similar biomass of Hemimysis relative to the zooplankton or amphipods it is 

replacing. Lastly, the “Seasonal availability” scenario suggests large YP will have to consume 
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more Hemimysis in order to make up the energy deficit and maintain historic levels of growth 

(Figure 3.9). 

3.3.7 Predicting Hemimysis densities 

If I assume foraging costs are equal for fish to replace amphipods and/or zooplankton with 

Hemimysis, then Hemimysis densities will have to provide the same amount of energy as these 

other prey items in the system. Comparing these values to 2009 seasonal and annual Hemimysis 

density estimates (Taraborelli et al., 2012), in general, Hemimysis densities are not high enough at 

the Bay of Quinte, Waupoos, Cobourg or Bronte for fish to replace amphipods and/or 

zooplankton with Hemimysis in their diets and maintain historic levels of growth (Figure 3.10). 

Seasonally, I found that densities of Hemimysis in the spring at Cobourg and the fall at Bronte 

would be high enough to sustain historic levels of fish growth (Figure 3.10a and b, respectively). 

3.3.8 Sensitivity analysis 

The sensitivity analysis revealed that prey energy density and the estimate of the proportion of 

maximum consumption were sensitive parameters, while model output was not sensitive to 

temperature and predator energy density (Table 3.6). 

3.4 Discussion 

Yellow perch are consuming Hemimysis at a lower frequency than I expected based on 

observations by Borcherding et al. (2007) and Lantry et al. (2010). Collectively, we observed a 

frequency of occurrence of <0.5% for yellow perch (n=320) across three seasons (spring, summer 

and fall) and four sites (Bay of Quinte, Waupoos, Cobourg and Bronte). In contrast, Borcherding 

et al. (2007) observed that diets of European perch became exclusively comprised of Hemimysis 

in the fall in a European lake, while Lantry et al. (2010) observed Hemimysis in 9% (n=31)of their 

yellow perch collected in southeastern Lake Ontario in the fall of 2008. The lake studied by 

Borcherding et al. (2006) was a small, flooded gravel pit with a simpler prey field than Lake 
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Ontario. In the spring the perch consumed larval and small juvenile fish, but as the fish prey grew, 

the perch were forced to switch to other prey, and Hemimysis were the dominant nearshore prey. 

Other fishes present in this lake did not show the dramatic switch to Hemimysis suggesting it was 

a species specific response, possibly related to habitat choice. When Lantry et al. (2012) expanded 

their analysis to more sites and seasons, they reported frequency of occurrence comparable to my 

work, and attributed this to patchy spatial distribution of Hemimysis and seasonal variability in 

availability of alternate prey. My study was concentrated in the nearshore, where densities of 

alternate prey (zooplankton, benthic invertebrates, and fish) may be higher than in the offshore 

providing yellow perch with alternative suitable prey (O’Brien, 1979; Werner et al., 1981).  

Therefore, prey selection by yellow perch may be determined both by the availability of 

Hemimysis and the relative abundance of alternate prey sources. 

Predator defense behaviours of Hemimysis such as swarming and diel migration are likely 

contributing to the low Hemimysis consumption by fish. While high density prey swarms may be 

appealing to fish (O’Brein, 1979; Dill, 1983), they can have a confusion effect on predators that is 

exacerbated as swarm density increases (Milinski, 1984; Jeschke and Tollrian, 2007).When prey, 

such as Hemimysis, aggregate in swarms, (Dumont, 2006; Pothoven et al., 2007), predator attacks 

are less successful as it is more difficult for visual and tactile predators to locate and attack 

individual prey (Jeschke and Tollrian, 2007). Swarming behaviour makes Hemimysis a novel 

organism in the nearshore of Lake Ontario and fish may have to learn more efficient foraging 

methods to overcome potential confusion effects (Werner et al., 1981). Experience or learning can 

greatly influence the feeding success of individuals on new prey types. Heinrich (1979) illustrated 

that with more complex prey types (flowers), bees required a longer learning period before 

maximizing utilisation efficiency. Werner et al. (1981) suggest that fish will gain experience and 

learn behaviours rapidly as they are continuously exposed to prey populations, however, invasive 

species establish in systems because they exploit niches that are not used by pre-invasion 

residents (Facon et al., 2006). This lack of invader-predator overlap in newly invaded ecosystems 
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effectively reduces the probability of predator-prey encounters and may prolong the learning 

period for efficient foraging. Therefore, the learning period for fish in the nearshore to efficiently 

forage on Hemimysis may be prolonged and until these behaviours are developed, fish 

consumption of Hemimysis will remain low. 

In addition to swarming, Hemimysis undergo diel vertical migration, which acts as a defense 

mechanism against visual predators (Zaret and Suffern, 1976; Lampert, 1989; Ketelaars et al., 

1999). During the day, Hemimysis hide in complex substrate (e.g. cobble, Cladophora) decreasing 

the chance of visual detection by fish (Barton et al., 2005; Fitzsimons et al., 2012). Furthermore, 

Claramunt et al. (2012) found that when Hemimysis take refuge in the complex substrates, they 

prefer the deepest interstitial spaces, suggesting fish predation during the day may be reduced 

further due to lack of accessibility. At night they emerge from their refuges and their swarms 

diffuse to feed (Ketelaars et al., 1999), as the reduced light penetration in the water column 

reduces the risk from visual predation (Werner and Hall, 1974; O’Brien, 1979). These diel vertical 

migrations create a limited window during crepuscular periods where Hemimysis are vulnerable to 

visual predators. The combination of swarming, hiding and diel migration suggests benthivorous 

and omnivorous fish species will have to alter foraging efforts to successfully capture Hemimysis 

prey, which may negatively affect their growth. However, fish species that are capable of feeding 

in low light conditions (e.g. alewife) are more likely to be successful in capturing Hemimysis as 

they can feed effectively during crepuscular periods when Hemimysis is more vulnerable to 

predation, migrating into the water column (Janssen, 1976). The growth of a planktivorous fish, 

such as alewife (Alosa pseudoharengus), may increase with increased Hemimysis consumption as 

the energy density of Hemimysis is higher than most zooplankton species (Walsh et al., 2010). 

If fish develop the learned behaviours and experience necessary to efficiently forage 

Hemimysis, my bioenergetics models show that consumption of Hemimysis is negatively 

correlated with fish growth. These results are contrary to my expectations and contradict 

observations by Borcherding et al. (2007) who had shown increased growth in European perch 
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with seasonal consumption of Hemimysis. Hemimysis are of lower energetic quality relative to 

other prey sources (Fernandez et al., 2009; Walsh et al., 2010) that constitute large proportions of 

yellow perch diets in the nearshore (e.g. benthic invertebrates, prey fish). As such, increasing 

proportions of lower quality prey items in diets will reduce fish growth (Kitchell et al., 1977). 

However, more than just prey energy density needs to be considered when evaluating prey quality 

(Werner and Hall, 1974; O’Brien 1979; Diehl, 1988). O’Brien (1979) describes the probability of 

ingesting prey as a combination of the probability of locating, pursuing, attacking and capturing 

the prey. Based on the predator avoidance behaviours of Hemimysis (i.e. diel vertical migration), 

the probability of locating this new prey item is likely decreased relative to other prey sources in 

the nearshore. Furthermore, the pursuit and attack of this prey may be hindered due to the small 

temporal window of predator-prey overlap. Hemimysis leave their daytime refuges as light 

conditions diminish (Ketelaars et al., 1999), so they are most susceptible to visual detection when 

they first leave their refuges. Thetmeyer and Kils (1995) have shown that herring (Clupea 

harengus) predation on mysids was most successful when attacks were initiated from below the 

mysid prey, suggesting that when detection of Hemimysis by visual predators is highest, there 

may not be enough depth between refuge and prey for these fish to efficiently forage on 

Hemimysis. When considering the costs associated with foraging for a novel prey source, the 

effects shown in my bioenergetics models may be conservative and considering a net loss in 

biomass of a 46% to 55% in yellow perch results in mortality (Letcher et al., 1996), yellow perch 

populations are likely not sustainable if major portions of their diet are replaced by Hemimysis. 

Currently, Hemimsyis densities in Lake Ontario are not high enough to support historic levels 

of yellow growth. Due to their preference of shallow waters and affinity for structure (Ketelaars et 

al., 1999; Pothoven, 2007) Hemimysis contribute only a small portion to total invertebrate 

production in the Great Lakes (Warner et al., 2006; Holeck et al., 2008). However, Taraborelli et 

al. (2012) have shown variation in Hemimysis densities spatially and temporally, which are both 
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critical factors for foraging fish (Werner and Hall, 1974), and suggests their impacts on fish 

growth may be locally restricted.  Seasonally Hemimysis can reach high local densities, 

comprising of tens of thousands of individuals that cover several square meters (Dumont, 2006; 

Dumont and Muller, 2010; Taraborelli et al., 2012; Brown et al., 2012). In these localised cases, 

the effects of Hemimysis on zooplankton communities and fish growth may be exacerbated. 

Benoit et al. (2002) and Warner et al. (2006) correlated declines in small zooplankton species 

with density increases in the invasive macroinvertebrate predator Cercopagis pengoi. Similarly, 

Hemimysis is a zooplankton predator, however, in the fall when Hemimysis are most abundant (up 

to 1800 ind·m
-3

; Taraborelli et al., 2012) their densities can be much higher than C. pengoi (400 

ind·m
-3

; Warner et al., 2006) suggesting strong local effects on zooplankton communities. If 

Hemimysis reduce zooplankton biomass, as seen in Europe (Ketelaars et al., 1999; Borcherding et 

al., 2006), this may increase competition with fish for a food source (especially young-of-year and 

juvenile fish) negatively affecting their growth. Based on optimal foraging theory, if prey 

availability drops below a threshold density, predators will switch to an alternative prey source 

that is more readily available (Werner and Hall, 1974; Murdoch et al., 1975). Generally, fish are 

“size-selective” feeders and based on optimal feeding theory, will consume the prey that is most 

abundant (Werner and Hall, 1974; O’Brien, 1979; Warburton et al., 1998). Murdoch et al. (1975) 

illustrated in guppies (Poecilia reticulates) that when given a choice between two prey sources, 

the guppies continuously chose the prey that was more abundant. As Hemimysis are most 

abundant in the fall, this suggests that Hemimysis consumption by fish will likely be localized and 

seasonal, consistent with observations by Borcherding et al. (2007) and Lantry et al. (2012). 

Species invasions are regarded as one of the most serious threats to biodiversity and native 

ecosystems and our ability to predict and quantify the impacts of invasive species has been an 

arduous task (Vander Zanden et al., 1999; Mills et al., 2003). Thousands of non-indigenous 

species of invertebrates, vertebrates, plants and fungi have invaded ecosystems globally 

(Ricciardi, 2006), which usually negatively affects native biodiversity (Christie, 1973; Mills et al., 
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2003; Warner et al., 2006). From an evolutionary perspective, invasive species can inflict strong 

and sometimes instantaneous change in the selective environment (Phillips and Shine, 2006). 

With the introduction of poisonous toads to Australia in 1935, snakes with low resistance to toad 

toxin (e.g. the red-bellied black snake, Pseudechis porphyriacus), massively declined (Phillips 

and Fitzgerald, 2004; Phillips and Shine, 2006). Similarly, declines in lake trout (Salvelinus 

namaycush) populations have been attributed to parasitism by the invasive sea lamprey 

(Petromyzon marinus) in the Great Lakes (Christie, 1973). The effects of Hemimysis on nearshore 

fish communities may not be as dramatic by comparison, but Hemimysis predation on nearshore 

zooplankton species may increase competition with fish species for a food source and provoke 

fish to consume Hemimysis, augmenting their diet, which decreases trophic transfer efficiency 

(Lindeman, 1942; Hairston and Hairston, 1993). Trophic structure controls the fraction of energy 

transferred from each trophic level, and increasing the trophic chain reduces the amount of 

consumed energy transferred to the next level (Hairston and Hairston, 1993). Therefore, fish 

consuming Hemimysis will receive less energy relative to zooplankton or benthic prey as 

Hemimysis consume zooplankton and benthic invertebrates (Borcherding et al., 2006; Marty et 

al., 2010) effectively increasing the trophic chain. Based on stable isotope analysis of 
15

N, Yuille 

et al. (2012) have shown that Hemimysis occupy a higher trophic level compared to nearshore 

benthic invertebrates and in some cases is zooplankton. As a result, locally, Hemimysis may 

negatively alter current energy transfer to higher trophic levels by reducing the trophic transfer 

efficiencies in invaded food webs.  

My study illustrated that increasing consumption of Hemimysis by yellow perch will result in a 

reduction in fish growth from historic levels. While the bioenergetics models reflect changes in 

prey quality that lead to reduced fish growth (Kitchell et al., 1977) the biology of Hemimysis and 

the fish foraging behaviours also need to be considered. When introduced to new prey items, such 

as Hemimysis, fish may have to learn specific foraging behaviours before they become effective 

predators (Heinrich, 1979; Werner et al., 1981). Predator avoidance behaviours such as swarming 



 

 

 

73 

and diel migration may confuse predators as well as reduce chances of predator-prey encounters 

(Milinski, 1984; Jeschke and Tollrian, 2007; Zaret and Suffern, 1976; Ketelaars et al., 1999), 

which may have contributed to the lack of Hemimysis in fish stomachs. Based on optimal foraging 

theory (Werner and Hall, 1974; Murdoch et al., 1975; Diehl, 1988) and the spatial and temporal 

variation in Hemimysis distributions (Taraborelli et al., 2012), Hemimysis consumption by fish 

will likely be localised and seasonal as fish will forage on other prey sources when Hemimysis 

abundances are low. The impacts of Hemimysis on fish growth as well as zooplankton 

communities will likely be more pronounced in inland lakes where increased lake productivity 

may result in  Hemimysis densities exceeding those observed in Lake Ontario (cf Seneca Lake, 

New York, Brown et al., 2012). Continued monitoring and public education surrounding this new 

invasive species is essential to track their spread and mitigate their impacts on important 

recreational and commercial fish stocks, with the ultimate goal of conserving the integrity of 

Great Lakes food webs. 
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Table 3.1: Fish in the Laurentian Great Lakes basin that have consumed Hemimysis based on gut 

content analysis. 
1
Lantry et al., 2010; 

2
Lantry et al., 2012; 

3
Fitzsimons et al., 2010; 

4
T. Johnson, 

OMNR, Picton, Ontario, unpubl. data. 

Common Name Species Source 

Alewife Alosa pseudoharengus 1, 2, 4 

Yellow perch Perca flavescens 1, 2, 4 

Rock bass Ambloplites rupestris 1, 4 

White perch Morone americana 2, 4 

Lake herring Coregonus artedi 2, 4 

Round goby Neogobius melanostomus 3, 4 

Rainbow smelt Osmerus mordax 4 

Pumpkinseed Lepomis gibbosus 4 

Brown bullhead Ictalurus nebulosus 4 
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Table 3.2: Energy density (J·g
-1

 wet weight) and their associated sources used in the 

bioenergetics modeling scenarios (small, large yellow perch, respectively) for the Bay of Quinte 

(BQ), Waupoos (WP), Cobourg (CB) and Bronte (BR) based on gut content-derived diet 

compositions. If a single value is listed, it was used for both fish size classes. “NA” indicates prey 

taxa was not within the diets at that site. 
a,b,c

Values were calculated using the weighted averages of 

prey consumed. Pred. Zooplankton is comprised of Bythotrephes longimanus, Cercopagis pengoi 

(Bay of Quinte, Waupoos, and Cobourg) and Leptodora kindtii (Bronte). “Zooplankton” include 

all zooplankton taxa <5% of diet composition by volume. 
ψ
Emphemeropteran energy density 

value applied to Odonata. 
1
Cummins and Wuycheck 1971; 

2
Driver et al. 1974; 

3
Eggleton and 

Schramm 2004; 
4
Fernandez et al. 2008; 

5
Johnson et al. 2006; 

6
Lantry and Stewart 1993; 

7
Madenjian et al. 2006; 

8
Walsh et al. 2010. 

 Energy Density (J·g
-1

 wet weight)  

Prey Taxa BQ WP CB BR Data Source 

Amphipod 3625 3625 3625 3625 7 

Benthos
a
 3520 3231, 2844 3105, 3664 3586 1,2,3,5 

Chironomidae 3730 3730 3730 3730 1,2,3 

Cladoceran 2200 2200 2200 2200 4 

Copepoda 2440 2440 2440 2440 4 

Decapoda 3686 3686 3686 3686 3 

Dreissena sp. 1703 1703 1703 1703 7 

Fish 4435 4435 4435 4435 6 

Hemimysis 2556 2556 2556 2556 8 

Odonata
ψ
 3791 3791 3791 3791 1,2 

Ostracod 6639 6639 6639 6639 1 

Macrophytes 2243 2243 2243 2243 3 

Pred. Zooplankton
b
 2027 2029 2032 5183 1 

Zooplankton
c
 NA 2245 2081 2200 4 
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Table 3.3: Energy density and their associated sources that were used in the bioenergetics 

modeling scenarios for all sites with the IsoSource mixing model derived diet composition. 
a
Benthos energy density is the average energy density for chironomidae and oligochaete. 

1
Cummins and Wuycheck 1971; 

2
Driver et al. 1974; 

3
Eggleton and Schramm 2004; 

4
Fernandez et 

al. 2008; 
5
Lantry and Stewart 1993; 

6
Madenjian et al. 2006; 

7
Walsh et al. 2010. 

Prey Taxa Energy density (J·g
-1

 wet weight) Data source 

Amphipod 3625 6 

Benthos
a
 3540 1,2,3 

Dreissena spp. 1703 6 

Fish 4435 5 

Hemimysis 2556 7 

Insecta 3176 1 

Macrophytes 2243 3 

Zooplankton (bulk) 2170 4 
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Table 3.4: Proportional diet composition (mean, 1-99%) from IsoSource for small yellow perch at each site: Bay of Quinte (BQ), Waupoos (WP), 

Cobourg (CB), and Bronte (BR). Column headings are the prey sources used in the mixing models. Mean values were used for the subsequent 

bioenergetics modeling. “NA” signifies prey sources that were not incorporated in the mixing models for that site. 

  Amphipod Benthos Dreissena Cyprinid Round Goby Hemimysis Zooplankton Macrophytes 

 1% 0.00 0.00 0.00 0.01 NA NA 0.00 0.00 

BQ mean 0.11 0.40 0.22 0.21 NA NA 0.03 0.03 

 99% 0.32 0.83 0.49 0.43 NA NA 0.08 0.06 

 1% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NA 

WP mean 0.20 0.17 0.08 0.13 0.15 0.20 0.07 NA 

 99% 0.46 0.44 0.22 0.36 0.43 0.64 0.25 NA 

 1% 0.00 0.00 0.00 0.01 NA 0.00 0.00 0.11 

CB mean 0.11 0.09 0.03 0.27 NA 0.20 0.07 0.23 

 99% 0.38 0.31 0.11 0.48 NA 0.58 0.24 0.32 

 1% 0.00 0.00 0.00 NA 0.67 0.00 0.03 0.00 

BR mean 0.01 0.01 0.03 NA 0.77 0.08 0.09 0.01 

 99% 0.06 0.06 0.12 NA 0.83 0.26 0.13 0.03 
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Table 3.5: Proportional diet composition (mean, 1-99%) from IsoSource for large yellow perch at each site: Bay of Quinte (BQ), Waupoos (WP), 

Cobourg (CB), and Bronte (BR). Column headings are the prey sources used in the mixing models. Mean values were used for the subsequent 

bioenergetics modeling. “NA” signifies prey sources that were not incorporated in the mixing models for that site. 

    

Amphipod 

 

Benthos 

 

Dreissena 

 

Cyprinid 

 

Round Goby 

Small 

Yellow 

Perch 

 

Hemimysis 

 

Zooplankton 

 

Macrophytes 

 1% 0.00 0.00 0.00 0.00 0.00 0.00 NA NA 0.00 

BQ mean 0.17 0.14 0.11 0.18 0.16 0.17 NA NA 0.07 

 99% 0.48 0.43 0.32 0.55 0.42 0.46 NA NA 0.13 

 1% 0.00 0.00 NA 0.00 0.03 0.00 0.00 NA 0.03 

WP mean 0.01 0.00 NA 0.01 0.66 0.23 0.01 NA 0.09 

 99% 0.03 0.01 NA 0.04 0.94 0.18 0.02 NA 0.08 

 1% 0.00 0.03 NA 0.00 0.93 0.02 0.00 0.00 NA 

CB mean 0.00 0.03 NA 0.00 0.94 0.03 0.00 0.00 NA 

 99% 0.00 0.03 NA 0.00 0.95 0.04 0.00 0.00 NA 

 1% 0.00 0.00 NA NA 0.00 0.29 0.00 0.00 0.00 

BR mean 0.06 0.05 NA NA 0.17 0.56 0.09 0.03 0.04 

 99% 0.19 0.17 NA NA 0.52 0.69 0.29 0.09 0.12 
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Table 3.6: Sensitivity analysis of user input data into the juvenile yellow perch bioenergetics 

model from the Bioenergetics 3.0 software (Hanson et al., 1997).  

Parameter Base ±10% of Base Percent difference Sensitive 

Temperature (°C) 20 18, 22 5.23, 5.05 No 

Pred. Energy (J·g
-1

) 4186 3767, 4605 3.44, 2.66 No 

Prey Energy (J·g
-1

) 2170 1953, 2387 27.19, 34.30 Yes 

Prop. Max. Consump. 0.5596 0.5036, 0.6155 26.83, 33.53 Yes 
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Figure 3.1: Instantaneous growth coefficients for yellow perch in the Bay of Quinte (BQ; Age 2-

3, n = 11; Age 3-4, n = 9) and Kingston Basin (KB; n = 22) for pooled data between 1996 and 

2010. Letters that are different from each other indicate significant statistical differences (Tukey 

HSD, p < 0.05). 
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Figure 3.2: Diet composition (SI = stable isotope-derived, GC = gut content-derived) for small (< 

150 mm) yellow perch at Bay of Quinte (BQ; n = 28), Waupoos (WP; n = 106), Cobourg (CB; n 

= 56) and Bronte (BR; n = 3), Lake Ontario. The gut content analysis is based on stomachs 

collected in 2009 and 2010, where as the isotope-inferred diets are based on 2009 data only. 

“Zooplankton” corresponds to the mean contribution determined using the isotope mixing model, 

where as specific zooplankton taxa are those identified in the gut content analysis.  “All Benthos” 

refers to the benthic diet contribution when using SI, where as “Benthos” refers to all other 

benthic prey items comprising < 5% total volume in GC diets. For range of feasible diet solutions 

as determined by the isotope mixing model, refer to Table 3.4.   
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Figure 3.3: Diet composition (SI = stable isotope-derived, GC = gut content-derived) for large (≥ 

150 mm) yellow perch at Bay of Quinte (BQ; n = 1), Waupoos (WP; n = 82), Cobourg (CB; n = 

42) and Bronte (BR; n = 2), Lake Ontario. The gut content analysis is based on stomachs 

collected in 2009 and 2010, where as the isotope-inferred diets are based on 2009 data only.  “All 

Benthos” refers to the benthic diet contribution when using SI, where as “Benthos” refers to all 

other benthic prey items comprising < 5% total volume in GC diets. For range of feasible diet 

solutions as determined by the isotope mixing model, refer to Table 3.5. 
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Figure 3.4: Mean (± 1 SD) monthly water temperature (a) 2009 and (b) 2010 at the Bay of 

Quinte (open square), Waupoos (black square), Cobourg (black circle) and Bronte (open circle). 

Letters above the four sites correspond to significant differences in temperature regimes (within 

sites between years; within year between sites, respectively) from Tukey HSD tests (p < 0.05).  
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Figure 3.5: The simulated effects of temperature (a, c) and diet (b, d) on the growth of small (a, b) and large (c, d) yellow perch at four locations 

in Lake Ontario in 2009/10. Light and dark grey bars represent stable isotope and gut content inferred diets (respectively).   
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Figure 3.6: Simulated response in growth of small yellow perch to changes in diet at Bay of Quinte (a), Waupoos (b), Cobourg (c) and Bronte (d), 

Lake Ontario in 2009/10. Diet scenarios were based on gut contents (squares) and stable isotope mixing models (triangles). The dashed lines 

delineate the 95% confidence interval surrounding historic growth at each site. When two equations are presented a significant difference in G was 

detected between diet types as Hemimysis proportions increased (Tukey HSD, p < 0.05); the top and bottom correspond to gut content and stable 

isotope-inferred diets (respectively). 
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Figure 3.7: Simulated response in growth of large yellow perch to changes in diet at Bay of Quinte (a), Waupoos (b), Cobourg (c) and Bronte (d), 

Lake Ontario in 2009/10. Diet scenarios were based on gut contents (squares) and stable isotope mixing models (triangles). The dashed lines 

delineate the 95% confidence interval surrounding historic growth at each site. When two equations are presented a significant difference in G was 

detected between diet types as Hemimysis proportions increased (Tukey HSD, p < 0.05); the top and bottom correspond to gut content and stable 

isotope-inferred diets (respectively).
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Figure 3.8: Relative change in prey consumption for small yellow perch (≤ 150 mm total length) from (a) Bay of Quinte, (b) Waupoos, (c) 

Cobourg and (d) Bronte under different diet change scenarios using either gut content (square) or stable isotope (triangle) derived diets. The 

horizontal dashed line indicates the 1:1 line whereby yellow perch will have to consume the same amount of Hemimysis (g for g) as the prey it is 

replacing. One regression equation is presented as diet type (gut content or stable isotope-inferred) was not a significant effect on the relative 

change in prey consumption as Hemimysis proportions increased. 
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Figure 3.9: Relative change in prey consumption for large yellow perch (> 150 mm total length) from (a) Bay of Quinte, (b) Waupoos, (c) 

Cobourg and (d) Bronte under different diet change scenarios using either gut content (square) or stable isotope (triangle) derived diets. The 

horizontal dashed line indicates the 1:1 line whereby yellow perch will have to consume the same amount of Hemimysis (g for g) as the prey it is 

replacing. One regression equation is presented as diet type (gut content or stable isotope-inferred) was not a significant effect on the relative 

change in prey consumption as Hemimysis proportions increased.  

0

0.5

1

1.5

2

Original 25% 

Hemi

50% 

Hemi

75% 

Hemi

100% 

Hemi

Repl. 

Zoop.

Repl. 

Amp.

Seasonal

0

0.5

1

1.5

2

Original 25% 

Hemi

50% 

Hemi

75% 

Hemi

100% 

Hemi

Repl. 

Zoop.

Repl. 

Amp.

Seasonal

0

0.5

1

1.5

2

Original 25% 

Hemi

50% 

Hemi

75% 

Hemi

100% 

Hemi

Repl. 

Zoop.

Repl. 

Amp.

Seasonal
0

0.5

1

1.5

2

Original 25% 

Hemi

50% 

Hemi

75% 

Hemi

100% 

Hemi

Repl. 

Zoop.

Repl. 

Amp.

Seasonal

Scenario

R
el

at
iv

e 
ch

an
ge

 in
 p

re
y 

co
ns

um
pt

io
n 

(E
or

ig
./E

sc
en

.)

a

c d

b

y = 0.9913e0.3752x y = 1.015e0.4865x

y = 0.9823e0.4121xy = 0.9829e0.5415x



 

 

 

89 

 

Figure 3.10: Estimate of required densities of Hemimysis if they were to replace amphipods (white) or zooplankton (grey) in fish diets. The 2009 

spring (a), summer (b), fall (c), and annual (d) Hemimysis density estimates (Taraborelli et al., 2012) are provided to facilitate comparisons 

between what may be required and current availabilities at each site. Y-axis is log transformed.
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Chapter 4 

General Discussion and Future Directions 
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4.1 Summary 

My study describes the incorporation of the most recent invader to the Great Lakes, 

Hemimysis anomala (hereafter Hemimysis), into the Lake Ontario food web and the subsequent 

effects on growth of a commercially and recreationally important fish, yellow perch (Perca 

flavescens), resulting from the consumption of this new invader. In Chapter 2, using gut content 

analysis, I did not find Hemimysis in fish stomach contents, however using stable isotopes, I 

found that increasing Hemimysis density was correlated with isotope patterns consistent with 

higher consumption of Hemimysis.  Piscivory is likely partially responsible for higher trophic 

levels in large YP, however large YP trophic levels still increase as Hemimysis density increases 

across sites, with the highest values at Bronte. While piscivory may contribute to the elevated 

trophic levels in large YP, small YP do not rely heavily on fish in their diet and alewife and round 

goby rarely consume fish (Scott and Crossman, 1998; Corkum et al., 2004). Therefore, it is 

unlikely that piscivory is causing the elevated trophic levels in alewife, round goby and small YP 

at Bronte. While these isotope patterns were not as prevalent at Waupoos and Cobourg, as a 

recent invader to Lake Ontario (Kipp and Ricciardi, 2007), it is possible that fish species at these 

sites have not fully adapted their feeding to the presence of this new food source. I predict that as 

Hemimysis populations continue to expand, they will become more important in the diets of 

resident fishes. 

In Chapter 3, I showed that the incorporation of Hemimysis into the diets of yellow perch (P. 

flavescens) will negatively affect their growth. Based on different feeding scenarios, the 

replacement of original prey items consumed by yellow perch with Hemimysis will at best result 

in a neutral, but more often, negative effect on growth. Contrary to observations in Europe 

(Borcherding et al., 2007), seasonal consumption of Hemimysis resulted in significant reductions 
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in growth rate from historic levels. Furthermore, 100% consumption of Hemimysis results in a net 

loss in biomass of yellow perch (assuming foraging levels do not change). However, these models 

do not account for the spatial variation in Hemimysis populations (Walsh et al., 2010; Taraborelli 

et al., 2012) or their predator avoidance behaviours such as diel migration, fast swimming and 

swarming. Therefore, they are a conservative estimate of growth based on prey substitution. 

Currently, Hemimysis densities in Lake Ontario are too low for fish to replace prey items with 

Hemimysis and still maintain historic levels of growth.  

4.2 Significance of the study 

This is the first study to describe the incorporation of Hemimysis into fish diets using both gut 

content and stable isotopes techniques as well as providing predictive models quantifying the 

effects of Hemimysis consumption on the growth of yellow perch (P. flavescens). Through 

examining stable isotope patterns across a gradient of Hemimysis density we have shown that the 

consumption of Hemimysis by fish species increases with Hemimysis densities and that its 

presence in fish diets using traditional gut content analysis is likely under-represented. The 

unique design of my study allowed the examination of four sites that cover the range of aquatic 

ecosystems, allowing the results of my study to be applied to not only the Great Lakes but 

freshwater lakes in general. I examined isotopic patterns of three fish species, each representing 

different trophic guilds, to capture the variation in feeding behaviours observed in a typical North 

American nearshore fish community, which provides a robust estimate of the likelihood of 

Hemimysis to alter aquatic food webs. Chapter 2 demonstrated that the insertion of Hemimysis 

into the Great Lakes food web will likely increase the food chain length, suggesting the 

consumption of Hemimysis by fish may result in higher bioaccumulation of contaminants (Kidd 

et al., 1995; Campbell et al., 2005). 
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Contrary to my expectations and in contrast to reports from European literature (Borcherding 

et al., 2007) my bioenergetics modeling suggest the replacement of traditional prey items with 

Hemimysis will result in reduced growth rates in yellow perch. Ketelaars et al. (1999) and 

Borcherding et al. (2006) both reported decreased zooplankton biomass associated with the 

invasion of Hemimysis in European lakes. Currently, the effects of Hemimysis on zooplankton 

biomass in the Great Lakes are unknown, but if patterns are consistent with European 

observations, the decline in zooplankton biomass will increase competition with larval and 

juvenile fish that rely on zooplankton as a food source. Chapter 3 illustrates that if fish replace 

zooplankton with Hemimysis there will be no detectable change in fish growth relative to historic 

levels. However, these bioenergetic models do not incorporate the predator avoidance behaviours 

of Hemimysis. Similar to most zooplankton species, Hemimysis undergo diel migration; however 

Hemimysis are much stronger and faster swimmers relative to most nearshore zooplankton, 

suggesting they will be able to escape to safe refuges more quickly, effectively avoiding fish 

predation. Furthermore, the patchy spatial distribution of Hemimysis throughout Lake Ontario 

needs to be considered (Walsh et al., 2010). As a result, the models provide a conservative 

estimate of potential effects on fish growth based on a variety of Hemimysis consumption 

scenarios. 

As Hemimysis densities increase, isotopic patterns suggest they are playing a larger role in 

supporting higher trophic levels and may play a critical role in the aquatic food web linking 

primary and secondary consumers (Chapter 2). In addition, the incorporation of Hemimysis into 

fish diets will likely negatively affect their growth (Chapter 3). Through lengthening the trophic 

chain (Chapter 2), consumption of this new invasive may lead to increased bioaccumulation of 

contaminants in fish species. With the continued spread of Hemimysis into inland lakes, where 



 

 

 

94 

their impacts are likely to be more pronounced, my research provides essential information for 

environmental, conservation and public health agencies concerned with preserving the natural 

heritage of native aquatic ecosystems and mitigating the impacts of aquatic invasive species on 

these systems.  
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Appendix I 

Historic stable isotope variation 

Stable isotope analysis was conducted on archived historic fish scale samples of white perch 

(Morone americana) from 1972 to 2008 (every two years) and yellow perch (Perca flavescens) 

from 2000 to 2002 (every year) to compare variation in historic stable isotope signatures with the 

fish stable isotope signatures across the Hemimysis gradient (Table II.I). I conducted a Levene’s 

test to determine whether the variation in fish Δδ
15

N and Δδ
13

C across my four sites (Hemimysis 

gradient) was different than the long term temporal variation in fish stable isotope signatures 

(Levene, 1960). Variability was a measure of the mean deviation of the stable isotope value 

(Δδ
15

N or Δδ
13

C) from the median value. Each variate, X  in a set of 1, m samples, was 

converted to standardized median absolute deviations (cf Arnott et al., 2003)  

)(

)(

XM

XMX
sMAD

i 
 ,             (I.I) 

where )(XM  is the median. Data were standardized to allow for comparisons across species. 

Data were transformed ( 001.0sMAD ) to normalize residuals and the distribution of 

variables. I used an ANOVA followed by a post-hoc Tukey test on the transformed sMAD data 

for both Δδ
15

N and Δδ
13

C to test for differences in variation among species (Quinn and Keough, 

2002). All statistical analyses were conducted using R statistical software version 2.14.1 and its 

base packages (R Development Core Team, 2011) as well as the “multcomp” and “car” packages 

(Hothorn et al., 2008; Fox and Weisberg, 2010). 

There was a significant difference between the variation in the historic scale samples and 

across the Hemimysis density gradient for Δδ
13

C but not for Δδ
15

N (Levene’s test, p < 0.001 and p 

= 0.4079, respectively). However, there was a significant effect of species on both δ
15

N and δ
13

C 
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sMAD scores (p < 0.001 and p < 0.001, respectively). Post-hoc Tukey tests on Δδ
15

N showed a 

significant difference between round goby and both historic white perch and historic yellow perch 

(Figure I.1; p < 0.001 and p = 0.02, respectively). Significant differences were also detected 

between δ
13

C sMAD scores of all four fish species and historic white perch Δδ
13

C sMAD scores 

(Figure I.I). Small yellow perch δ
13

C sMAD scores were also significantly different than historic 

yellow perch (p < 0.001). 

These results suggest the natural temporal variation observed in fish stable isotope signatures 

cannot account for the variation observed across the Hemimysis density gradient. While variation 

in small and large YP Δδ
15

N was not significantly different than historic variation, this is likely 

due to the omnivorous nature of yellow perch. With larger sample sizes, more information would 

be available surrounding the ontogenetic shifts allowing for more precise size cut offs. This 

would provide better separation between planktivorous, benthivorous and piscivorous life stages 

of yellow perch, elucidating more specific comparisons of life stages that would be most likely to 

consume Hemimysis. Patterns in Δδ
13

C observed across the Hemimysis gradient for alewife, 

round goby and small and large YP are outside natural temporal variation, suggesting there are 

other effects contributing to the observed patterns in Chapter 2. Due to the availability of historic 

scale samples, species specific comparisons could not be made for fish species discussed in 

Chapter 2. Alewife and round goby feed primarily on zooplankton and benthos (respectively), 

thus I would expect variation in isotopic signatures of these fish species for be less than 

omnivorous species. As a result, the significantly higher isotope variation in round goby and 

alewife across the Hemimysis density gradient (Bay of Quinte, Waupoos, Cobourg, and Bronte) 

compared to historic variation of two omnivorous species (white perch and yellow perch) 

supports my conclusions in Chapter 2 that consumption of Hemimysis by round goby and alewife 



 

 

 

107 

increases with Hemimysis density and that observed patterns are not due to natural temporal 

stable isotope variation. 
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Figure I.I: Standardized median absolute deviation (sMAD) and standard error of stable isotopes 

from historic scale samples of white perch (WP) and yellow perch (YP) and 2009 fish tissue 

samples pooled within species across four sites spanning a gradient of Hemimysis density. Letters 

indicate significant differences between historic and 2009 tissue samples (Tukey HSD, p < 0.05). 
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Appendix II 

Selected stable isotope data 

Table II.I: Historic stable isotope scale data for two year old white perch (WP; Morone 

americana) from the Bay of Quinte (44º09.484 N, 77º10.037 W) and four year old yellow perch 

(YP; Perca flavescens) from Flatt Point (43º33.924 N, 77º00.150 W) in Lake Ontario. SPC 

corresponds to the OMNR fish species code (see Table II.1), FLEN and RWT correspond to fork 

length and round weight. 

Year SPC FLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

1972 WP 143 55.2 -25.40 7.77 20.12 6.70 3.00 

1972 WP 150 59.8 -25.57 9.41 18.24 5.93 3.07 

1972 WP 160 74.3 -22.89 8.53 21.69 7.08 3.06 

1974 WP 140 47 -24.40 8.23 20.10 6.74 2.98 

1974 WP 160 72 -22.87 8.96 17.62 5.70 3.09 

1974 WP 160 72 -24.35 10.57 19.66 6.38 3.08 

1974 WP 160 72 -24.34 10.47 18.95 6.18 3.07 

1974 WP 150 62.4 -24.75 8.17 19.85 6.79 2.92 

1976 WP 170 82.4 -23.02 9.23 17.85 6.27 2.85 

1976 WP 160 75 -25.47 7.98 17.26 5.89 2.93 

1976 WP 151 62.4 -19.87 10.79 21.08 7.79 2.71 

1978 WP 172 93.4 -22.94 11.53 22.27 7.48 2.98 

1978 WP 172 93.4 -23.13 11.82 22.52 7.44 3.03 

1978 WP 172 93.4 -23.23 11.31 22.31 7.90 2.82 

1978 WP 185 132.6 -25.45 9.23 21.96 7.46 2.94 

1978 WP 177 114.9 -25.88 9.98 21.18 6.95 3.05 

1980 WP 198 128.2 -25.82 9.75 21.31 7.45 2.86 

1980 WP 206 168.7 -25.64 9.75 20.79 7.03 2.96 

1980 WP 190 128.8 -26.45 9.60 21.39 7.59 2.82 

1982 WP 221 220.9 -25.18 10.96 21.80 7.52 2.90 

1982 WP 214 191 -24.89 10.08 21.04 7.18 2.93 

1982 WP 236 277.3 -24.66 11.03 22.98 7.75 2.96 

1984 WP 205 152 -23.32 10.34 21.97 7.57 2.90 

1984 WP 222 199.2 -24.19 10.52 19.85 6.60 3.01 

1984 WP 230 243 -24.18 11.00 22.00 7.50 2.93 

1986 WP 221 216 -19.22 11.14 20.16 6.85 2.94 

1986 WP 209 170 -24.35 11.66 21.14 6.98 3.03 

1986 WP 211 178 -23.71 11.07 21.74 7.29 2.98 

1988 WP 203 157 -24.40 11.97 21.64 7.39 2.93 
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Year SPC FLEN RWT δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

1988 WP 217 199 -25.21 11.15 22.15 7.37 3.01 

1988 WP 194 157 -22.49 11.68 24.49 8.32 2.94 

1990 WP 201 158 -24.37 11.52 21.79 7.49 2.91 

1990 WP 200 164 -25.12 10.35 22.54 7.91 2.85 

1990 WP 199 163 -24.89 10.05 22.03 7.59 2.90 

1992 WP 190 150.21 -25.47 11.35 20.41 7.12 2.87 

1992 WP 209 186.84 -26.04 11.34 21.76 7.39 2.95 

1992 WP 198 150.45 -26.25 11.48 21.23 7.10 2.99 

1992 WP 198 150.45 -25.26 11.84 22.70 7.87 2.88 

1992 WP 198 150.45 -25.32 11.97 22.76 7.76 2.93 

1994 WP 198 220.04 -25.98 11.18 20.88 7.23 2.89 

1994 WP 206 242.51 -25.75 11.95 21.18 7.21 2.94 

1994 WP 189 197.76 -26.08 11.86 22.80 7.79 2.93 

1996 WP 210 189.48 -25.41 10.77 22.07 7.52 2.94 

1996 WP 191 128.7 -23.57 11.06 22.12 7.95 2.78 

1996 WP 191 128.7 -23.13 11.34 22.85 8.24 2.77 

1996 WP 191 128.7 -23.18 11.86 21.34 7.23 2.95 

1996 WP 199 148.69 -25.30 10.47 21.95 7.69 2.85 

1998 WP 203 150 -23.55 11.22 21.79 7.44 2.93 

1998 WP 189 129.92 -23.11 10.49 21.39 8.01 2.67 

1998 WP 211 152.82 -24.78 11.57 19.96 6.70 2.98 

2000 WP 192 138.29 -25.08 10.96 21.37 7.53 2.84 

2000 WP 202 164.54 -25.61 11.02 21.93 7.57 2.90 

2000 WP 210 176.6 -25.17 11.49 20.89 7.08 2.95 

2002 WP 200 145.39 -25.05 12.32 20.39 6.96 2.93 

2002 WP 190 131.62 -25.33 11.89 22.50 8.15 2.76 

2002 WP 210 156.07 -25.52 12.72 20.45 6.92 2.96 

2004 WP 190 114.96 -26.78 11.18 23.32 8.05 2.90 

2004 WP 211 164.7 -25.80 12.26 21.92 7.67 2.86 

2006 WP 190 119.31 -25.19 12.22 21.19 7.31 2.90 

2006 WP 198 138.93 -25.08 12.08 21.03 7.24 2.90 

2006 WP 210 174.61 -24.87 12.41 23.44 8.17 2.87 

2008 WP 192 127.9 -25.16 11.86 21.04 7.46 2.82 

2008 WP 200 130.09 -24.89 12.09 18.23 6.08 3.00 

2008 WP 212 166.67 -24.22 11.18 21.31 7.84 2.72 

2000 YP 181 93.58 -15.57 11.76 18.83 6.08 3.10 

2000 YP 165 80.8 -17.91 11.77 18.42 5.85 3.15 

2000 YP 195 125.5 -14.99 12.51 18.33 5.78 3.17 
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Year SPC FLEN RWT δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

2001 YP 176 85 -15.79 12.26 17.89 5.52 3.24 

2001 YP 183 96.7 -16.56 12.43 17.68 5.65 3.13 

2001 YP 214 158.2 -12.77 12.41 18.02 5.89 3.06 

2002 YP 190 113.85 -15.39 12.84 19.20 6.23 3.08 

2002 YP 207 125.87 -13.71 11.86 18.32 5.82 3.15 

2002 YP 189 88.48 -15.63 11.40 16.89 5.67 2.98 

2002 YP 189 88.48 -15.46 12.07 16.78 5.27 3.18 
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Table II.II: Stable isotope data from fish dorsal muscle tissue collected in 2009. Fish were collected from the Bay of Quinte (44º09.484 N, 

77º10.037 W), Waupoos (44º00.046 N, 76º59.485 W), Cobourg (43º57.137 N, 78º09.872 W) and Bronte (43º23.570 N, 79º42.348 W) in the spring 

(May-Jun), summer (Jul-Aug), and fall (Sept-Nov). SPC corresponds to three different fish species: alewife (Alosa pseudoharengus), round goby 

(Neogobius melanostomus) and yellow perch (Perca flavescens). TLEN and RWT indicate the total length and round weight of the individual fish. 

NA indicates data were not available. 

Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bay of Quinte Spring RG 64 3.04 -27.25 10.71 42.77 12.48 3.43 

Bay of Quinte Spring RG 78 6.15 -27.55 10.72 47.29 14.07 3.36 

Bay of Quinte Spring YP 75 4.76 -28.18 11.41 48.62 13.98 3.48 

Bay of Quinte Spring YP 119 18.57 -27.75 12.28 48.55 14.05 3.46 

Bay of Quinte Spring YP 132 24.39 -27.32 11.11 47.61 14.55 3.27 

Bay of Quinte Spring YP 132 24.39 -27.39 10.98 48.12 14.70 3.27 

Bay of Quinte Spring YP 132 24.39 -27.37 10.93 48.18 14.72 3.27 

Bay of Quinte Spring YP 179 163.88 -26.72 13.62 47.35 14.19 3.34 

Bay of Quinte Summer Ale 64 2.39 -30.23 11.93 45.27 13.05 3.47 

Bay of Quinte Summer Ale 64 2.39 -30.24 11.80 45.48 12.94 3.51 

Bay of Quinte Summer Ale 64 2.39 -30.40 11.83 45.69 12.84 3.56 

Bay of Quinte Summer Ale 64 2.39 -30.41 11.87 46.15 12.87 3.59 

Bay of Quinte Summer Ale 64 2.34 -30.67 12.24 46.57 12.36 3.77 

Bay of Quinte Summer Ale 65 2.65 -30.38 11.56 45.21 12.63 3.58 

Bay of Quinte Summer Ale 66 2.77 -30.02 11.45 45.04 13.15 3.42 

Bay of Quinte Summer Ale 155 36.26 -30.12 12.96 53.28 9.40 5.67 

Bay of Quinte Summer Ale 160 37.09 -28.61 13.37 51.21 10.16 5.04 

Bay of Quinte Summer Ale 165 42.3 -28.31 12.98 50.69 10.72 4.73 

Bay of Quinte Summer Ale 172 22.27 -24.31 13.24 44.09 12.95 3.40 

Bay of Quinte Summer Ale 178 49.78 -26.96 13.44 46.02 13.13 3.51 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bay of Quinte Summer Ale 178 49.78 -29.03 13.40 52.08 10.11 5.15 

Bay of Quinte Summer Ale 180 44.26 -26.76 13.47 47.44 12.96 3.66 

Bay of Quinte Summer Ale 180 44.26 -27.00 13.46 47.51 12.76 3.72 

Bay of Quinte Summer Ale 180 44.26 -26.97 13.39 47.83 12.79 3.74 

Bay of Quinte Summer Ale 181 53.26 -28.94 13.21 51.70 10.27 5.03 

Bay of Quinte Summer Ale 185 52.85 -28.38 12.96 49.57 11.27 4.40 

Bay of Quinte Summer Ale 194 62.01 -30.69 13.66 53.15 9.22 5.76 

Bay of Quinte Summer RG 99 11.57 -21.98 12.18 45.92 13.52 3.40 

Bay of Quinte Summer RG 110 20.8 -21.78 11.60 45.21 13.28 3.41 

Bay of Quinte Summer RG 126 29.22 -23.11 11.69 46.35 13.66 3.39 

Bay of Quinte Summer YP 59 2.38 -32.45 12.53 43.75 12.70 3.45 

Bay of Quinte Summer YP 59 2.38 -32.55 12.73 45.77 13.42 3.41 

Bay of Quinte Summer YP 59 2.38 -32.63 12.93 45.84 13.35 3.43 

Bay of Quinte Summer YP 60 1.83 -28.11 12.05 45.09 13.38 3.37 

Bay of Quinte Summer YP 60 1.83 -27.99 11.83 45.13 13.30 3.39 

Bay of Quinte Summer YP 60 1.83 -28.17 12.07 45.46 13.38 3.40 

Bay of Quinte Summer YP 63 2.5 -31.02 13.39 45.65 13.41 3.40 

Bay of Quinte Summer YP 100 11.06 -30.34 11.43 45.33 13.47 3.36 

Bay of Quinte Summer YP 111 16.74 -30.16 12.93 45.76 13.73 3.33 

Bay of Quinte Summer YP 115 19.53 -30.42 12.78 46.12 13.62 3.39 

Bay of Quinte Summer YP 118 19.38 -28.15 12.69 45.52 13.65 3.34 

Bay of Quinte Summer YP 121 21.93 -30.04 12.84 45.27 13.51 3.35 

Bay of Quinte Summer YP 121 21.06 -28.62 11.37 45.41 13.60 3.34 

Bay of Quinte Summer YP 121 21.06 -28.64 11.57 45.74 13.73 3.33 

Bay of Quinte Summer YP 121 21.37 -30.74 13.42 47.78 13.95 3.43 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bay of Quinte Summer YP 122 22.41 -29.89 13.25 45.38 13.68 3.32 

Bay of Quinte Summer YP 122 21.06 -30.44 13.21 45.41 13.79 3.29 

Bay of Quinte Summer YP 125 26.33 -29.91 12.45 45.56 13.50 3.37 

Bay of Quinte Summer YP 129 25.66 -30.37 13.03 45.11 13.63 3.31 

Bay of Quinte Summer YP 129 25.66 -30.37 12.97 45.29 13.71 3.30 

Bay of Quinte Summer YP 129 25.66 -30.43 12.90 45.38 13.75 3.30 

Bay of Quinte Summer YP 130 32.85 -30.65 13.62 45.07 13.58 3.32 

Bay of Quinte Summer YP 131 27.82 -29.60 13.04 45.24 13.77 3.29 

Bay of Quinte Summer YP 132 30.77 -30.13 12.93 45.14 13.56 3.33 

Bay of Quinte Summer YP 132 30.77 -30.22 12.51 45.18 13.51 3.34 

Bay of Quinte Summer YP 132 30.77 -30.11 12.72 45.44 13.68 3.32 

Bay of Quinte Summer YP 133 28.99 -28.99 13.44 45.57 13.57 3.36 

Bay of Quinte Summer YP 140 34.52 -29.86 13.09 45.19 13.74 3.29 

Bay of Quinte Summer YP 140 36.44 -30.06 13.10 45.30 13.69 3.31 

Bay of Quinte Summer YP 140 35.62 -31.27 12.12 45.35 13.69 3.31 

Bay of Quinte Summer YP 141 33.68 -29.84 12.70 45.13 13.63 3.31 

Bay of Quinte Summer YP 152 46.32 -30.06 13.02 45.43 13.67 3.32 

Bay of Quinte Summer YP 158 53.19 -29.78 12.34 47.63 13.59 3.50 

Bay of Quinte Summer YP 164 68.08 -28.06 13.30 48.43 13.32 3.63 

Bay of Quinte Summer YP 169 67.94 -29.31 12.10 45.86 13.36 3.43 

Bay of Quinte Summer YP 180 83.24 -28.90 12.49 46.77 13.21 3.54 

Bay of Quinte Summer YP 193 96.12 -29.79 13.15 46.67 13.64 3.42 

Bay of Quinte Summer YP 193 96.12 -29.74 13.17 46.78 13.81 3.39 

Bay of Quinte Summer YP 193 96.12 -29.83 13.01 46.95 13.65 3.44 

Bay of Quinte Fall RG 69 NA -28.61 12.88 39.22 11.60 3.38 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bay of Quinte Fall RG 69 NA -28.85 13.02 46.57 13.67 3.41 

Bay of Quinte Fall RG 69 NA -28.86 13.05 46.76 13.71 3.41 

Bay of Quinte Fall YP 89 6.27 -26.18 11.86 48.69 13.38 3.64 

Bay of Quinte Fall YP 114 NA -23.57 12.33 46.58 13.87 3.36 

Bay of Quinte Fall YP 117 18.28 -30.26 8.89 47.28 14.12 3.35 

Bay of Quinte Fall YP 117 NA -27.67 13.08 48.19 14.28 3.37 

Bay of Quinte Fall YP 125 NA -23.91 12.36 47.34 13.95 3.39 

Bay of Quinte Fall YP 133 29 -27.89 12.76 47.98 14.44 3.32 

Bay of Quinte Fall YP 151 40.25 -25.87 13.66 47.90 14.32 3.35 

Bay of Quinte Fall YP 175 71.93 -26.83 13.40 46.90 14.04 3.34 

Bay of Quinte Fall YP 175 71.93 -26.90 13.39 48.06 14.44 3.33 

Bay of Quinte Fall YP 175 71.93 -26.81 13.44 48.33 14.48 3.34 

Bay of Quinte Fall YP 190 NA -26.65 14.05 45.21 13.79 3.28 

Bay of Quinte Fall YP 193 99.34 -28.31 13.40 44.71 13.44 3.33 

Bay of Quinte Fall YP 200 NA -25.76 13.96 45.26 14.08 3.22 

Bay of Quinte Fall YP 254 NA -24.56 14.11 45.16 13.87 3.26 

Bronte Spring Ale 129 26.7 -23.27 12.42 NA NA NA 

Bronte Spring Ale 138 24.1 -23.31 13.25 NA NA NA 

Bronte Spring Ale 157 45.1 -23.99 13.77 NA NA NA 

Bronte Spring RG 46 1.3 -22.35 13.73 NA NA NA 

Bronte Spring RG 53 2.1 -21.23 14.06 NA NA NA 

Bronte Spring RG 54 2 -21.12 13.91 NA NA NA 

Bronte Spring RG 84 9.4 -20.74 14.43 NA NA NA 

Bronte Spring RG 90 12.1 -22.09 14.08 NA NA NA 

Bronte Spring RG 99 15.2 -21.47 14.24 NA NA NA 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bronte Spring RG 106 19.4 -21.13 13.69 NA NA NA 

Bronte Spring RG 113 22.5 -21.05 13.30 NA NA NA 

Bronte Spring YP 149 50.7 -19.57 16.36 NA NA NA 

Bronte Summer Ale 78 5.1 -23.18 13.55 NA NA NA 

Bronte Summer Ale 90 8.7 -23.18 13.14 NA NA NA 

Bronte Summer Ale 128 23.1 -23.24 13.78 NA NA NA 

Bronte Summer Ale 130 21.1 -23.92 14.30 NA NA NA 

Bronte Summer Ale 131 27.8 -22.93 13.23 NA NA NA 

Bronte Summer Ale 132 25.6 -23.18 13.14 NA NA NA 

Bronte Summer Ale 133 30.4 -22.84 14.76 NA NA NA 

Bronte Summer Ale 138 24.2 -22.93 13.86 NA NA NA 

Bronte Summer Ale 140 26.2 -23.48 14.01 NA NA NA 

Bronte Summer Ale 148 43.2 -23.05 13.51 NA NA NA 

Bronte Summer RG 81 7.6 -19.51 14.01 NA NA NA 

Bronte Summer RG 85 7.7 -27.71 11.41 NA NA NA 

Bronte Summer RG 90 10.8 -22.22 13.95 NA NA NA 

Bronte Summer RG 90 12.7 -21.58 14.38 NA NA NA 

Bronte Summer RG 91 9.9 -20.93 14.33 NA NA NA 

Bronte Summer RG 92 11.1 -21.97 14.55 NA NA NA 

Bronte Summer RG 95 11.7 -21.14 14.02 NA NA NA 

Bronte Summer RG 96 12 -20.42 13.52 NA NA NA 

Bronte Summer RG 98 13 -20.74 13.77 NA NA NA 

Bronte Summer RG 106 16.5 -20.29 13.27 NA NA NA 

Bronte Summer RG 109 17.7 -21.15 13.25 NA NA NA 

Bronte Summer RG 120 26.7 -20.46 13.13 NA NA NA 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bronte Summer RG 124 25.1 -21.97 13.65 NA NA NA 

Bronte Summer RG 124 31 -22.24 13.72 NA NA NA 

Bronte Summer RG 134 42.1 -20.61 13.10 NA NA NA 

Bronte Summer YP 96 12.3 -22.53 15.34 NA NA NA 

Bronte Summer YP 162 59.3 -22.72 19.12 NA NA NA 

Bronte Summer YP 170 73.9 -20.54 16.39 NA NA NA 

Bronte Fall RG 85 8.7 -20.07 13.30 NA NA NA 

Bronte Fall RG 92 11 -21.27 13.74 NA NA NA 

Bronte Fall RG 96 12.9 -20.88 13.17 NA NA NA 

Bronte Fall RG 123 30.6 -20.97 13.15 NA NA NA 

Bronte Fall RG 129 31.8 -20.20 12.79 NA NA NA 

Bronte Fall RG 135 35.9 -20.79 12.85 NA NA NA 

Bronte Fall YP 137 33.2 -21.70 15.46 NA NA NA 

Bronte Fall YP 140 37.5 -21.46 17.28 NA NA NA 

Bronte Fall YP 151 47.7 -21.14 16.44 NA NA NA 

Cobourg Spring Ale 69 1.51 -23.71 13.74 37.23 11.79 3.16 

Cobourg Spring Ale 82 2.71 -23.13 13.22 39.99 12.07 3.31 

Cobourg Spring Ale 150 23.74 -24.37 12.70 57.05 11.18 5.10 

Cobourg Spring Ale 152 24.59 -24.40 13.51 52.18 11.55 4.52 

Cobourg Spring Ale 160 28.92 -21.65 13.02 39.23 9.41 4.17 

Cobourg Spring Ale 171 30.47 -22.81 13.58 43.44 13.18 3.30 

Cobourg Spring RG 73 5.8 -20.96 12.99 41.82 12.64 3.31 

Cobourg Spring RG 79 6.12 -20.63 12.38 46.32 13.78 3.36 

Cobourg Spring RG 82 6.55 -20.80 12.22 40.92 12.27 3.33 

Cobourg Spring RG 98 13.3 -19.95 12.59 50.53 14.89 3.39 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Cobourg Spring RG 102 14.86 -19.92 11.99 43.00 12.71 3.38 

Cobourg Spring RG 139 40.13 -22.08 11.87 40.91 12.42 3.29 

Cobourg Spring YP 117 16.85 -19.56 13.53 42.25 12.54 3.37 

Cobourg Spring YP 117 16.85 -19.66 13.46 42.70 12.59 3.39 

Cobourg Spring YP 117 16.85 -19.70 13.53 42.95 12.69 3.38 

Cobourg Spring YP 122 18.47 -18.82 13.83 43.15 12.79 3.37 

Cobourg Spring YP 132 23.48 -18.66 13.66 38.42 11.05 3.48 

Cobourg Spring YP 167 67.33 -19.65 13.86 46.03 14.04 3.28 

Cobourg Spring YP 168 58.01 -19.03 14.30 45.68 13.30 3.43 

Cobourg Spring YP 187 84.06 -18.95 14.87 47.27 14.30 3.31 

Cobourg Spring YP 228 125.23 -18.11 14.31 47.58 14.34 3.32 

Cobourg Spring YP 247 238.19 -19.71 14.81 46.58 13.96 3.34 

Cobourg Summer Ale 85 5.61 -24.07 12.16 54.44 11.43 4.76 

Cobourg Summer Ale 86 5.03 -23.50 12.26 46.99 11.81 3.98 

Cobourg Summer Ale 91 7.06 -24.20 12.19 54.28 11.77 4.61 

Cobourg Summer Ale 152 28.34 -24.52 13.28 52.57 12.56 4.18 

Cobourg Summer Ale 157 30.41 -23.14 13.24 45.35 13.17 3.44 

Cobourg Summer Ale 160 31.98 -23.48 13.13 45.05 13.04 3.45 

Cobourg Summer Ale 160 29.81 -23.38 13.01 47.35 13.86 3.42 

Cobourg Summer Ale 165 30.21 -23.53 13.56 44.01 12.96 3.40 

Cobourg Summer Ale 175 37.33 -23.87 13.40 48.87 13.43 3.64 

Cobourg Summer RG 43 0.82 -18.97 10.71 41.71 11.56 3.61 

Cobourg Summer RG 54 1.86 -18.81 10.86 43.79 13.02 3.36 

Cobourg Summer RG 69 4.69 -18.76 11.07 45.99 13.72 3.35 

Cobourg Summer RG 88 9.25 -20.61 10.29 48.80 14.67 3.33 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Cobourg Summer RG 95 12.49 -20.73 10.24 47.19 14.02 3.37 

Cobourg Summer RG 97 13.05 -19.61 10.05 45.18 13.35 3.38 

Cobourg Summer RG 110 17.01 -18.44 7.93 46.55 14.67 3.17 

Cobourg Summer YP 94 11.3 -20.83 11.01 47.93 13.68 3.50 

Cobourg Summer YP 106 18.13 -19.18 9.21 46.31 12.75 3.63 

Cobourg Summer YP 108 18.28 -20.77 10.32 44.53 12.06 3.69 

Cobourg Summer YP 108 16.47 -19.52 9.17 46.20 13.47 3.43 

Cobourg Summer YP 108 15.44 -21.87 12.40 47.26 14.06 3.36 

Cobourg Summer YP 120 22.28 -22.24 10.74 46.60 13.94 3.34 

Cobourg Summer YP 176 81.44 -19.44 15.21 46.31 13.75 3.37 

Cobourg Summer YP 192 114.64 -19.01 14.08 47.65 14.39 3.31 

Cobourg Summer YP 192 114.64 -19.04 13.92 47.92 14.01 3.42 

Cobourg Summer YP 195 91.3 -19.42 14.64 47.15 13.64 3.46 

Cobourg Summer YP 202 113.26 -19.25 15.05 47.93 14.20 3.38 

Cobourg Summer YP 260 264.02 -22.70 14.10 48.65 14.63 3.33 

Cobourg Fall Ale 85 5.23 -23.53 11.66 54.53 10.11 5.39 

Cobourg Fall Ale 90 5.77 -23.70 11.34 54.82 10.83 5.06 

Cobourg Fall Ale 175 45.45 -22.72 12.36 44.81 9.81 4.57 

Cobourg Fall Ale 175 45.45 -26.47 12.64 58.64 8.90 6.59 

Cobourg Fall Ale 175 45.45 -26.41 12.79 58.89 9.08 6.49 

Cobourg Fall RG 57 1.99 -18.97 11.81 44.67 12.82 3.49 

Cobourg Fall RG 75 5.33 -19.13 11.61 45.84 12.85 3.57 

Cobourg Fall RG 75 5.77 -19.06 9.00 48.46 13.82 3.51 

Cobourg Fall RG 103 18.39 -21.07 7.97 47.74 13.94 3.42 

Cobourg Fall RG 105 15.13 -19.85 9.65 46.00 13.57 3.39 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Cobourg Fall RG 111 20.74 -19.26 12.52 46.77 14.00 3.34 

Cobourg Fall YP 157 50.8 -18.65 13.10 48.88 14.59 3.35 

Waupoos Spring Ale 162 32.02 -23.87 13.44 50.96 12.96 3.93 

Waupoos Spring Ale 166 35.21 -22.99 13.86 46.01 13.20 3.48 

Waupoos Spring Ale 166 33.08 -23.25 13.56 46.78 13.41 3.49 

Waupoos Spring Ale 169 34.65 -24.12 14.30 46.56 12.17 3.83 

Waupoos Spring Ale 169 34.65 -23.99 13.98 48.06 12.53 3.84 

Waupoos Spring Ale 171 36.92 -23.21 12.85 48.20 13.52 3.56 

Waupoos Spring Ale 175 37.38 -25.14 13.60 52.86 11.24 4.71 

Waupoos Spring Ale 176 36.14 -24.03 13.98 46.35 13.29 3.49 

Waupoos Spring Ale 186 51.28 -23.73 13.27 47.39 14.23 3.33 

Waupoos Spring RG 56 2.52 -20.53 12.70 41.05 12.34 3.33 

Waupoos Spring RG 61 2.65 -18.02 12.43 39.91 11.98 3.33 

Waupoos Spring RG 62 3.42 -17.48 12.56 40.21 12.06 3.33 

Waupoos Spring RG 66 3.91 -19.78 11.73 47.73 13.18 3.62 

Waupoos Spring RG 69 4.2 -17.33 12.42 47.37 13.62 3.48 

Waupoos Spring RG 74 4.83 -19.21 12.02 45.88 13.34 3.44 

Waupoos Spring YP 78 4.16 -23.15 13.68 41.99 11.55 3.64 

Waupoos Spring YP 113 15.92 -22.12 13.94 48.64 13.45 3.62 

Waupoos Spring YP 116 20.81 -21.66 14.50 45.54 13.67 3.33 

Waupoos Spring YP 123 21.35 -20.09 13.92 48.16 14.22 3.39 

Waupoos Spring YP 129 22.11 -21.35 14.55 47.84 13.96 3.43 

Waupoos Spring YP 130 27.04 -21.29 14.40 45.64 13.57 3.36 

Waupoos Spring YP 132 47.17 -19.90 13.38 47.80 13.90 3.44 

Waupoos Spring YP 148 29.66 -20.08 14.01 48.86 14.35 3.40 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Waupoos Spring YP 169 71.2 -18.29 15.05 45.55 13.63 3.34 

Waupoos Spring YP 207 92.21 -17.83 14.73 47.36 14.29 3.31 

Waupoos Spring YP 268 258.31 -17.63 14.87 48.10 13.85 3.47 

Waupoos Spring YP 268 258.31 -17.69 14.88 48.34 13.93 3.47 

Waupoos Spring YP 268 258.31 -17.62 14.98 48.41 13.96 3.47 

Waupoos Spring YP 269 201.3 -18.26 16.99 39.16 11.60 3.38 

Waupoos Spring YP 278 316.99 -17.90 15.58 44.22 13.56 3.26 

Waupoos Spring YP 278 316.99 -17.95 15.49 44.69 13.67 3.27 

Waupoos Spring YP 278 316.99 -17.84 15.62 44.74 13.67 3.27 

Waupoos Spring YP 285 272.72 -17.64 14.96 47.12 14.08 3.35 

Waupoos Spring YP 289 358.37 -17.87 16.57 43.05 13.10 3.29 

Waupoos Spring YP 289 323.9 -18.04 16.16 43.94 13.34 3.29 

Waupoos Spring YP 296 290.46 -17.63 15.39 47.35 13.91 3.40 

Waupoos Summer Ale 161 28.33 -23.18 14.17 46.36 13.27 3.49 

Waupoos Summer Ale 165 30.58 -21.39 7.78 21.70 2.67 8.13 

Waupoos Summer Ale 165 30.58 -21.64 7.53 22.42 2.61 8.58 

Waupoos Summer Ale 165 30.58 -21.17 7.74 22.63 2.71 8.36 

Waupoos Summer RG 44 0.39 -18.75 11.79 45.61 12.84 3.55 

Waupoos Summer RG 59 2.31 -18.44 11.92 42.07 12.63 3.33 

Waupoos Summer RG 59 2.31 -18.43 11.92 42.07 12.63 3.33 

Waupoos Summer RG 65 3.75 -20.53 12.24 45.70 13.84 3.30 

Waupoos Summer RG 65 3.75 -20.53 12.25 45.70 13.84 3.30 

Waupoos Summer RG 71 5.44 -19.57 11.55 47.39 14.35 3.30 

Waupoos Summer RG 76 5387 -19.38 11.79 45.08 13.36 3.37 

Waupoos Summer RG 76 5387 -19.39 11.79 45.08 13.36 3.37 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Waupoos Summer RG 77 5.59 -18.43 12.37 44.57 13.17 3.38 

Waupoos Summer RG 77 5.59 -18.43 12.37 44.57 13.17 3.38 

Waupoos Summer RG 77 6.14 -18.45 11.95 46.19 13.80 3.35 

Waupoos Summer RG 77 6.14 -18.45 11.95 46.19 13.81 3.35 

Waupoos Summer RG 79 6.98 -17.78 11.98 49.04 14.31 3.43 

Waupoos Summer RG 82 6.74 -19.95 11.65 45.98 13.84 3.32 

Waupoos Summer RG 82 6.74 -19.95 11.65 45.98 13.84 3.32 

Waupoos Summer RG 83 7.74 -18.54 12.57 48.91 14.05 3.48 

Waupoos Summer RG 85 8.01 -17.88 12.07 47.76 14.02 3.41 

Waupoos Summer RG 85 8.01 -17.88 12.07 47.76 14.02 3.41 

Waupoos Summer RG 87 8.07 -18.92 11.89 45.76 13.81 3.31 

Waupoos Summer RG 87 8.07 -18.92 11.89 45.76 13.81 3.31 

Waupoos Summer RG 90 9.02 -19.23 11.06 44.95 13.47 3.34 

Waupoos Summer RG 90 9.02 -19.23 11.06 44.95 13.47 3.34 

Waupoos Summer RG 102 13.64 -19.49 11.20 45.44 13.57 3.35 

Waupoos Summer RG 102 13.64 -19.49 11.20 45.44 13.57 3.35 

Waupoos Summer YP 84 3.53 -20.45 12.94 49.88 14.29 3.49 

Waupoos Summer YP 91 8.75 -19.19 11.98 39.00 11.46 3.40 

Waupoos Summer YP 91 8.75 -19.19 11.98 39.00 11.46 3.40 

Waupoos Summer YP 97 9.81 -18.92 13.08 46.52 13.10 3.55 

Waupoos Summer YP 97 9.81 -18.92 13.08 46.52 13.10 3.55 

Waupoos Summer YP 99 10.53 -19.12 13.18 44.08 13.22 3.33 

Waupoos Summer YP 99 10.53 -19.12 13.18 44.08 13.22 3.33 

Waupoos Summer YP 99 5.43 -21.52 13.82 48.84 14.21 3.44 

Waupoos Summer YP 102 11.33 -17.30 13.25 43.27 13.07 3.31 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Waupoos Summer YP 102 11.33 -17.30 13.26 43.27 13.07 3.31 

Waupoos Summer YP 106 13.54 -21.98 13.30 45.14 13.60 3.32 

Waupoos Summer YP 106 13.54 -21.98 13.30 45.14 13.60 3.32 

Waupoos Summer YP 116 20.04 -20.36 13.92 48.09 14.56 3.30 

Waupoos Summer YP 147 21.23 -19.89 14.33 47.20 14.41 3.28 

Waupoos Summer YP 153 49.34 -19.17 14.27 45.19 13.45 3.36 

Waupoos Summer YP 153 49.34 -19.17 14.27 45.19 13.45 3.36 

Waupoos Summer YP 159 46.76 -18.35 14.39 45.36 13.67 3.32 

Waupoos Summer YP 208 111.28 -18.47 14.61 46.93 14.26 3.29 

Waupoos Summer YP 224 142.49 -18.12 14.85 44.92 13.57 3.31 

Waupoos Summer YP 224 136.15 -17.92 14.69 45.38 13.61 3.33 

Waupoos Summer YP 232 152.39 -17.92 15.11 47.00 14.40 3.26 

Waupoos Summer YP 285 315.6 -17.74 15.05 43.10 12.99 3.32 

Waupoos Fall Ale 60 1.38 -24.59 13.19 50.19 12.21 4.11 

Waupoos Fall Ale 77 3.21 -24.72 13.62 50.08 11.43 4.38 

Waupoos Fall RG 47 1.17 -18.68 12.59 43.46 12.43 3.50 

Waupoos Fall RG 60 3.13 -17.70 11.90 46.36 13.47 3.44 

Waupoos Fall RG 72 5.46 -18.35 11.82 46.86 13.87 3.38 

Waupoos Fall RG 85 7.81 -17.39 12.75 46.84 13.94 3.36 

Waupoos Fall RG 85 7.92 -17.53 12.57 49.15 13.41 3.66 

Waupoos Fall RG 95 11.6 -17.31 12.36 47.75 14.15 3.37 

Waupoos Fall RG 99 13.54 -17.29 12.48 48.38 14.31 3.38 

Waupoos Fall YP 98 9.47 -17.91 13.76 48.25 14.37 3.36 

Waupoos Fall YP 139 28.14 -18.13 13.63 47.73 14.47 3.30 

Waupoos Fall YP 174 54.55 -18.77 14.31 47.47 14.24 3.33 
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Site Season SPC TLEN (mm) RWT (g) δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Waupoos Fall YP 215 110.2 -18.36 14.91 46.12 14.09 3.27 

Waupoos Fall YP 219 127.65 -18.75 14.77 47.34 14.41 3.28 

Waupoos Fall YP 269 221.9 -17.82 15.34 47.23 14.28 3.31 

Waupoos Fall YP 297 350.77 -19.18 15.25 48.77 13.18 3.70 
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Table II.III: Invertebrate stable isotope data from 2009. Samples were collected from the Bay of 

Quinte (44º09.484 N, 77º10.037 W), Waupoos (44º00.046 N, 76º59.485 W), Cobourg (43º57.137 

N, 78º09.872 W) and Bronte (43º23.570 N, 79º42.348 W) in the spring (May-Jun), summer (Jul-

Aug), and fall (Sept-Nov). SPC corresponds to invertebrate taxonomic groups: Amphipoda 

(Amp), Chironomidae (Chir), Dreissena sp. (Dreis), Hemimysis anomala (Hemi), Oligochaeta 

(Olig) and zooplankton (Zoop). NA indicates data were not available. 

Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bay of Quinte Spring Amp -26.02 8.05 38.42 8.33 4.61 

Bay of Quinte Spring Amp -26.18 8.44 38.79 8.11 4.78 

Bay of Quinte Spring Amp -26.65 8.77 43.28 8.48 5.10 

Bay of Quinte Summer Amp -29.54 7.17 37.04 7.56 4.90 

Bay of Quinte Summer Chir -30.54 9.52 47.71 9.76 4.89 

Bay of Quinte Summer Dreis -31.73 6.91 42.91 9.56 4.49 

Bay of Quinte Summer Dreis -31.68 6.93 47.04 10.40 4.52 

Bay of Quinte Summer Dreis -26.51 14.92 47.30 10.79 4.38 

Bay of Quinte Summer Dreis -30.67 6.40 47.33 12.21 3.88 

Bay of Quinte Summer Dreis -31.39 7.00 47.94 11.09 4.32 

Bay of Quinte Summer Dreis -31.39 6.48 47.97 11.51 4.17 

Bay of Quinte Summer Dreis -31.37 7.16 49.28 10.89 4.53 

Bay of Quinte Summer Dreis -31.94 7.11 49.72 10.62 4.68 

Bay of Quinte Summer Dreis -32.42 7.07 50.15 10.21 4.91 

Bay of Quinte Summer Olig -38.39 5.07 40.95 9.03 4.53 

Bronte Spring Amp -22.29 10.07 NA NA NA 

Bronte Spring Amp -22.05 10.51 NA NA NA 

Bronte Spring Amp -21.78 9.99 NA NA NA 

Bronte Spring Amp -20.89 10.76 NA NA NA 

Bronte Spring Amp -20.10 8.66 NA NA NA 

Bronte Spring Amp -20.04 9.02 NA NA NA 

Bronte Spring Amp -19.69 8.17 NA NA NA 

Bronte Spring Chir -24.16 7.47 NA NA NA 

Bronte Spring Chir -23.93 8.13 NA NA NA 

Bronte Spring Chir -23.88 8.80 NA NA NA 

Bronte Spring Chir -20.19 9.81 NA NA NA 

Bronte Spring Chir -20.13 9.52 NA NA NA 

Bronte Spring Chir -19.87 9.84 NA NA NA 

Bronte Spring Dreis -25.91 7.69 NA NA NA 

Bronte Spring Dreis -24.24 7.59 NA NA NA 

Bronte Spring Dreis -24.09 8.01 NA NA NA 

Bronte Spring Dreis -22.61 7.42 NA NA NA 
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Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bronte Spring Hemi -24.66 12.11 NA NA NA 

Bronte Spring Hemi -24.11 13.17 NA NA NA 

Bronte Spring Hemi -23.71 11.72 NA NA NA 

Bronte Spring Hemi -23.06 14.24 NA NA NA 

Bronte Spring Hemi -22.99 9.88 NA NA NA 

Bronte Spring Hemi -22.99 9.88 NA NA NA 

Bronte Spring Hemi -22.99 9.88 NA NA NA 

Bronte Spring Hemi -22.99 9.88 NA NA NA 

Bronte Spring Hemi -22.99 9.88 NA NA NA 

Bronte Spring Hemi -22.86 13.71 NA NA NA 

Bronte Spring Hemi -22.77 14.05 NA NA NA 

Bronte Spring Hemi -22.66 14.05 NA NA NA 

Bronte Spring Hemi -22.62 10.22 NA NA NA 

Bronte Spring Hemi -22.56 9.52 NA NA NA 

Bronte Spring Hemi -22.56 9.52 NA NA NA 

Bronte Spring Hemi -22.56 9.52 NA NA NA 

Bronte Spring Hemi -22.56 9.52 NA NA NA 

Bronte Spring Hemi -22.56 9.52 NA NA NA 

Bronte Spring Hemi -22.46 13.60 NA NA NA 

Bronte Spring Hemi -22.32 12.84 NA NA NA 

Bronte Spring Hemi -22.18 11.55 NA NA NA 

Bronte Spring Hemi -22.16 13.90 NA NA NA 

Bronte Spring Hemi -22.08 10.12 NA NA NA 

Bronte Spring Hemi -22.03 12.31 NA NA NA 

Bronte Spring Hemi -22.00 12.60 NA NA NA 

Bronte Spring Hemi -21.88 13.19 NA NA NA 

Bronte Spring Hemi -21.02 13.00 NA NA NA 

Bronte Summer Amp -24.56 9.34 NA NA NA 

Bronte Summer Amp -24.44 9.44 NA NA NA 

Bronte Summer Amp -23.20 10.00 NA NA NA 

Bronte Summer Amp -22.59 10.21 NA NA NA 

Bronte Summer Amp -20.83 8.33 NA NA NA 

Bronte Summer Amp -20.06 7.31 NA NA NA 

Bronte Summer Amp -19.79 8.42 NA NA NA 

Bronte Summer Amp -19.26 6.31 NA NA NA 

Bronte Summer Amp -18.96 7.57 NA NA NA 

Bronte Summer Amp -18.88 6.42 NA NA NA 

Bronte Summer Amp -17.46 8.00 NA NA NA 
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Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bronte Summer Amp -16.49 8.48 NA NA NA 

Bronte Summer Amp -16.43 8.32 NA NA NA 

Bronte Summer Chir -17.86 8.44 NA NA NA 

Bronte Summer Chir -17.41 7.79 NA NA NA 

Bronte Summer Chir -17.02 8.13 NA NA NA 

Bronte Summer Chir -16.63 8.40 NA NA NA 

Bronte Summer Chir -16.33 7.61 NA NA NA 

Bronte Summer Dreis -26.35 8.26 NA NA NA 

Bronte Summer Dreis -25.66 8.09 NA NA NA 

Bronte Summer Dreis -25.54 7.60 NA NA NA 

Bronte Summer Dreis -25.52 7.82 NA NA NA 

Bronte Summer Dreis -25.50 8.33 NA NA NA 

Bronte Summer Dreis -25.29 8.35 NA NA NA 

Bronte Summer Hemi -24.74 13.14 NA NA NA 

Bronte Summer Hemi -24.63 12.15 NA NA NA 

Bronte Summer Hemi -24.60 10.86 NA NA NA 

Bronte Summer Hemi -24.47 13.26 NA NA NA 

Bronte Summer Hemi -24.32 8.07 NA NA NA 

Bronte Summer Hemi -23.58 14.30 NA NA NA 

Bronte Summer Hemi -23.27 9.47 NA NA NA 

Bronte Summer Hemi -23.09 15.50 NA NA NA 

Bronte Summer Hemi -23.09 8.79 NA NA NA 

Bronte Summer Hemi -22.98 6.72 NA NA NA 

Bronte Summer Hemi -22.97 8.49 NA NA NA 

Bronte Summer Hemi -22.86 8.62 NA NA NA 

Bronte Summer Hemi -22.64 14.46 NA NA NA 

Bronte Summer Hemi -22.56 9.14 NA NA NA 

Bronte Summer Hemi -22.44 9.44 NA NA NA 

Bronte Summer Hemi -22.39 8.37 NA NA NA 

Bronte Summer Hemi -22.34 13.06 NA NA NA 

Bronte Summer Hemi -22.27 14.76 NA NA NA 

Bronte Summer Hemi -22.19 14.43 NA NA NA 

Bronte Summer Hemi -22.15 9.98 NA NA NA 

Bronte Summer Hemi -22.07 10.08 NA NA NA 

Bronte Summer Hemi -22.05 14.03 NA NA NA 

Bronte Summer Hemi -21.95 9.27 NA NA NA 

Bronte Summer Hemi -21.85 8.35 NA NA NA 

Bronte Summer Hemi -21.60 9.15 NA NA NA 
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Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bronte Summer Hemi -20.70 8.98 NA NA NA 

Bronte Summer Hemi -20.26 7.78 NA NA NA 

Bronte Summer Hemi -20.21 9.87 NA NA NA 

Bronte Summer Hemi -20.07 10.55 NA NA NA 

Bronte Summer Hemi -19.78 9.57 NA NA NA 

Bronte Summer Hemi -19.74 10.50 NA NA NA 

Bronte Summer Hemi -19.22 10.01 NA NA NA 

Bronte Summer Hemi -18.99 10.02 NA NA NA 

Bronte Summer Hemi -18.99 9.58 NA NA NA 

Bronte Summer Hemi -18.30 10.65 NA NA NA 

Bronte Summer Zoop -27.31 9.50 NA NA NA 

Bronte Summer Zoop -27.23 8.48 NA NA NA 

Bronte Summer Zoop -26.83 8.91 NA NA NA 

Bronte Summer Zoop -26.02 8.70 NA NA NA 

Bronte Summer Zoop -25.98 6.09 NA NA NA 

Bronte Summer Zoop -25.81 7.15 NA NA NA 

Bronte Summer Zoop -25.75 5.72 NA NA NA 

Bronte Summer Zoop -25.55 6.68 NA NA NA 

Bronte Summer Zoop -25.55 8.79 NA NA NA 

Bronte Summer Zoop -25.39 7.91 NA NA NA 

Bronte Summer Zoop -25.34 6.58 NA NA NA 

Bronte Summer Zoop -25.32 7.14 NA NA NA 

Bronte Summer Zoop -25.31 5.47 NA NA NA 

Bronte Summer Zoop -25.18 4.89 NA NA NA 

Bronte Summer Zoop -25.09 5.93 NA NA NA 

Bronte Summer Zoop -25.07 5.84 NA NA NA 

Bronte Summer Zoop -25.01 7.86 NA NA NA 

Bronte Summer Zoop -25.01 7.97 NA NA NA 

Bronte Summer Zoop -24.99 5.82 NA NA NA 

Bronte Summer Zoop -24.91 7.75 NA NA NA 

Bronte Summer Zoop -24.81 10.72 NA NA NA 

Bronte Summer Zoop -24.80 8.02 NA NA NA 

Bronte Summer Zoop -24.76 10.09 NA NA NA 

Bronte Summer Zoop -24.74 11.08 NA NA NA 

Bronte Summer Zoop -24.63 8.57 NA NA NA 

Bronte Summer Zoop -24.55 9.16 NA NA NA 

Bronte Summer Zoop -24.52 9.74 NA NA NA 

Bronte Summer Zoop -24.34 10.66 NA NA NA 
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Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bronte Summer Zoop -24.31 9.70 NA NA NA 

Bronte Summer Zoop -24.13 10.48 NA NA NA 

Bronte Summer Zoop -23.92 9.50 NA NA NA 

Bronte Summer Zoop -23.75 10.19 NA NA NA 

Bronte Fall Amp -18.78 7.83 NA NA NA 

Bronte Fall Amp -18.22 8.15 NA NA NA 

Bronte Fall Amp -17.23 7.71 NA NA NA 

Bronte Fall Amp -15.74 8.64 NA NA NA 

Bronte Fall Chir -16.82 10.81 NA NA NA 

Bronte Fall Chir -16.06 10.57 NA NA NA 

Bronte Fall Chir -14.45 10.72 NA NA NA 

Bronte Fall Dreis -24.56 7.38 NA NA NA 

Bronte Fall Dreis -23.43 8.44 NA NA NA 

Bronte Fall Dreis -20.30 8.46 NA NA NA 

Bronte Fall Dreis -17.67 6.01 NA NA NA 

Bronte Fall Dreis -17.53 5.99 NA NA NA 

Bronte Fall Dreis -17.28 6.10 NA NA NA 

Bronte Fall Hemi -23.74 10.83 NA NA NA 

Bronte Fall Hemi -23.18 11.94 NA NA NA 

Bronte Fall Hemi -22.79 12.31 NA NA NA 

Bronte Fall Hemi -22.57 11.80 NA NA NA 

Bronte Fall Hemi -22.34 11.35 NA NA NA 

Bronte Fall Hemi -21.61 10.96 NA NA NA 

Bronte Fall Hemi -21.52 11.85 NA NA NA 

Bronte Fall Hemi -21.45 11.91 NA NA NA 

Bronte Fall Hemi -21.37 11.82 NA NA NA 

Bronte Fall Hemi -21.29 12.08 NA NA NA 

Bronte Fall Hemi -21.10 11.57 NA NA NA 

Bronte Fall Hemi -21.06 12.01 NA NA NA 

Bronte Fall Hemi -20.97 11.10 NA NA NA 

Bronte Fall Hemi -20.52 10.87 NA NA NA 

Bronte Fall Hemi -20.51 10.47 NA NA NA 

Bronte Fall Hemi -20.19 10.13 NA NA NA 

Bronte Fall Hemi -20.16 10.19 NA NA NA 

Bronte Fall Hemi -20.07 12.31 NA NA NA 

Bronte Fall Hemi -19.96 10.23 NA NA NA 

Bronte Fall Hemi -19.82 11.57 NA NA NA 

Bronte Fall Hemi -19.82 11.74 NA NA NA 
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Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Bronte Fall Hemi -19.55 12.62 NA NA NA 

Bronte Fall Hemi -19.53 9.59 NA NA NA 

Bronte Fall Hemi -19.30 11.72 NA NA NA 

Bronte Fall Hemi -19.28 10.89 NA NA NA 

Bronte Fall Hemi -19.09 10.84 NA NA NA 

Bronte Fall Hemi -18.96 10.28 NA NA NA 

Bronte Fall Zoop -29.01 12.58 NA NA NA 

Bronte Fall Zoop -28.94 11.09 NA NA NA 

Bronte Fall Zoop -28.92 11.88 NA NA NA 

Bronte Fall Zoop -25.71 14.68 NA NA NA 

Bronte Fall Zoop -25.63 14.37 NA NA NA 

Bronte Fall Zoop -25.60 14.68 NA NA NA 

Bronte Fall Zoop -23.27 10.34 NA NA NA 

Bronte Fall Zoop -23.23 9.48 NA NA NA 

Bronte Fall Zoop -23.01 9.69 NA NA NA 

Bronte Fall Zoop -22.85 10.01 NA NA NA 

Bronte Fall Zoop -22.82 10.09 NA NA NA 

Bronte Fall Zoop -22.71 10.84 NA NA NA 

Bronte Fall Zoop -22.62 10.69 NA NA NA 

Cobourg Spring Amp -19.27 8.94 33.49 7.29 4.60 

Cobourg Spring Amp -18.20 9.85 35.13 7.60 4.62 

Cobourg Spring Amp -19.29 9.10 35.30 7.47 4.73 

Cobourg Spring Amp -21.10 7.38 37.31 7.57 4.93 

Cobourg Spring Amp -19.62 9.19 38.14 7.85 4.86 

Cobourg Spring Amp -21.51 8.38 38.87 7.54 5.15 

Cobourg Spring Amp -20.96 7.71 39.15 8.07 4.85 

Cobourg Spring Amp -21.79 8.50 40.18 8.30 4.84 

Cobourg Spring Amp -20.68 9.01 41.14 8.02 5.13 

Cobourg Spring Chir -33.21 -1.30 46.96 8.35 5.63 

Cobourg Spring Hemi -20.32 8.10 37.01 8.02 4.61 

Cobourg Spring Hemi -21.00 12.22 43.58 11.62 3.75 

Cobourg Spring Hemi -20.73 12.48 45.60 10.74 4.25 

Cobourg Spring Hemi -20.84 12.36 47.68 12.84 3.71 

Cobourg Spring Hemi -21.66 11.76 48.75 12.17 4.01 

Cobourg Summer Amp -21.48 7.75 31.83 6.04 5.27 

Cobourg Summer Amp -23.24 8.78 34.51 6.59 5.24 

Cobourg Summer Amp -22.97 8.36 35.14 6.27 5.60 

Cobourg Summer Amp -23.62 8.63 36.63 6.93 5.28 
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Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Cobourg Summer Amp -22.72 7.84 36.76 7.16 5.13 

Cobourg Summer Amp -23.49 7.97 36.90 6.26 5.89 

Cobourg Summer Amp -23.53 8.80 37.14 7.30 5.09 

Cobourg Summer Amp -24.02 8.99 38.49 7.22 5.33 

Cobourg Summer Amp -19.11 8.25 39.14 5.63 6.95 

Cobourg Summer Amp -19.90 7.53 41.96 6.63 6.33 

Cobourg Summer Chir -18.66 7.09 38.74 7.93 4.89 

Cobourg Summer Chir -16.09 6.91 39.14 7.72 5.07 

Cobourg Summer Chir -18.54 5.76 41.03 8.12 5.05 

Cobourg Summer Chir -20.90 7.25 41.27 7.20 5.73 

Cobourg Summer Chir -17.98 3.95 43.34 8.84 4.90 

Cobourg Summer Chir -18.25 4.62 44.64 9.82 4.55 

Cobourg Summer Chir -19.14 4.94 45.75 9.68 4.73 

Cobourg Summer Chir -19.08 7.77 48.34 9.35 5.17 

Cobourg Summer Dreis -21.25 12.46 40.11 9.32 4.30 

Cobourg Summer Dreis -25.93 6.96 42.26 8.03 5.26 

Cobourg Summer Dreis -26.60 6.31 48.75 11.95 4.08 

Cobourg Summer Dreis -26.42 6.78 48.99 10.85 4.51 

Cobourg Summer Dreis -26.47 6.66 49.30 11.36 4.34 

Cobourg Summer Dreis -28.20 4.61 50.07 10.62 4.71 

Cobourg Summer Dreis -26.44 7.12 50.07 10.99 4.56 

Cobourg Summer Dreis -27.71 7.05 50.31 9.21 5.46 

Cobourg Summer Hemi -22.81 8.81 44.78 10.76 4.16 

Cobourg Summer Hemi -21.56 9.34 44.80 11.78 3.80 

Cobourg Summer Hemi -22.54 9.63 45.58 10.75 4.24 

Cobourg Summer Hemi -23.88 8.58 47.29 11.52 4.11 

Cobourg Summer Olig -19.70 6.86 36.15 7.19 5.03 

Cobourg Summer Olig -20.12 5.49 38.65 7.12 5.43 

Cobourg Summer Olig -19.34 6.48 46.49 8.31 5.59 

Cobourg Fall Amp -23.32 7.69 36.29 7.32 4.96 

Cobourg Fall Amp -23.66 8.18 37.04 7.07 5.24 

Cobourg Fall Amp -24.17 7.71 38.18 6.98 5.47 

Cobourg Fall Chir -18.97 6.88 35.11 7.15 4.91 

Cobourg Fall Chir -18.46 6.73 40.74 8.30 4.91 

Cobourg Fall Chir -18.74 7.08 42.87 8.76 4.89 

Cobourg Fall Dreis -26.12 5.33 39.91 7.36 5.43 

Cobourg Fall Dreis -27.93 5.27 47.64 8.79 5.42 

Cobourg Fall Dreis -28.00 6.50 50.30 9.64 5.22 
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Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Cobourg Fall Dreis -28.03 4.47 50.38 10.30 4.89 

Cobourg Fall Hemi -19.26 10.19 45.23 11.58 3.91 

Cobourg Fall Olig -24.16 6.86 40.29 8.54 4.72 

Waupoos Spring Amp -19.81 8.42 39.54 7.26 5.44 

Waupoos Spring Amp -19.47 9.02 42.34 7.43 5.70 

Waupoos Spring Chir -28.05 7.23 45.51 8.46 5.38 

Waupoos Spring Dreis -20.19 7.86 27.71 4.96 5.59 

Waupoos Spring Dreis -23.24 7.69 44.36 11.00 4.03 

Waupoos Spring Dreis -23.94 8.59 45.02 10.01 4.50 

Waupoos Summer Amp -19.06 8.85 30.04 6.00 5.01 

Waupoos Summer Amp -18.70 9.30 31.17 6.39 4.88 

Waupoos Summer Amp -21.50 8.41 35.19 6.83 5.15 

Waupoos Summer Amp -18.09 7.74 35.45 7.33 4.83 

Waupoos Summer Amp -20.52 8.86 38.88 7.36 5.28 

Waupoos Summer Amp -19.37 8.77 39.29 6.48 6.06 

Waupoos Summer Chir -18.93 7.16 38.02 6.89 5.52 

Waupoos Summer Chir -19.32 7.38 40.00 8.30 4.82 

Waupoos Summer Chir -20.67 8.85 46.64 11.42 4.08 

Waupoos Summer Dreis -16.16 7.61 15.76 1.86 8.46 

Waupoos Summer Dreis -19.18 7.97 33.87 7.07 4.79 

Waupoos Summer Dreis -20.16 7.99 37.61 7.83 4.81 

Waupoos Summer Dreis -26.51 7.50 46.89 10.03 4.67 

Waupoos Summer Dreis -20.26 6.86 47.28 11.91 3.97 

Waupoos Summer Dreis -23.94 8.27 47.75 10.08 4.74 

Waupoos Summer Dreis -25.29 6.92 47.89 9.83 4.87 

Waupoos Summer Dreis -25.32 6.87 48.15 9.40 5.12 

Waupoos Summer Dreis -26.84 6.70 49.45 11.18 4.42 

Waupoos Summer Dreis -27.57 7.38 52.33 10.58 4.95 

Waupoos Summer Dreis -28.41 7.01 54.41 9.69 5.62 

Waupoos Summer Dreis -28.52 7.12 54.69 9.61 5.69 

Waupoos Summer Hemi -20.44 8.88 33.41 7.12 4.69 

Waupoos Summer Hemi -21.20 9.89 35.60 7.17 4.97 

Waupoos Summer Hemi -20.77 10.74 45.15 11.57 3.90 

Waupoos Summer Hemi -21.23 10.70 45.18 10.33 4.37 

Waupoos Summer Hemi -22.95 10.03 45.99 9.73 4.73 

Waupoos Summer Hemi -19.14 11.10 46.44 12.16 3.82 

Waupoos Summer Hemi -20.61 11.14 46.63 11.28 4.13 

Waupoos Summer Hemi -19.16 10.56 47.04 11.29 4.17 
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C (‰) δ
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N (‰) %
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C %
15

N C:N 

Waupoos Summer Hemi -21.81 8.93 47.47 10.30 4.61 

Waupoos Summer Olig -19.97 8.54 28.42 5.81 4.89 

Waupoos Summer Olig -19.15 7.84 37.71 8.18 4.61 

Waupoos Summer Olig -18.97 6.52 43.51 7.53 5.78 

Waupoos Summer Zoop -23.75 7.96 46.13 8.65 5.34 

Waupoos Summer Zoop -22.21 9.96 49.15 11.05 4.45 

Waupoos Summer Zoop -22.05 10.05 49.60 10.32 4.81 

Waupoos Fall Amp -13.51 9.53 34.22 6.68 5.12 

Waupoos Fall Amp -13.69 9.67 36.40 7.21 5.05 

Waupoos Fall Amp -13.63 8.63 37.78 8.29 4.56 

Waupoos Fall Amp -18.36 8.84 38.28 7.51 5.10 

Waupoos Fall Amp -17.61 8.90 38.78 7.93 4.89 

Waupoos Fall Amp -15.72 9.33 39.53 9.48 4.17 

Waupoos Fall Amp -16.84 9.28 39.58 7.41 5.34 

Waupoos Fall Chir -16.47 9.95 34.83 7.71 4.52 

Waupoos Fall Chir -20.08 6.96 39.05 8.26 4.73 

Waupoos Fall Chir -17.96 9.39 41.32 9.67 4.27 

Waupoos Fall Chir -18.08 9.14 42.58 9.93 4.29 

Waupoos Fall Chir -17.89 8.93 43.79 10.00 4.38 

Waupoos Fall Chir -18.13 8.33 44.60 10.11 4.41 

Waupoos Fall Chir -24.06 6.77 46.85 11.07 4.23 

Waupoos Fall Dreis -22.15 8.23 46.47 10.39 4.47 

Waupoos Fall Dreis -22.80 8.57 47.29 10.86 4.36 

Waupoos Fall Dreis -22.40 8.45 49.02 10.84 4.52 

Waupoos Fall Hemi -16.89 11.68 45.47 10.18 4.47 

Waupoos Fall Hemi -19.11 11.45 45.91 11.05 4.15 

Waupoos Fall Hemi -19.01 11.58 47.22 12.19 3.87 

Waupoos Fall Hemi -20.83 10.49 47.27 10.89 4.34 

Waupoos Fall Hemi -19.98 11.15 48.33 12.10 3.99 

Waupoos Fall Olig -20.92 8.98 32.43 6.84 4.74 

Waupoos Fall Olig -22.38 10.44 46.01 9.71 4.74 

Waupoos Fall Olig -20.00 7.41 46.17 8.90 5.19 

Waupoos Fall Olig -21.93 8.56 46.56 9.66 4.82 

Waupoos Fall Olig -21.85 8.19 46.95 9.96 4.71 

Waupoos Fall Olig -20.80 8.15 48.21 11.63 4.15 

Waupoos Fall Olig -21.82 8.22 48.63 10.21 4.76 

Waupoos Fall Zoop -19.08 10.15 36.14 5.82 6.21 

Waupoos Fall Zoop -20.57 10.19 40.38 7.57 5.34 



 

 

 

135 

Site Season SPC δ
13

C (‰) δ
15

N (‰) %
13

C %
15

N C:N 

Waupoos Fall Zoop -23.26 10.11 46.96 10.68 4.40 

Waupoos Fall Zoop -24.83 13.15 49.23 10.71 4.60 

Waupoos Fall Zoop -25.69 14.77 49.62 11.21 4.43 

Waupoos Fall Zoop -25.62 14.49 51.41 11.63 4.42 

Waupoos Fall Zoop -25.96 12.46 51.57 12.36 4.17 

Waupoos Fall Zoop -27.34 11.78 52.24 11.68 4.47 

Waupoos Fall Zoop -27.45 12.10 52.36 11.39 4.60 

 


