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Abstract 

As a result of the legacy of industrial contamination over the last century, areas of sediment 

deposition in the St. Lawrence River at Cornwall, ON, contain high concentrations of mercury (Hg). 

The popular sport-fish species, yellow perch (Perca flavescens) and walleye (Sander vitreus) have 

been found to contain mercury concentrations exceeding Ontario Ministry of Environment 

consumption guidelines. Interestingly, a paradox exists between two contaminated sites – despite 

elevated sediment Hg concentrations at Zone 2, fish from Zone 1 contain higher Hg concentrations. 

Further research has indicated that these patterns of Hg were not attributed to growth rate, condition 

factor, diet composition, or trophic position of yellow perch. Rather, Hg concentrations in yellow 

perch may be described by the heterogeneity of prey contamination and fish bioenergetics. As a 

result of the paradox between total Hg (THg) concentrations in sediments and biota between two 

contaminated sites, it was necessary to examine the benthic invertebrate community and how it may 

transfer Hg from sediments to yellow perch. This apparent paradox now extends to all prey items, 

since prey items from the stomach contents of yellow perch caught in Zone 1 were significantly more 

contaminated than those of Zone 2. Use of δ N and δ C, measures of trophic position and energy 

source, respectively, indicated that prey selection, but not food chain length, may also be an 

important factor in explaining the variation in Hg burdens in yellow perch. Small-scale patterns of 

biomagnification, as shown by a comparison of δ N and logTHg, indicated that the rates of 

biomagnification were similar among zones, but the amount of THg present at the base of the food 

web was twice as high at Zone 1 as at other contaminated sites. Overall, the relative importance of 

vertical and horizontal food web structure changed spatially and temporally, highly influencing THg 

concentrations of prey items and yellow perch.   
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1.1 Hg in the Environment   

In recent years much attention has focused on understanding the global nature of 

mercury (Hg) and its potential for enhanced biological availability (Kamman et al. 2005a). Pre-

industrialization, natural sources of Hg accounted for the majority of Hg emitted to aquatic and 

terrestrial ecosystems, but since the onset of industrialization in the mid-nineteenth century, 

anthropogenic emissions of Hg have dominated (Schroeder and Munthe 1998). Sources such as 

fossil fuel and waste combustion, metallurgy, chlor-alkali production facilities, and gold mining are 

largely responsible for the increase of Hg in the environment to levels that can adversely affect 

humans and wildlife (Mierle 2001). Occasionally these industrial sources have resulted in the 

disastrous pollution of local ecosystems and human food supplies (Parsons and Percival 2005). 

For example, in Japan the Hg contamination of an aquatic ecosystem  caused thousands of 

deaths and illnesses with severe neurological effects (Risher 2004; Parsons and Percival 2005). 

Consumption advisories limiting the amount of fish a person can consume safely have since been 

developed for most inland freshwater bodies in North America. Currently, in Ontario, Hg 

contamination is responsible for 85.3% of consumption restrictions on sport-fish from over 1500 

inland water bodies (Ontario Ministry of the Environment (OME) 2007). Though much of the Hg in 

sediment, soils, surface water and atmospheric deposition is not bioavailable, when methylated it 

has the potential to bioaccumulate in organisms and biomagnify up food chains (Burgess 2005). 

Because methylmercury (MeHg) is the most bioaccumulative form and can biomagnify through 

terrestrial and aquatic food chains, its presence and behaviour in the environment is of critical 

interest and importance (Watras et al. 1998). Over the past few decades, environmental problems 

associated with Hg pollution have led to tighter controls of Hg emissions and the reduction of the 

usage of Hg in many products and processes. Still, there are many ecosystems that continue to 

be haunted by the legacy of industrial contamination.  

 

 

 

 2



 

1.1.1 Area of Concern – St. Lawrence River, Cornwall, ON 

The St. Lawrence River along the waterfront at Cornwall, Ontario is an aquatic 

ecosystem that has experienced localized degradation of water quality and bottom sediments as 

a result of industrial activities (Biberhofer and Rukavina 2002). Located in the north channel of the 

St. Lawrence River, the near-shore bathymetry has been significantly modified over the past 

century as a result of shipping, hydroelectric damming, as well as regional industrial and 

municipal development, including landfill sites (Biberhofer and Rukavina 2002). As a result, areas 

of fine-grained sediment deposition were created and, as such, these areas now act as 

repositories for metals, including Hg, and other contaminants originating from historical industrial 

discharges (Biberhofer and Rukavina 2002). Despite the closure of the three major industrial 

sources Hg to the river, and although Hg concentrations have decreased in surficial sediments, 

concentrations in sediments remain high, above the Lowest Effects Level (LEL) and Severe 

Effects Level (LEL) of 200 and 2000 ng/g THg (dw), respectively (Ion et al. 1997; Golder 

Associates 2004). As a consequence, the sediments are a potential source of Hg to the river 

system and food web. With sediment Hg concentrations that exceed most of the national and 

provincial criteria for the protection of aquatic life, the stretch of the St. Lawrence River 

approximately 80 km long, from the Moses-Saunders power dam to the eastern outlet of Lake St 

Francis in Quebec was designated an Area of Concern by the International Joint Commission 

(IJC) in 1985 (FIGURE 1-1) (Grapentine et al. 2003). As a result of past industrial activities, Hg 

contaminated sediments continue to affect the ecosystem along the Cornwall waterfront.  

 

1.1.2  Sources and Fate of Hg 

The distribution and transport of Hg throughout the environment depends on its chemical 

form. The three most significant chemical forms known to occur in the environment are gaseous 

elemental Hg (Hg0) which has a high vapour pressure and a low solubility in water, divalent 

inorganic Hg (Hg2+) which has a strong affinity for many inorganic and organic ligands, especially 

those containing sulfur, and MeHg (CH3Hg+) which can bioaccumulate readily in organisms 

because of its ability to cross cell membranes (Lindqvist and Rodhe 1985). Mercury in the 
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atmosphere is primarily present as Hg0 (>95%) and has the potential for long range transport 

because of its relatively long atmospheric residence time of 0.5 – 3 years (Lindqvist and Rodhe 

1985; Schroeder and Munthe 1998; Lin et al. 2001). As a result, Hg0 is fairly well distributed in the 

troposphere (United States Environmental Protection Agency [USEPA] 1997). Once in the 

atmosphere, Hg0 is oxidized to Hg2+ which can be adsorbed to aerosols or water droplets and 

precipitate as particulate deposition (Perry et al. 1995; Kamman et al. 2005a). This process 

allows the ‘grasshopper effect’ to occur where Hg2+, adsorbed to aerosols or water droplets, is 

carried to cooler, higher-latitude areas, and condenses when the temperature drops (Environment 

Canada 1998). This process is repeated in "hops" and distributes Hg globally. As a result, 

atmospheric Hg deposition, along with inputs of Hg from terrestrial runoff and outflow from 

shoreline industries, has contributed significantly to the loading of Hg to freshwater ecosystems 

and watersheds (USEPA 1997; Babiarz et al. 1998; Vanarsdale et al. 2005).  

 

1.1.3 Distribution in Aquatic Ecosystems 

The rate of Hg loading to freshwater ecosystems is influenced by direct Hg input from the 

atmosphere and industrial sources, but transport and deposition of Hg throughout the watershed 

are influenced indirectly by many physicochemical factors (Vanarsdale et al. 2005). Once Hg has 

entered the freshwater system, it is able to bind with organic ligands (dissolved organic material 

and/or C [DOM and DOC]) or inorganic ligands (Cl-, OH-, and  S2-) (Krabbenhoft et al. 2005). The 

complexing behaviour of Hg with inorganic ligands limits the mobility of Hg within the sediment. 

However, the opposite is true for organic material: the concentration of bioavailable Hg in 

sediments is positively correlated with the amount of organic matter available (Lambertson and 

Nilsson 2006). At the sediment-water interface, Hg can also be methylated by sulfate reducing 

bacteria (SRB) to the more bioavailable form, MeHg (Kamman et al. 2005a). The formation of 

MeHg in aquatic systems is complex and the relationships between Hg input, sediment chemistry 

and overlying water conditions are important in the production and distribution of MeHg (Bloom et 

al. 1999; Kamman et al. 2005a).  
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1.1.4 Factors Affecting Methylation/Bioavailability 

Methylation of Hg2+ is the most toxicologically significant transformation in the 

biogeochemical cycle of Hg because it greatly enhances the bioavailability and toxicity of Hg, 

allowing it to biomagnify through food webs (Kamman et al. 2005b; Krabbenhoft et al. 2005). 

Specifically, methylation involves the transformation of Hg2+ (inorganic) to CH3Hg+ (organic) 

(FIGURE 1-2). The amount of MeHg present in an aquatic environment is a balance between 

methylation and demethylation processes that are affected by many chemical and physical 

factors which can control and change the rate at which either occurs (Zillioux et al. 1993).  

 Previous studies have identified that the area of greatest biotic methylation occurs in the 

very narrow zone of subsurface sediments where the oxic/anoxic transition exists, and where 

sulfate reducing bacteria (SRB) are in abundance (Gilmour et al. 1992; Parkman and Meili 1993; 

Benoit et al. 1998; Bloom et al. 1999; Eckley and Hintelmann 2006). Specifically, bacteria which 

process sulfate (SO4) can also convert Hg to MeHg. At the same time, demethylation occurs 

through the processes of photodegradation and bacterial degradation in aquatic sediments 

(Eckley and Hintelmann 2006; Lambertson and Nilsson 2006). Though most evidence indicates 

that the main processes responsible for methylation are biotic, abiotic factors also influence the 

availability of sediment–bound Hg to SRB including redox conditions, pH, DOC, SO4, and 

temperature (Parkman and Meili 1993; Celo et al. 2005; Chen et al. 2005). Chen et al. (2005) 

found that pH, DOC, acid neutralizing capacity and SO4 were negatively correlated with 

methylation and the bioavailability of Hg to food webs. These four chemical and physical factors 

can also affect the methylating activity of SRB and thus control methylation rates (Ullrich et al. 

2001). However, these variables are covariates. When examined in combination or with other 

variables, complex and conflicting relationships emerge. Accordingly, the relationships among 

temperature, DOC, pH and SO4 and Hg methylation make it difficult to predict their effects on Hg 

methylation. Because of these relationships, it is crucial to understand the processes underlying 

the cycling of Hg in freshwater sediments in order to predict and prevent the contamination of 

aquatic food webs. 
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1.2. Food Web Hg Bioaccumulation & Biomagnification  

Biomagnification occurs as a result of the increase in concentration of a contaminant in a 

food chain as a consequence of bioenergetics and its very slow excretion/degradation 

(International Union of Pure and Applied Chemistry [IUPAC] 1996). With each step of the food 

chain, MeHg concentrations increase about two to five times and as such, the length and 

complexity of food webs will directly affect the degree of biomagnification in aquatic ecosystems 

and their terrestrial predators (Morel et al. 1998). In terms of energy transfer between trophic 

levels, the net energy efficiency is only about 10% because with each transfer some of the usable 

energy is degraded and lost to the environment as low-quality heat (Spacie and Hamelink 2001). 

As a result, only a small portion of what is consumed and digested is converted into an 

organism’s biomass, and the amount of usable energy available to each successive trophic level 

declines as more prey need to be consumed in order to fulfill a predator’s energy requirements. 

Therefore, the higher the trophic level, the greater body burdens of MeHg since MeHg is not 

degraded between trophic levels, hence biomagnification (Spacie and Hamelink 2001).  

After consumption of 203Hg labeled invertebrates, MeHg retention in redear sunfish 

(Lepomis microlophus) and mosquitofish (Gambusia affinis) was between 75 and 90% of their 

body burdens after depuration (Pickhardt et al. 2006). Therefore, high assimilation efficiency 

exists between these two trophic levels and over time greater concentrations of MeHg could 

accumulate. Food chain length can also contribute significantly to the biomagnification of Hg. 

Comparing Hg concentrations and stable isotopes of N, a measure of trophic status, Cabana et 

al. (1994) demonstrated that the high variability in Hg concentrations of lake trout (Salvelinus 

namaycush) from twenty-four different lakes in the Canadian Shield could be attributed to the 

number of trophic levels within each lake.  

Sediments play an important role in distributing and recycling Hg since they contain an 

enriched pool of Hg that, when methylated, can become available to biota. Consequently, any 

organisms that are common in freshwater bottom substrates, such as amphipods and isopods, 

would be directly exposed to Hg . Typically, juvenile and adult amphipods and isopods feed on 

dead organic matter, algae, and microbial foods that are associated with sediments, periphyton 
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and macrophytes (Summers et al. 1997; Covich and Thorpe 2001). As a result of their habitat and 

the exploitation of a wide range of food resources, as herbivores, detritivores, opportunistic 

scavengers and sometimes predators depending on the availability and quality of food items, 

amphipods and isopods can be exposed to Hg contamination both directly and indirectly (MacNeil 

et al. 1997; Kelley et al. 2002).  

Because benthic macroinvertebrates feed on a variety of materials, and can incorporate 

chemical constituents from their food, they are important for research on water-quality monitoring 

(Covich and Thorpe 2001). Some believe that similar to fish, the primary uptake route of 

contaminants like Hg in invertebrates is through their diet (Parkman and Meili 1993; Wong et al. 

1997; Pennuto et al. 2005). As a result, in areas of sediment Hg contamination, benthic 

macroinvertebrates have a high direct exposure to Hg, favoured by the high Hg concentrations in 

their physical environment (sediments, pore water, and overlying water) and diet. Also, as a result 

of high ingestion rates required by the low food quality of detrital organic matter, increase their 

exposure to Hg (Parkman and Meili 1993; Lawrence and Mason 2001).  

The primary route of MeHg exposure to fish is dietary, since benthic invertebrates serve 

as a major food source for age 0 – 4 forage fish such as yellow perch (Perca flavescens), they 

are an important link between contaminants in either the surrounding water or sediment, and 

higher trophic levels (Parkman and Meili 1993; Hall et al. 1997). Biomagnification of MeHg in the 

aquatic food web occurs efficiently because MeHg is lipid-soluble and more readily assimilated in 

the soft tissues of benthic macroinvertebrates than in the exoskeleton where Hg2+ is concentrated 

(Wright et al. 1991; Pickhardt et al. 2006). Specifically, less than 60% of THg present in 

invertebrate tissue is MeHg, though the proportion can vary depending on the degree of 

contamination of the ecosystem, the type of invertebrate examined and its functional feeding 

group; whereas in fish, predators of invertebrates, 90 – 95% of THg is MeHg (Wren and 

Stephenson 1991;Tremblay et al. 1996; Bloom 1992). In order for MeHg uptake to occur, 

solubilized MeHg is absorbed by the intestinal tissue and transferred across the epithelial tissue 

to the blood for redistribution to the body. Over time, MeHg in fish is gradually redistributed from 

the gut contents to skeletal muscle where it binds to sulfhydryl groups in protein and remains 
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immobile until tissue turnover occurs (Leaner and Mason 2002; Burgess 2005; Pickhardt et al. 

2006). Though fish MeHg exposure is primarily through the diet, MeHg can also be produced 

within the fish’s gastrointestinal tract and on the external slime layer; however, it is generally 

understood that these MeHg contributions are minimal (Rudd et al. 1980).  

Given that dietary uptake is the primary pathway for MeHg exposure for fish and 

invertebrates, it is not surprising that piscivorous predators, the next level in the food chain, can 

be exposed to high concentrations of MeHg through their diet. For example, common loons 

(Gavia imer) who prey on yellow perch and some aquatic invertebrates, can be exposed to 

reproductively toxic concentrations of Hg (Burgess and Hobson 2006). In fish, most Hg is 

sequestered to the sulfhydryl groups in skeletal muscle protein and away from essential organs 

where it could have great toxicological effects (Giblin and Massaro 1973; Burgess 2005). But loon 

eggs from lakes in Kejimkujik National Park, contain between 87 – 99% MeHg and loon chick 

brain tissue contains 96 – 100% MeHg (Evers et al. 2003; Burgess 2005). In fact, 92% of adult 

loons sampled had blood Hg concentrations in the ‘extra-high risk’ category (>4 mg/kg) (Evers et 

al. 1998). These concentrations are especially important because MeHg can readily penetrate the 

blood-brain barrier, at these high concentrations of Hg, many behavoural, physiological and 

neurological effects such as brain lesions and central nervous system dysfunctions can occur, as 

well as reproductive problems (Wolfe et al. 1998; Chan et al. 2003).  

 

1.3. Diet Analysis 

1.3.1 Stomach Content Analysis  

Most of the MeHg burden accumulated by fish is of dietary origin. As a consequence, 

food web structure is a major factor that can influence Hg concentrations found in top trophic level 

predators (Cabana and Rasmussen 1994; Pickhardt et al. 2006). In particular, bioaccumulation 

occurs when the Hg concentrations among prey items consumed exceeds the rate of depuration 

and excretion of Hg from the predator (Morel et al. 1998). Therefore, it is important to understand 

and determine specific trophic interactions through dietary consumption of prey items.  
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Many methods to describe stomach contents exist: each with positive and negative 

attributes. Because stomach content analysis (SCA) provides only a snapshot of what the 

predator is eating, it can be biased toward less digested prey items, is limited by the researcher’s 

ability to identify prey items and is restricted to predators that have only recently fed (Fowlie et al. 

2006). On the other hand, SCA is most useful in determining an accurate taxonomic assessment 

of prey consumed by fish. For example, a distinct dichotomy exists between species composition 

of prey within stomach contents of yellow perch and dredge sample species composition in the 

St. Lawrence River at Cornwall, ON (Gerrish 2005). Specifically, yellow perch selected 

crustaceans such as amphipods and crayfish as a large part of their diet, whereas dredged 

samples indicated that aquatic worms, snails and chironomids would be preyed upon because 

they were most abundant in sediments (Gerrish 2005). Accordingly, the level of selection 

exhibited by yellow perch indicates that it is not appropriate to assume that fish are consumers of 

invertebrate taxa based only on their environmental abundance. Yellow perch are highly selective 

predators of invertebrates and as such, stomach content analysis will provide the best estimate of 

which specific prey items contribute to the biomagnification of Hg in this system. 

However, no SCA is able to give a complete picture. Hyslop (1980) recommends using a 

combination of methods to obtain the most accurate depiction of diet analysis by using at least 

one measure of the occurrence of prey items and at least one other measure of the amount of 

material through volumetric or gravimetric analysis. Further, no matter the method(s) employed, 

significant items in the diet will be obvious and through the use of other analytical techniques a 

complete representation of diet can be obtained (Hyslop 1980). 

 

1.3.2. Stable Isotope Analysis (SIA) 

Unlike SCA, which provides a limited snapshot of feeding habits, stable isotope ratios of 

N (15N/14N) and C (13C/12C) are powerful tools used to describe structure and energy sources of 

aquatic food webs since they provide a time-integrated view of diet (Power et al. 2002). 

Accordingly, the determination of stable C (δ13C) and N (δ15N) isotope ratios has increasingly 

been used to elucidate trophic interactions in aquatic ecosystems. Stable isotopes are excellent 
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indices of food web complexity and are an effective tool for detecting subtle changes in food web 

structure as a result of ontogenic shifts and species invasions (Vander Zanden et al. 1999). This 

technique is based on the premise that δ15N and δ13C of an organism reflect the isotopic values of 

the food consumed after fractionation through feeding, food processing and excretion processes 

(DeNiro and Epstein 1978; DeNiro and Epstein 1981; McCutchan et al. 2003).  

 

1.3.2.1 Stable Isotopes of Nitrogen (δ15N) 

The use of δ15N allows for a continuous measure of trophic behaviour over the time 

period of tissue turnover where the enrichment of 15N between an organism and its prey is a 

result of the preferential excretion of the lighter isotope 14N (DeNiro and Epstein 1981; Minagawa 

and Wada 1984). In fact, many studies have shown a consistent 3 – 5‰ shift in δ15N with each 

subsequent trophic level (Cabana and Rasmussen 1994; Vander Zanden et al. 2000). δ15N is a 

particularly useful measure of a fish’s relative trophic position because it provides a continuous 

measure of trophic position over months/years; whereas stomach content data are often 

unavailable or limited to one feeding, and do not reflect seasonal variations and ontogenic shifts 

in diet (Peterson and Fry 1987; Power et al. 2002). 

 

1.3.2.2 Stable Isotopes of Carbon (δ13C) 

Unlike 15N, 13C tends to be conserved from prey to predator allowing any differences in 

δ13C among organisms to provide valuable insight into sources of energy and its flow through 

ecosystems (DeNiro and Epstein 1978). As such, δ13C can distinguish between different food 

sources in aquatic ecosystems by differentiating between benthic and pelagic food webs (France 

1995a). In freshwater littoral ecosystems, organisms associated with the benthic food chain are 

less negative δ13C relative than those belonging to the planktonic food chain (Hecky and Hesslein 

1995). 
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1.3.2.3 Predictors of Contaminants  

The increase in the concentrations of Hg and other biomagnifying contaminants in a 

predator over its prey has been difficult to assess because an organism’s diet often consists of 

prey from several different trophic levels, and varies seasonally with prey availability (Kidd et al. 

1995b). As such, trophic relationships of freshwater biota as defined by δ15N are being used as 

indicators of contamination in organisms. Specifically, δ15N can be used to predict concentrations 

of organochlorines over a range of trophic levels from zooplankton to burbot (Lota lota) (Kidd et 

al. 1995a). Since δ15N can be related to concentrations of contaminants such as organochlorines 

and Hg, contaminant concentrations can be predicted and rates of biomagnification can be 

assessed.   

Also, δ13C can be used to determine contamination levels. For instance, the 

biomagnification of organochlorine, Hg, and DDT, respectively, was greater in pelagic food webs 

of a sub-alpine lake, a sub-arctic lake, and a sub-tropical lake compared to benthic food webs 

(Campbell et al. 2000; Power et al. 2002; Kidd et al. 2001). In particular, lake trout, from a sub-

alpine lake, with more negative δ13C values were more highly correlated with organochlorine 

concentrations than mountain whitefish (Prosopium williamsoni ) which fed in the littoral zone 

(Campbell et al. 2000). Similarly, species connected to the benthic food chain in a sub-Arctic lake 

had lower Hg concentrations than species connected to the pelagic food chain, indicating that 

that species Hg contamination was inversely related to δ13C (Power et al. 2002). The 

biomagnification of DDT was also higher in the pelagic food web of Lake Malawi due to higher 

inputs of DDT at the base of this food web (Kidd et al. 2001).  

 

1.3.3 SCA and SIA as Complementary Diet Analysis Methods 

SCA reflects direct consumption, while SIA reflects prey assimilation. Stomach content 

data provides information on prey taxonomy and size composition but reflects only a snapshot of 

fish feeding, and temporal variation in diet is not often adequately considered (Reñones et al. 

2002; Vander Zanden and Vadeboncoeur 2002), whereas stable isotope data provides temporally 

integrated information on diet and reflects the foods that are assimilated by the consumer 
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(Reñones et al. 2002). The combined use of δ13C and δ15N and SCA may be important to 

understand the details of the impacts of contaminants on fish communities as they are influenced 

by habitat use and/or food web complexities (Power et al. 2002). Together SCA and SIA are 

complementary and provide an accurate and robust analysis used to understand complex food 

web structures (Vander Zanden and Vadeboncoeur 2002;  Jardine et al. 2003).  

 

1.4 Site Description 

As a result of draining the most industrialized region in North America, over the past 

century the St. Lawrence River has been subjected to degradation of water and sediment quality 

(Reavie et al. 1998; Carignan and Lorrain 2000). Much of the river flow at Cornwall (95%) 

originates from Lake Ontario located more than 200 km upstream (Dreier et al. 1997). Also, the 

river is considered to be well mixed, and river discharge flow is regulated by the Moses-Saunders 

Power Dam (built 1954 – 1958) averaging 7300 m3/s (Dreier 2000). Below the dam, the St. 

Lawrence River splits into two channels at the western end of Cornwall Island, with one-third of 

the flow passing by the Cornwall waterfront, and rejoins into a single channel downstream of Isle 

St. Regis (Dreier 2000). As a result of historical changes to bathymetry, zones of sediment 

deposition were created and, as such, fine-grained sediment deposits in this area act as 

repositories for contaminants (Biberhofer and Rukavina 2002). 

The St. Lawrence River along the waterfront at Cornwall, Ontario has experienced 

localized degradation of water quality and bottom sediments as a result of industrial activities and 

has since been named as an AOC (Biberhofer and Rukavina 2002). The three primary industrial 

dischargers were (1) ICI Forest Products (1935-1995), a chlor-alkali plant which used a Hg cell 

process to convert salt to sodium hydroxide and chlorine by electrolysis; (2) Domtar Fine Papers 

(1881-2006), a pulp and paper mill that used Hg as a slimicide to kill moulds growing on wood 

fibres; and (3) Courtaulds Fibers (1925-1992), a rayon manufacturer that used Hg-containing 

sodium hydroxide and sulphuric acid in its manufacturing process (Dreier 2000). On the southern 

side of the St. Lawrence River in the United States, many industrial activities have also 

contributed contaminants to the river. Specifically, ALCOA (opened 1903) and Reynold’s Metals 

 12



 

CO (opened 1958) are both aluminum smelters and fabrication plants, and GM Powertrain 

Division (opened 1959) is an aluminum car parts manufacturer (Dreier et al. 1997). These 

industries are believed to be the largest sources of PCBs to the St. Lawrence River between Lake 

Ontario and Québec (Dreier et al. 1997). Municipal sewage treatment plants on both sides of the 

river also contribute contaminants to the waterway (Dreier et al. 1997). 

Until the 1995 closure of ICI Forest Products, the chlor-alkali plant released 85 g/day of 

Hg into its liquid effluent and 195 g/day through air emissions (Dreier et al. 1997). However in the 

past, much greater discharges of at least 410 g/day were emitted from ICI industrial operations 

(Dreier et al. 1997). In addition, it is estimated that in 1990 Courtaulds Fibres released an 

average of 74 g/day of Hg into the river (Dreier et al. 1997). However, pollutant inputs into the St. 

Lawrence River have decreased considerably over the past 25 years in large part to 

environmental legislation aimed at reducing point-source loading to the river and limiting the 

amount of Hg discharged in liquid effluent which forced industry to alter operating practices (Ion 

et al. 1997; Dreier  2000).  

 

1.4.1 Area of Concern 

The IJC specified three zones of sediment deposition along the Cornwall waterfront 

where THg concentrations were highest (Dreier et al. 1997). Zones of deposition were formed 

where the river current slowed due to shoreline morphology allowing suspended particles and 

contaminants to settle. Along the waterfront at Cornwall, these areas are known for their 

heterogeneity in terms of sediment grain size and classification, ranging from fine-grained sands 

and clays to gravel (Biberhofer and Rukavina 2002). As a result of the construction of the Moses-

Saunders Power Dam as well as dredging, massive changes to the bathymetry of the waterfront 

occurred allowing these zones of fine-grained sediment deposition with associated Hg 

contamination to develop – Zones 1, 2 and 3 (FIGURE 1-3). One zone of deposition also occurs 

on the northern side of Cornwall Island and is considered a reference area (Zone 4) because 

sediment Hg concentrations do not exceed background levels (Richman 1999; Dreier 2000).  
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Sediment Hg concentrations in Zone 4, though located downstream of industrial Hg 

sources, are low because fast flowing river dynamics do not allow contaminant deposition to 

occur across the channel so close to the source. Specifically, the river has a high flow rate  and 

as such, advective flow properties likely prohibit contaminants from crossing the channel in large 

quantities. Any contaminants associated with fine particles are carried by advection within the 

current until it reaches a slower flow rate allowing deposition to occur in a diffuse manner.  It is 

likely that by the time the contaminants diffuse across the channel, they do so in small quantities 

and are spread over a wide geographic region. Since being identified, much focus has been on 

these four sites to determine the spatial extent and cycling of Hg. 

 

1.4.2. Sediment Heterogeneity 

Biberhofer and Rukavina (2002) emphasize that sedimentation occurs in all zones with 

significant spatial heterogeneity, making sampling difficult if it occurs at scales greater than the 

heterogeneity itself (Biberhofer and Rukavina 2002). This explains why there have been large 

differences in sediment Hg concentrations between studies (TABLE 1-1). For example, in one 

study in Zone 2 the average and standard deviation of THg in surface sediments was 2184 + 

1500 ng/g (Grapentine et al. 2003), but in a separate study only 811 + 574 ng/g of THg existed in 

the top 1cm (Delongchamp et al. 2006). Differences may have resulted from the spatial 

heterogeneity, as well as the accumulation of cleaner sediments on the surface allowing chemical 

contamination gradients to exist. Also, sediments accumulating in Zone 1 and 2 provide an 

accurate record of Hg inputs for a period of at least fifty years specifically reflecting the influence 

of governmental regulations on discharges as well as industry closure (Delongchamp et al. 2006).  

Especially in Zone 1, unique bathymetric and sediment features contribute to 

heterogeneity in sediment Hg concentrations. Specifically, a “windrow” of softwood fibre 

woodchips deposited before the mid-1970s that have since been covered by approximately 10cm 

of fine-grained sediment, may be an important area for high gas evasion (Biberhofer and 

Rukavina 2002).It has been estimated that approximately 72% of the fine-grained sediments in 

Zone 1 have high gas content (Biberhofer and Rukavina 2002). Methanogenesis could be 
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responsible for this gas evasion especially since CH4 flux in Zone 1 was 1.36 times higher than 

Zone 2 (Delongchamp et al. 2006). These observations are important because high gas content 

of the sediment could affect the erodibility and resuspension of Hg making previously buried Hg 

more available for methylation..  

 

1.4.3 Hg in Biota 

Zooplankton biomass is low in the St. Lawrence River at Cornwall at 4 – 36 µg/L (Ridal et 

al. 2006). However, THg concentrations of these organisms reinforce the paradoxical relationship 

of higher concentrations of THg biota from Zone 1 even though sediment Hg contamination in 

Zone 2 is higher. Average July THg concentrations of zooplankton in Zone 1 (594 ng/g dw) are 

35% higher than zooplankton from Zone 2 (434 ng/g dw) (Ridal et al. 2006). Though zooplankton 

in the St. Lawrence River at Cornwall were accumulating Hg, their low abundance suggested that 

they were not a large food source to juvenile yellow perch and may not be the primary dietary 

route of Hg exposure (Ridal et al. 2006).  

Collections of biota along the Cornwall waterfront in recent years have yielded fish with 

levels of Hg that exceed OME consumption guidelines (Grapentine et al. 2003). In particular, a 

paradox exists between sediment and fish THg concentrations between Zones 1 and 2: though 

Zone 2 sediments contain higher amounts of THg than Zone 1, yellow perch in Zone 1 

demonstrate an opposite trend (Fowlie et al. 2006). Evidence has demonstrated that Hg-length 

relationships differed significantly among zones and suggested that differences in Hg 

concentrations were a result of differences in Hg exposure, not fish size (Fowlie et al. 2006). Also, 

Hg concentrations in yellow perch were not a function of growth rate or condition since size 

ranges, length-weight and length-age relationships of yellow perch were similar among zones 

(Fowlie et al. 2006). Finally, no difference in trophic structure among zones was detected through 

the use of δ15N, and there was no difference in species composition of stomach contents among 

zones (Fowlie et al. 2006). Therefore, it has been hypothesized that these THg patterns in yellow 

perch might be explained by the heterogeneity of prey contamination (Fowlie et al. 2006).   
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Because biological variables and zooplankton as a dietary source of Hg to fish do not 

explain the differences among zones in yellow perch THg, there may be a unique point source of 

Hg. Further research indicated that in the central area of Zone 1, THg concentrations of spottail 

shiners were higher than areas on either side (Choy et al. 2007). Consistent with the theory that 

young-of-the-year fish have high site fidelity, these findings suggest a possible internal source of 

Hg.  

 

1.5 Study Objectives 

As a result of the legacy of industrial contamination over the last century, areas of 

sediment deposition in this region of the St. Lawrence River contain high concentrations of Hg. 

Yellow perch have been found to contain Hg concentrations exceeding OME consumption 

guidelines. Interestingly, a paradox exists between two contaminated sites – despite elevated 

sediment Hg concentrations at Zone 2, fish from Zone 1 contain higher Hg concentrations. As a 

result, the foundations were laid for the objectives of this thesis. 

Specifically, the first objective will be to describe the spatial and temporal patterns of Hg 

contamination in prey items of yellow perch as well as to determine the relationship between THg 

concentrations of stomach contents and yellow perch. I will use stomach content analysis to 

provide an accurate assessment of diet items, and THg analysis to determine the degree of Hg 

contamination in prey items. Next, δ15N and δ13C will be used to quantitatively describe the trophic 

position and energy source for prey items, respectively. The final objective is to determine the 

degree of biomagnification within each zone.   

 

 

 

 

 

 

 



  

Ontario Ministry of Environment 
1997a SLRIES 1999b Environment 

Canada 2001c 
University of 
Ottawa 2005d 

 0-3 cm 0-10 cm grab 0-10 cm top 1 cm core 
  mean  n mean  n mean  n mean  n mean  n 
Zone 1 1.16 + 0.52 3 1.23 + 0.46 3 2.1 + 0.89 3 0.216 + 0.14 5 0.63 + 0.90 3 
Zone 2 3.91 + 4.6 9 5.57 + 5.18 12 1.5 + 0.66 3 0.89 + 0.74 10 565.8 + 147.8 4 
Zone 3     4.5 + 3.5 8 0.84 + 0.8 2 811.4 + 573.7 2 
Zone 4             0.03 + 0.001 5     

TABLE 1-1: Mean and standard deviation of sediment THg concentrations from three contaminated zones (Zone 
1, Zone 2 and Zone 3), and one reference site (Zone 4) in the St. Lawrence River at Cornwall, ON. All THg 
concentrations are in µg/g. St. Lawrence River Institute of Environmental Sciences (SLRIES). 
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 c (Grapentine et al. 2003) 

 d (Delongchamp 2006)

 b (Ridal et al. 2003) 

 a (Richman 1999) 

1.6 Tables 

 

 

 

 



 

1.7 Figures 
Area of ConcernArea of Concern

Figure 1-1: The St. Lawrence River Area of Concern (Delong 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 FIGURE 1-2: The biomagnification of Hg in a typical aquatic 
food web with terrestrial predators (United States Department 
of the Interior, United States Geological Survey 2007).  
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FIGURE 1-3: Map of contaminated and reference zones in the St. Lawrence River at
Cornwall, ON (Delong 2007). 
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2.1 Introduction 

Over the past few decades, environmental problems associated with mercury (Hg) 

pollution have led to tighter controls of Hg emissions and a reduction in the usage of Hg in many 

products and process. However, there are many ecosystems that continue to be impacted by the 

legacy of industrial contamination. The St. Lawrence River at Cornwall, ON, is one such 

ecosystem. This area has been altered over the last century by shipping, hydroelectric damming, 

and regional industrial and municipal developments. Particularly, localized degradation of water 

quality and bottom sediments has occurred as a direct result of Hg contaminated effluent emitted 

by industries that have since closed (Dreier et al. 1997). These included Domtar Fine Papers, 

Cornwall Chemicals, and Courtaulds Fibers, a pulp and paper mill, a chlor-alkali plant, and a 

rayon manufacturing plant, respectively. Sediment Hg concentrations were elevated, exceeding 

most of the national and provincial sediment quality guidelines, that the area of the river 

stretching from Cornwall to the east end of Lake St. Francis was designated an Area of Concern 

(AOC) in 1985 by the International Joint Commission (Grapentine et al. 2003). The Remedial 

Action Plan (RAP) committee for the St. Lawrence River AOC has since identified four zones of 

sediment deposition along the Cornwall waterfront (FIGURE 1-2); three where sediment Hg 

concentrations exceeded the sediment criteria for the protection of aquatic life (Lowest Effect 

Level [LEL] and Severe Effect Level [SEL]) (Zones 1, 2 and 3), and one where contamination did 

not exceed background concentrations (Zone 4) (Golder Associates 2004).  

As a result of the high sediment Hg concentrations, the Hg contamination of benthos in 

this area has been identified in the AOC as an impairment directly related to contamination. In 

particular, total mercury (THg) concentrations in yellow perch from Zone 1 exceeded the 

guidelines for consumption and were 2-to-4 fold higher than THg concentrations from other 

contaminated and reference sites (Fowlie 2006). The distribution of THg concentrations in 

sediments and yellow perch presented a paradox: despite higher average sediment THg 

concentrations in Zone 2, yellow perch in Zone 1 had the higher THg concentrations 

(Delongchamp. 2006; Fowlie 2006). These patterns of THg were not attributed to differences 

among zones in growth rate, condition factor, diet composition or trophic position of perch (Fowlie 
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2006). Rather these patterns may be explained by the heterogeneity of prey contamination within 

and among zones (Fowlie 2006).   

Contaminated sediments are often a primary source of Hg to the aquatic food chain 

because bottom-dwelling organisms, such as benthic invertebrates, are exposed directly to such 

contamination (Bedard 1999; Lawrence and Mason 2001). These organisms generally contain 

more Hg than those in the water column because of the favoured combination of higher Hg 

concentrations in their diet as well as in their physical environment (Parkman and Meili 1993; 

Environment Canada 2003). As a result of this exposure, the inefficient energy transfer between 

trophic levels, and the very slow excretion/degradation of MeHg from an organism, MeHg has the 

potential to biomagnify in predatory fish like yellow perch (Perca flavescens), a common 

consumer of benthic invertebrates.   

From a bio-monitoring perspective, yellow perch are an excellent study organism 

because they are indigenous, well distributed, non-migratory, relatively tolerant to pollution, well 

adapted to mesotrophic conditions, and have high annual growth rates (Ion et al. 1997). Site 

fidelity of yellow perch has been documented. Sample location was a highly significant variable 

explaining differences in Hg in yellow perch from Kejimikujik National Park (Carter et al. 2001). 

They suggest that yellow perch stay within a relatively small range (1 – 2 km), rather than move 

amongst the connected lakes (Carter et al. 2001). Moreover, when migrations of yellow perch 

occur they are correlated with environmental changes associated with the diurnal cycle and 

seasonal succession (Pearse and Achtenberg 1920).  

Yellow perch are also unique from a dietary perspective. In the stomach contents of 

yellow perch, species composition and relative abundance of prey organisms were more similar 

to the composition and abundance of benthos than of the water column (Weisberg and Janicki 

1990). This suggested that yellow perch have highly selective diet preferences and that foraging 

may occur on the bottom sediments rather than in the water column (Weisberg and Janicki 1990).  

Since yellow perch are highly selective in their diet preference, environmental sampling 

alone may not accurately reflect the pattern of forage selectivity by yellow perch. By examining 

the contents of their stomachs, dietary preferences and exposure to THg can be determined 
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directly (Pearse and Achtenberg 1920; Gerrish 2005). Using this method, amphipods, Gammarus 

spp., were identified as the most important prey for yellow perch (Weisberg and Janicki 1990; 

Pothoven et al. 2000). In fact amphipods accounted for up to 50 – 70% of the diet biomass for 

yellow perch less than 200 mm in length, and were found in nearly 71% of age 0 and 1 yellow 

perch sampled from Lake Michigan (Weisberg and Janicki 1990; Pothoven et al. 2000). 

Amphipods were also useful indicators of contamination because they dwell at the sediment-

water interface, feed on suspended particulate matter, detritus and sediment where they can be 

directly exposed to contamination, and can act as a primary source of contamination to higher 

trophic levels (Amyot 1996; Lawrence and Mason 2001).   

To understand the origin of yellow perch Hg contamination and to attempt to explain the 

paradox between sediment and yellow perch THg concentrations among contaminated sites in 

the St. Lawrence River at Cornwall, Ontario, a comprehensive examination of the prey community 

using diet items was necessary to describe patterns of Hg contamination and transfer among 

trophic levels. Only a few studies have measured Hg concentrations in the invertebrate 

community in the St. Lawrence River at Cornwall. In the top 10 cm of sediments, chironomids 

accumulated the most THg, showed the greatest range of MeHg accumulation, and had 

concentrations similar to those in the underlying sediments (Grapentine et al. 2003). Also, THg 

concentrations in chironomids, snails and amphipods prey items varied among sites (Grapentine 

et al. 2003). As a result, it became apparent that THg exposure to yellow perch may be variable 

depending on zone of forage, and the prey type consumed. Since stomach content analysis 

(SCA) offers a measure of the direct relationship between prey and consumer, this approach will 

be used to identify important prey items by measures of occurrence and mass, the spatial and 

temporal patterns of Hg contamination in prey items, and their influence on the accumulation of 

THg in yellow perch.  
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2.2 Materials and Methods 

2.2.1 Sampling Areas  

Zone 1 is located 1.4 km downstream of the Domtar Fine Papers/ Cornwall Chemicals 

diffuser, is between 50 and 150 m wide and spreads approximately 600 m parallel to shore 

(Dreier 2000; Golder Associates 2004). Sediments in Zone 1 contained the highest percentage of 

MeHg of all sampled sites in the area, 6.3% of 625 ng/g THg (Delongchamp  2006). Zone 2 is 

about 2.2 km in length, is located about 2 – 3 km downstream of Zone 1, and is adjacent to the 

former Courtaulds Fibers industrial site. In previous studies, sediments in this zone were found to 

contain the highest average and standard deviation of THg concentrations. In the most recent 

study, sediments contained an average of 811 + 574 ng/g with 2.3% in the form of MeHg 

(Grapentine et al. 2003; Delongchamp 2006). Finally, Zone 4 is located on the northeast shore of 

Cornwall Island, across the channel from the City of Cornwall. Previous studies have shown that 

Hg concentrations in the upper 3 cm of sediment in this zone are less than the LEL and are 

similar to those at upstream reference sites (0.13 µg/g) (Richman 1999; Dreier 2000). 

 

2.1.1.1. Sediment Heterogeneity 

According to Biberhofer and Rukavina (2002) sedimentation of fine-grained particles 

occurs in all zones, with significant spatial heterogeneity. In Zone 2, one study found that surface 

sediments had an average THg concentration of 2184 + 1500 ng/g among twelve sampling sites, 

whereas another found an average of only 811 + 574 ng/g THg in the top 1 cm among four cores 

(Grapentine et al. 2003; Delongchamp 2006). Though the difference in THg concentrations 

between studies may have resulted from the accumulation of clean sediments and differences 

among core length (1 – 3 cm), the standard deviation was large (70% of the average for both 

studies) indicating that much sediment heterogeneity does exist within Zone 2.  

Heterogeneity was also evident in Zone 1 because of its unique bathymetric and 

sediment characteristics. In particular, an area of softwood fibre woodchips was deposited before 

the mid-1970s has since been covered by approximately 10 cm of fine-grained sediments 

(Delongchamp. 2006). This area of fine-grained sediments is known for high gas content that may 
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result from increased methanogenesis (Biberhofer and Rukavina 2002) and a CH4 flux 1.36 times 

higher than Zone 2 (Delongchamp. 2006). The increased CH4 flux in Zone 1 may also affect the 

erodibility and resuspension of Hg-contaminated sediment, making previously buried Hg more 

available to biota, and may explain why percent MeHg was greatest in this zone. 

 

2.2.2 Sample Collection 

Yellow perch were collected at six-week intervals between May and August in 2005 and 

2006 using a range of capture techniques including gill nets (two 15 m panels of 25 mm, 33 mm 

and 64 mm stretched mesh, set 1 – 2 hours), trap nets (set 18 – 24 hours), seine nets (10 m, 3 or 

4 pulls) and angling with baited lines. To reduce sampling bias, sampling sites within these 

depositional zones were initially chosen using a random number table of GPS coordinates. The 

dominant yellow perch collection method was gill netting to increase the probability of capturing 

fish that had recently fed (Fowlie 2006). Yellow perch were sacrificed and frozen immediately for 

storage in Ziploc® freezer bags at -20ºC. In 2006, this process was modified by wrapping whole 

fish in aluminum foil first, as a precaution against contamination, and then placed in Ziploc bags 

for freezing. Choy et al. (2007) found that Hg extracted from aluminum foil was 3 ng/g, indicating 

a relatively low risk of Hg cross-contamination from the foil. 

During dissection, mass, total length, sex, and gonad mass were recorded. Skinless 

dorsal white muscle tissue from above the lateral line was stored in plastic cryovials (2005) and 

aluminum foil packets (2006) for THg analysis. All utensils for fish dissection and handling 

stomach contents (below) were washed in 10% ACS grade HNO3 and rinsed with double-distilled 

water between each use. Scales were preserved in paper envelopes for aging by plastic 

impression by Aquatech Services, Perth, ON. Stomachs and intestines were removed, weighed 

independently, stored in aluminum foil packets, and frozen for further dissection and identification 

of stomach contents. Stomach and intestine fullness was estimated and noted (“0” for 0 – 25% 

full, “1” for 25 – 50% full, “2” for 50 – 75% full, and “3” for 76 – 100% full). Only stomachs that 

were 50 – 100% full were further dissected (FIGURE 2-1). All yellow perch with empty stomachs 

were excluded from further analysis. There was no statistically significant difference in the % 
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fullness of stomachs between sexes. The proportion of stomach mass that each prey type makes 

up was expressed as a percentage of the proportion of its mass divided by the total stomach 

content mass. Prey occurrence is expressed as the number of times a given prey item was 

identified in yellow perch stomachs (the percentage of the number of stomachs in each category). 

 

2.2.3 Stomach Content Analysis 

Prey items from each stomach were identified to the lowest practical taxonomic group 

(TABLE 2-1) using a dichotomous key (Carter and Doran 2005). Mass (wet weight), range of 

lengths, and estimated proportion of total volume of each type of prey were recorded. Gastropod 

shells were removed since they are usually not digested by fish. Prey items were dried at 50ºC 

for 24 – 48 hours, depending on the prey type. Once dried, they were ground into a 

homogeneous powder using an agate mortar and pestle, and placed into a new aluminum foil 

packet for THg and stable isotope analyses. The mortar and pestle were rinsed with double-

distilled water and dried between samples.  

 

2.2.4 Total Mercury Measurement 

All samples were analysed in the Hg laboratory at the University of Ottawa. Yellow perch 

concentrations were reported as ng THg per g of wet weight (ww) and prey items were reported 

as ng THg per g of dry weight (dw). THg content of 240 samples of prey items from stomach 

contents and 64 yellow perch samples were measured by a Nippon Automated Mercury Analyser 

SP-3D (Nippon Instruments Corporation, Osaka, Japan) with a detection limit of 0.001 ng/g. This 

is a three-step method which includes thermal decomposition, dual-step concentration by gold 

amalgamation, and detection by cold-vapour atomic absorption spectroscopy, as described in the 

user’s manual (Nippon Instrument Corporation, 600-1014-01).  

About 3 – 5 mg (dw) of ground prey or 30 – 50 mg (ww) of yellow perch dorsal tissue was 

placed in porcelain weigh boats between two layers of a reagent mixture of 1:1 by weight sodium 

carbonate (Na2CO3) and calcium hydroxide (CaOH) and a layer of activated alumina (Al2O3). 

Finally, a layer of 1:1 (by weight) Na2CO3 and CaOH was packed on top. In the combustion tube, 
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the sample was heated to 350ºC for four minutes and then to 700ºC for six minutes, combusting 

and volatilizing impurities, and catalytically converting all Hg to Hg0, its elemental form. Since 

halogens and acid vapours can interfere with the analysis and reduce the machine’s ability to 

recover all Hg, those within the sample were neutralized by the additives. They were further 

“scrubbed” from the sample as the gas stream passed through a 0.1M NaOH buffer. Water 

vapour was then condensed and removed from the gas stream as it flowed through a glass bottle 

cooled to 10ºC and continued to the first of two gold traps. In the first gold trap, Hg0 formed an 

amalgam with the gold, while waste gases and halogens were exhausted. The gold trap was 

heated to 600ºC thereby releasing the Hg to the second gold trap for further purification. Finally, 

the gas was vented to an absorption cell located in front of a light source set at a wavelength of 

253.7 nm. The amount of light absorbed was proportional to the amount of Hg in the air stream 

and the concentration (ng/g) was calculated from a standard curve and divided by the mass of 

sample analyzed.  

Where there was sufficient mass, duplicates of samples were analysed. These samples 

had an average coefficient of variation (CV) or precision of 4.14% (n = 237). A single sample 

analysed twelve times had a CV of 5.2%. The accuracy of THg in invertebrates and yellow perch 

was estimated by analyses of procedural blanks and spiked samples. Specifically, a check 

standard was run after every 10 samples and blanks were run following highly contaminated 

samples to ensure there was no Hg left in the machine to taint the next sample. At the end of 

every session an internal reference standard, as well as a certified reference material (CRM) 

(DORM-2 or DOLT-3 from the National Research Council of Canada) was run. The average 

measured THg concentration of the DORM-2 CRM was 3.38 + 0.53 µg/g (n = 9), with the 

expected value to be 4.64 + 0.26 µg/g. Due to low recovery of DORM-2 CRM, new DOLT-3 CRM 

was used, and the average THg concentration and standard deviation of DOLT-3 was 3.13 + 0.23 

µg/g (n = 8) of the expected 3.37 + 0.14 µg/g (93% recovery). 
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2.2.5 Wet Weight to Dry Weight Conversion 

In this study, prey items were analysed as dry weight (dw) and yellow perch dorsal 

muscle tissue was analysed as wet weight (ww). To ensure an accurate relationship when 

comparing the two tissues, it was important to use similar tissue moisture types.  González et al. 

(2006) found that dorsal muscle tissue from both farmed and wild yellow perch from the Great 

Lakes had approximately 80% moisture content. This value was used to convert ww THg 

concentrations in yellow perch dorsal muscle to dw. .  

 

2.2.6 Statistics 

Data were analysed by the statistical package SigmaStat 3.0 (Systat Software, Point 

Richmond, California, USA) or JMP 6.0 (SAS Institute, Cary, North Carolina, USA). Log 

transformations of THg concentrations were used when they improved normality. Null hypotheses 

were rejected at the 0.05 alpha level. The most appropriate statistical approaches to analyzing 

data for this thesis involved the use of parametric analyses such as t-tests and one and two-way 

analyses of variance (ANOVA), as well as their non-parametric equivalents, Wilcoxon and 

Kruskal-Wallis analyses on ranks were used. Post-hoc tests such as the Holm-Sidak test were 

used to assess differences in Hg concentrations among sites, prey items, and the effect of year 

and zone. Holm-Sidak tests are used for both pair-wise comparisons and comparisons versus a 

control group. This test adjusts to remove the bias inherent in multiple comparisons and is 

recommended as the first test for most multiple comparison testing. Also, contingency table 

analysis (CTA) was used to compare relative frequency of prey items observed in the stomach 

contents of yellow perch. Regression analysis was used to compare THg concentrations in yellow 

perch and their prey items and adjusted r-squared was selected because it takes the size of the 

sample into effect. Specifically, adjusted r-squared is used when it is necessary to compare the 

results of models which had a differing number of observations, or to moderate the results of 

analyses where uncertainty was high due to a small number of observations. This is especially 

true for this study where large, equal sample sizes were difficult to obtain. 
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Small sample sizes are also a common disadvantage of using stomach content analysis 

for comparisons of prey and predator. This problem is especially true considering that prey 

abundance changes among years and seasons, and within sampling areas. As a consequence, 

the time required and the financial cost of collecting and analyzing more prey items to obtain 

larger sample sizes was a significant limitation to this study.  

The following six hypotheses were tested: 

Ho1: There was no significant difference in diet of yellow perch between 2005 and 2006.  

Ho2: There was no significant difference in THg concentrations of prey items among zones of 

capture.  

Ho3: There was no difference in THg concentrations among different prey types.  

Ho4: There was no significant difference in amount of THg available to yellow perch from diet 

items between years.  

Ho5: There was no significant seasonal difference in THg of prey items.  

Ho6: There was no significant relationship between THg concentrations in prey items and THg 

concentrations in yellow perch. 

 

2.3 Results:  

2.3.1 Stomach Content Analysis 
 Of the 331 yellow perch dissected in 2006, 52% (n = 171) had stomachs that were 

estimated at greater than 51% full (TABLE 2-2). On average, yellow perch with the most full 

stomachs were significantly smaller (13%), than yellow perch with less full stomachs in terms of 

mass (p = 0.001) and length (p < 0.001). Female yellow perch were more commonly captured 

than male yellow perch, but there was no significant difference in the frequency of stomach 

fullness between the two sexes indicating that stomach fullness is not dependent upon sex (X2 = 

3.8, p = 0.28). 

Over the course of the summer months, there was no significant dependence of yellow 

perch stomach fullness on zone of capture (p = 0.35) (Appendix I). However, yellow perch 

stomach fullness was dependent upon month of capture (p < 0.0001). Among all zones, the 
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occurrence of full stomachs was similar throughout the summer months, but the occurrence of 

empty stomachs was greatest in August.  Also, stomach fullness within each month was 

significantly dependent upon zone of capture. In particular, empty stomachs were most frequent 

in May in Zone 1, whereas in both Zones 2 and 4 the majority of the stomachs were empty in 

August.  

In 2006, about 2/3 (n = 106) of the yellow perch stomachs that were estimated at 51-

100% full, were further dissected to identify prey items within the stomach contents. Results of 

prey identification are shown in TABLE 2-3. Yellow perch appeared to preferentially feed upon 

amphipods, chironomids and isopods, found in 56%, 42% and 32% of stomach contents, 

respectively. Unidentifiable material was found in 49% of all stomach contents. In terms of the 

proportion that each makes up of the entire mass of stomach contents, Bythotrephes longimanus 

commonly made up at least 99% of stomach content mass; however, it was present in only 11% 

of stomach contents. Similarly, unidentifiable fish consumed by yellow perch occupied a large 

portion of diet mass (72.1 + 35.2%) but were present in only 12% of stomachs. Overall, 

amphipods were the most important prey type consumed because they were most commonly 

consumed and made up 47.2 + 33.9% of the diet mass of the yellow perch.  

Patterns of prey consumed were different among zones (TABLE 2-3). In both Zones 1 

and 4, amphipods were one of the most important diet items. But, in Zone 2, they made up only 

21%. Isopods were also commonly found in Zone 1 and 4, though they contributed on average 

less than 20% to the total diet mass. As well, freshwater and ramshorn snails contributed to the 

diet similarly in these two zones. Bythotrephes and chironomids were most common in Zone 2, 

and crayfish in Zone 4 made up the largest portion of diet mass, though they were only found in 

15% of stomach contents.  

We compared the percent occurrence of prey items found in the stomach contents of 

yellow perch caught and identified in 2006 to 2005 stomach content data collected by Fowlie 

(2006) (FIGURE 2-2, Appendix II). Results of CTA between the occurrence of the eight most 

popular prey types and the year of capture indicated that there was a significant difference in the 

type and quantity of prey consumed by yellow perch between years (X2 = 30.2, p < 0.0001); thus, 
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Ho1 was rejected. In particular, the frequency of occurrence of chironomids and unidentifiable 

material increased 15 – 20%, and the frequency of occurrence of crayfish and gastropods 

decreased 10 – 19%. However, there was no change in the occurrence of amphipods, isopods 

and trichoptera. CTA also revealed significant differences between years within each zone (Zone 

1: X2 = 24.6, p < 0.0009; Zone 2: X2 = 82.7, p < 0.0001; Zone 4: X2 = 67.3, p < 0.0001).  

In 2006 compared to 2005, crayfish, chironomids and isopods in Zone 1 were less 

frequent (8 – 21%); but the frequency of occurrence of amphipods, fish, isopods and 

unidentifiable material remained the same. As well, in Zone 2, the frequency of occurrence of 

crayfish and isopods along with amphipods, gastropods and trichoptera decreased 7 – 51%, and 

the frequency of occurrence of chironomids, fish and unidentifiable material increased 4 – 27%. 

Finally, in 2005, crayfish were often found in yellow perch stomachs in Zone 4, but the frequency 

decreased 26% in 2006. The occurrence of amphipods, isopods, chironomids and unidentifiable 

material all increased in frequency by 17 – 39%. There was no change in the frequency of 

occurrence of fish, gastropods and trichoptera in Zone 4.  

 

2.3.2 THg Concentrations of Yellow Perch Prey Items 

Yellow perch and their prey items from Zone 1 contained the highest THg concentrations, 

1.5 times higher than those from Zone 2, and 2.5 times higher than those from Zone 4. 

Statistical comparisons of one prey type were used to ensure that the true pattern of THg 

concentrations among zones was not masked by differences in THg concentrations attributed to 

prey type. Amphipods were chosen because they were the most common prey item consumed 

and made up a large portion of yellow perch diet. Results of a 1-Way ANOVA indicated that there 

was a significant difference in THg concentrations of amphipods among zones and Ho2 was also 

rejected (F = 87.9, p < 0.001, df = 2, 68). Holm-Sidak post-hoc tests revealed that THg 

concentrations of amphipods from Zone 1 were significantly higher, 3.5-fold, than both Zones 2 

and 4 (TABLE 2-5).  

Next, where the number of prey items in each zone was > 5, 1-Way ANOVAs were 

conducted to determine if there were significant differences among THg concentrations of those 
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prey items within each zone. Mean THg concentrations of yellow perch and their common prey 

types from each zone are shown in TABLE 2-4 and TABLE 2-5. In Zone 1, there was no 

significant difference in THg concentrations of prey items (F = 1.057, p = 0.396, df = 6, 51) 

(TABLE 2-5). In contrast, there were significant differences in THg concentrations among prey 

items from Zones 2 and 4. In particular, Holm-Sidak Post-hoc tests reveal that in Zone 2, fish and 

Bythotrephes contained significantly more THg (2.5 times) than amphipods (F = 3.3, p = 0.029, df 

= 4, 22), and in Zone 4 fish contained significantly more THg than all other prey items (F = 5.8, p 

= 0.002, df = 4, 26). THg concentrations of fish from Zone 4 were 4.8 times as high as 

chironomids. Therefore Ho3 was rejected for Zones 2 and 4, but not in Zone 1. 

Also, THg concentration of all prey items combined in 2005 was significantly higher than 

in 2006. Results indicated that THg concentrations of all prey items combined in Zones 1 and 4 

were significantly different between 2005 and 2006 (WilcoxonZone 1: z = 3.3, p = 0.001). In 

addition, in Zone 1, the average THg concentration of amphipods in 2005 was significantly 

different (2-fold higher) than in 2006, 411.5 + 145.6 and 201.3 + 69.1 ng/g dw respectively 

(Wilcoxonamphipods: z = 2.13, p < 0.001). Therefore, Ho4 was also rejected. 

Monthly mean THg concentrations of amphipods in Zone 1 changed from month-to-

month indicating that there were seasonal differences in THg concentration and Ho5 was rejected. 

In fact, results of Hold-Sidak post-hoc tests reveal THg concentrations of amphipods in June are 

significantly higher than THg concentrations in July and August (1-Way ANOVA: F = 9.3, p = 

0.001, df = 3, 67). 

 In 2005, sampling was limited to two general regions within Zone 1A and Zone 1B, but in 

2006 when fishing was less successful, sampling was expanded to include another area of Zone 

1C (FIGURE 2-3). THg concentrations of prey items were significantly lower in Zone 1C, than in 

other areas in Zone 1, but not significantly different from reference Zone 4 (ANOVA; F = 12.6, p < 

0.001, df = 4, 95, Holm-Sidak Post-Hoc test). However, the range of THg concentrations in prey 

items from Zone 1C was large, from 39.8 ng/g dw to 501 ng/g dw. There was also a significant 

difference in THg concentrations of yellow perch from the same sub-areas within Zone 1 

(ANOVA; F = 13.45, p = 0.0001, df = 2, 42). 
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 In Zone 4, there were no differences in THg concentrations of amphipods among four 

different sampling areas (ANOVA; F = 0.5, p = 0.6, df = 2, 12). In Zone 2, all yellow perch were 

caught in the same area such that differences in THg concentrations due to sampling area do not 

apply. 

 

2.3.3 Relationship between Yellow Perch THg and Prey THg 

In this study there was a significant linear relationship between logTHg concentrations 

(ng/g dw) in yellow perch dorsal muscle tissue and prey items taken from their stomach contents 

as described by the regression line y = 0.36x + 2.2 (p < 0.001); therefore Ho6 was also rejected. 

However this relationship was variable and consequently only 30% of the variability was 

explained (FIGURE 2-4).  

As described above, year, zone and month of capture, as well as prey type influenced 

THg concentrations in prey items. Since these three factors influenced THg concentrations of 

prey, it was apparent that they may also affect the relationship between THg in yellow perch and 

THg in prey items (TABLE 2-6). In both 2005 and 2006 there were significant relationships 

between THg in prey items and THg in yellow perch from all zones where 27 to 48% of the 

variation was explained (FIGURE 2-4). Though significance was similar, the slope was almost 

two times as large in 2005 as in 2006, while in 2006 the intercept was larger. Temporal variability 

on a smaller scale also occurred in this relationship. Overall, the most variability was explained by 

yellow perch caught in June (r2adj = 0.86).  

Zone of capture also influenced the strength of the relationship between logTHg 

concentrations in predator and prey. No significant relationship was found in both Zones 2 and 4, 

whereas in Zone 1 a significant relationship was found but only 21% of the variability was 

explained.  Also, as described above, area of sampling within Zone 1 influenced the THg 

concentrations of prey items. As a result, two distinct and significant patterns from sampling areas 

Zone 1 emerge (FIGURE 2-5). Those caught in Zone 1C belong to the regression line y = 0.07x + 

3.06, with an r2adj= 0.55; whereas, those yellow perch caught Zone 1A and Zone 1B and their 
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prey items have r2adj = 0.17 and 0, and adhere to the regression lines y = 0.17x + 2.79 and y = 

0.09x + 2.64, respectively.  

Within Zone 1, the removal of 1C from analyses caused only the regression for year to 

change. In 2005, the relationship between logTHg concentrations in yellow perch and prey items 

became significant, and in 2006 was not. Also, the relationship between yellow perch and 

amphipod THg concentrations in 2005 became significant where it was not when Zone 1C was 

included in the analysis. 

In Zones 2 and 4, there was no significant relationship between THg concentrations in 

yellow perch and each prey type. However, in Zone 1, THg concentrations of amphipods and 

freshwater snails explained 22 and 41% of the variation in the THg concentrations of yellow 

perch. Since most prey types had small sample numbers (n = 7 to 19), it was difficult to determine 

with much assurance that one prey type was more influential than another.  

 

2.4 Discussion 

2.4.1 Description of Diet 

Small yellow perch had more full stomachs than larger yellow perch probably because 

their prey items, benthic invertebrates, were easier to catch than the small fish that larger yellow 

perch preferentially feed upon. The frequency of occurrence of unidentifiable fish in the stomach 

contents of yellow perch increased with fish size, indicating that an ontogenic shift from benthic 

invertebrates to fish was occurring within our sampling of yellow perch. Invertebrates are 

considered lower quality food items compared to fish because of the increased foraging efficiency 

and energetic gain that is associated with a diet of fish (Graeb et al. 2006). Ontogenic diet shifts 

have been supported by shifts in the relative foraging costs of different prey types (Graeb et al. 

2006).  If a yellow perch consumes a small fish, the energy contained in that fish may sustain 

them for a longer length of time than a diet of benthic invertebrates. Ontogenic shifts in yellow 

perch diet usually occur at an average length of 40 – 60 mm where small yellow perch that used 

to select zooplankton, begin to preferentially select benthic invertebrates. At 80 – 130 mm, yellow 

perch preferentially select fish prey (Graeb et al. 2006). 
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In this study, as well as Fowlie (2006), the frequency of occurrence of large yellow perch 

(>150mm) was less than that of smaller yellow perch, and decreased over the summer months. If 

diet items (ie. small fish) for larger yellow perch were difficult to catch because they did not exist 

or because of intra-specific competition among large yellow perch, stomachs of large yellow 

perch would be less full, as indicated by our data, and these yellow perch may be forced to 

migrate to other feeding areas where appropriately sized prey are more available.  

Patterns of prey consumed changed somewhat among zones (TABLE 2-3). In both 

Zones 1 and 4, amphipods remained the most important diet item.. But, in Zone 2, they made up 

only 21% of stomach contents. Yellow perch in Zone 1 and Zone 4 may have similar diets 

because both zones are characterized by shallow water (0 – 5) along shorelines to a distance of 

about 100 – 200 m from shore, In Zone 2, the shoreline is shallow only until about 30 m from 

shore, after which there is a steep drop-off up to 15 m. Submerged aquatic vegetation is also 

more visible in Zones 1 and 4 than in Zone 2 (Biberhofer and Rukavina 2002). 

 There was a significant difference in the type and quantity of prey consumed by yellow 

perch between years. In Zone 4 the occurrence of crayfish decreased by 26% but chironomids 

increased 39% in stomach contents of yellow perch (FIGURE 2-2). As a result of this pattern we 

have hypothesized that the success of some macroinvertebrate communities may have been 

different in either 2005 or 2006.. 

For instance, Pearse and Achtenberg (1920) described that the time at which a particular 

prey item was eaten by yellow perch in greatest quantity often coincided with its period of 

greatest abundance in the ecosystem. If percent prey occurrence in the stomach contents of 

yellow perch acts as a surrogate measure of prey availability, factors affecting prey availability 

may explain the changes in abundance of prey types in the stomach contents of yellow perch. A 

fish’s feeding success and diet selectivity are affected by a variety of factors, including prey size, 

vulnerability, behaviour, visibility, diversity and abundance as well as gape limitations (Wahl et al. 

1993; Dörner et al. 2003) that are associated with the size of the opening the mouth, and 

described as the distance between the anterior-most tip of the premaxilla to the anterior-most tip 

of the mandible of the fish (Nunn et al. 2007).  
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In fact, certain taxa were consistently selected over others, irrespective of size, further 

indicating that taxa-specific, and perhaps size-specific, prey characteristics may be important in 

the selection process (Nunn et al. 2007). Food particles must therefore be available both in 

sufficient quantity and the correct size, such that a decline in abundance of appropriately sized 

prey would potentially cause either reduced growth or starvation (Nunn et al. 2007). This could be 

the case in 2006 where the occurrence of unidentifiable material may have increased as a result 

of an increase in the length of time between feedings as a result of changes in prey and 

appropriately sized prey abundance. Also, the occurrence of prey items may be affected by the 

previous year’s predation, physical and chemical factors such as changes in pH, temperature, 

nutrient level, water transparency, as well as by interspecific competition and poorly established 

over-wintering stages (Covich and Thorpe 2001; Wissel et al. 2003).  

 

2.4.2 Spatial Differences in THg Concentrations  

THg concentrations of organisms living in Zone 1 were greater than in Zone 2 and Zone 

4. In Zone 1, benthic macroinvertebrates are highly exposed to Hg from the direct absorption of 

Hg from sediments, dissolved Hg in pore water, which contains 21 ng/L THg and 7.4 ng/L MeHg 

(Delongchamp 2006). Absorption is via the gills during respiration, or indirectly through the 

ingestion of contaminated food (Tremblay et al. 1996). 

 Elevated Hg concentrations in fish and invertebrates may be attributed to conditions 

favouring methylation. With sediments that exhibit high levels of methanogenesis and 

remobilization of Hg, this type of exposure may also contribute significantly to THg body burdens 

of benthic invertebrates in Zone 1. The percentage of THg that is MeHg was highest in Zone 1 at 

6.3% whereas in Zones 2 and 4 it was about 1 – 2% (Delongchamp 2006). In particular, MeHg 

concentrations in sediments are believed to be greater as a result of sediment heterogeneity due 

to the layer of woodchips overlain by about 10 cm of sediment (Biberhofer and Rukavina 2002). 

Burial of contaminated sediment with cleaner material should reduce bioavailability and reduce 

methylation as it may have in Zone 2. But Zone 1 sediments have high gas content as a result of 

methanogenesis within the layer of woodchips, enhancing anaerobic degradation, as well as the 
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erodibility and resuspension of sediment, which may make previously buried Hg more available 

for methylation (Biberhofer and Rukavina 2002; Delongchamp 2006). Also, CH4 to CO2 ratios 

indicated that Zone 1 had the greatest area of anaerobic degradation of organic matter and may 

explain why Zone 1 sediments contain the greatest %MeHg and the paradox between THg 

concentrations in biota and sediments within Zones 1 and 2 (Delongchamp 2006).   

Within Zone 1,  variation also contributed to the spatial heterogeneity of THg 

concentrations in prey organisms. Sampling was limited to two general regions in 2005, but in 

2006 fishing was expanded to include another area of Zone 1C. When prey items from Zone 1C 

were not considered in the statistical analysis the bias toward reference THg concentrations in 

Zone 1 decreased and a more accurate picture of the difference between Zone 1 and 2 and 4 

was obtained. THg concentrations in the yellow perch captured in Zone 1C were also significantly 

lower than in Zone 1A and Zone 1B,  indicating that they may be feeding there some of the time, 

outside the influence of the highly contaminated sediments that are located in deeper water 

(Hickey, pers. comm.). Yellow perch may have discrete foraging areas where they consistently 

return to, explaining why there were differences in THg concentrations of yellow perch among 

sampling sites within Zone 1. 

Variability in THg concentrations of spottail shiners within Zone 1 has been shown in 

previous research (Choy et al. 2007). They found significant differences in THg concentrations 

among three sampling sites within Zone 1 spaced approximately 500 m from one another (Choy 

et al. 2007). In particular, mid-zone THg concentrations of spottail shiners were higher than those 

in areas on either side. These findings were consistent with the theory that young-of-the-year fish 

have high site fidelity and suggest a possible internal source of Hg in Zone 1.  

In addition, significant spatial heterogeneity of sediment THg concentrations makes 

sampling difficult if heterogeneity is not considered, since sediment Hg is believed the primary 

exposure of Hg to prey items (Biberhofer and Rukavina 2002). Results of this study indicate that it 

is necessary in future research to ensure that any organism is captured in the same location 

across seasons and years in order to reduce the bias of location within zone. 
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2.4.3 THg Concentrations among Prey Items 

There were significant differences in THg concentrations of prey items within zones. In 

Zone 1, there was no significant difference in THg concentrations among prey items but in both 

Zones 2 and 4, there were differences among prey items. Within an uncontaminated community it 

was expected that THg concentrations of predatory invertebrates like decapods would surpass 

those of detritivorous or grazing species as they do in Zone 4 (Tremblay et al. 1996). However, 

even within a contaminated site, Zone 2, differences in THg concentrations among prey items 

associated with trophic status did exist.    

 For example, crayfish as polytrophic consumers, occupy a unique position in the benthic 

aquatic food web by utilizing a wide range of feeding levels at the same time, from detritivorous to 

carnivorous (Pennuto et al. 2005). Therefore, in an area such as Zone 4, with relatively 

uncontaminated sediments, crayfish should contain higher concentrations of THg since they 

occupy a higher trophic level than other macroinvertebrates such as amphipods, isopods and 

chironomids (Pennuto et al. 2005). Crayfish in Zone 4 had THg concentrations that were 1.2 to 2 

times as high as other prey items. 

 In Zone 1, we found that both detritivores and herbivores such as chironomids, 

amphipods and isopods, had similar or higher THg concentrations when compared to predatory 

taxa like decapods and some trichoptera. Parkman and Meili (1993) found similar patterns in 

aquatic invertebrates between detritivorous and predatory guilds – both concentrations and 

variation of Hg were greater in detritivorous species than in predatory species. Detritivores are 

exposed to high concentrations of Hg in contaminated areas through their feeding regime as a 

result of the high Hg concentrations associated with sediments. As a consequence of the 

sometimes low nutritional value of detritus, these organisms require considerable ingestion rates, 

increasing THg exposure (Parkman and Meili 1993;Tremblay et al. 1996). 

 

2.4.4 Factors Affecting Dietary Accumulation THg in Yellow Perch 

The prediction by mass balance models that Hg concentration in fish increases linearly 

with the concentration of Hg in their food has been supported experimentally and empirically 
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(Trudel and Rasmussen 2006). However, very few studies have used SCA to directly assess the 

relationship of Hg transfer between prey and predator. In this study we found a significant but 

variable linear relationship between logTHg concentrations (ng/g dw) in yellow perch dorsal 

muscle tissue and prey items taken from their stomach contents. 

In 2005, the amount of variation explained was almost twice as great as it was in 2006. 

However, sample size in 2005 was 60% smaller (n = 32) than it was for 2006 and may not be 

reflective of the variability that is captured in 2006 (n = 84). Disparity between years in terms of 

the model’s predictive ability may be influenced by the type and amount of food consumed by a 

fish which can vary between seasons and size groups of fish (Clady 1979). For yellow perch, 

exposure to THg changes with the availability of food organisms and the diet preference of yellow 

perch over its life span (Clady 1974). For example, yellow perch first feed on zooplankton and 

small crustaceans like copepods (Clady 1974; Wahl et al. 1993), then on invertebrates, and finally 

on fish, after an ontogenic shift occurs at about 80 – 130 mm in length (Graeb et al. 2006). If 

abundance and availability of any of these prey groups changes between years as is suggested 

above, the amount of Hg yellow perch were exposed to at a given life stage would be altered. As 

a consequence, the amount of Hg that yellow perch would be exposed to would change between 

years; thus, the accumulation of THg from the diet to a consumer would be different between 

2005 and 2006, as observed.  

Small scale temporal variability also influenced this relationship. The most variation 

explained between THg concentrations of yellow perch and their prey items occurred in June 

2005 and 2006 (r2adj= 0.86), but there was no significant relationship in May. These 

relationships, along with differences between years, can be explained partially by the influence of 

zone of capture on the relationship between predator and prey in terms of THg. For example, in 

May, 13 out of the 20 data points are from Zone 1.  

All yellow perch caught in May in Zone 1, may not be resident yellow perch since distinct 

differences in THg concentration of yellow perch over several months of their growing season 

were discovered (Fowlie 2006). Some yellow perch captured in May were relatively 

uncontaminated for their size and Fowlie (2006) hypothesized that those fish were likely visiting 
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Zone 1 during their spawning migration. Our research may support this finding since there was no 

relationship between THg concentrations of prey items and yellow perch caught in May, indicating 

that these fish may not be reflective of actual yellow perch resident communities and their regular 

diet items.  

Despite the large range of THg concentrations in prey items in Zone 1C, THg 

concentrations of yellow perch caught in Zone 1C were lower compared to yellow perch caught in 

other areas of the zone. In Zones 2 and 4, there were no significant relationships between THg 

concentrations in yellow perch and each prey type. However, this may be due to small sample 

size and the inability of the model to account for variation among THg concentrations of prey 

items and between years. But, in Zone 1 prey type influenced the model even though most prey 

types had small sample numbers (n = 7 to 19). Small sample numbers may be the primary factor 

explaining why there were very few relationships identified in Zones 1, 2 and 4, since greater than 

90% of differences in yellow perch THg concentrations have been attributed to disparity in the 

diet of yellow perch (Harris and Bodaly 1998). Also, these results suggest that using SCA to 

predict THg concentrations in consumers may not always be the best approach to predicting 

contamination in consumers since it only incorporates knowledge of diet data from one feeding. 

Overall, much of the variability in the relationship between THg in prey items and yellow 

perch can be attributed to spatial and temporal differences in Hg exposure. However, some 

variability should also be attributed to the disadvantage of using SCA as a measure of daily 

dietary habits. SCA provides taxonomic resolution of prey items, but it provides only a snapshot 

and not the entire spectrum of prey consumed by a yellow perch throughout its lifetime. Thus, by 

analyzing a single prey type per yellow perch we would not expect to see an ideal linear 

relationship unless it was assumed that the single prey type was consumed by the same fish in 

the same quantities on a daily basis. Prey contamination is described as only one factor affecting 

Hg concentrations in predators, and may not always be sufficient to explain within- and among-

population variability in THg concentrations (Trudel and Rasmussen 2006). Therefore, by 

examining the relationship from this aspect and by including the variability associated with year, 

zone and prey type, some of the variation in this relationship can be accounted for.  
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Furthermore, growth and food consumption rates, as well as activity costs can also 

influence the amount of Hg a fish accumulates. For instance, if growth is positive, increased food 

consumption rates would reduce Hg concentrations in fish (Trudel and Rasmussen 2006). 

Moreover, for a given consumption rate and prey contamination, a reduction in growth rates or 

growth efficiency with size through increased activity costs would result in an increase in Hg 

concentration in fish (Trudel and Rasmussen 2006). Yellow perch Hg concentrations were highly 

variable among individuals, populations and species and there were many additional factors, 

besides spatial and temporal differences in Hg exposure, as described in this study, that are 

required to explain lifetime accumulation of Hg in fish. 

 

2.4.5 Gut Contents 

Year, zone, prey type and inherent drawbacks of SCA are factors that explain some of 

the variation in the relationship between THg concentrations in prey and yellow perch in the St. 

Lawrence River at Cornwall, ON. This relationship may be further biased by the presence of gut 

contents in prey items.  

A common source of error in determining contaminant levels in benthic organisms is the 

presence of contaminants associated with sediment particulates in the digestive tract, which may 

or may not be incorporated into the prey and/or predator (Hare et al. 1989; Amyot et al. 1996; 

Brooke et al. 1996). The influence of contaminants present in gut contents was shown to be 

especially important for metals such as Ni, Cr, Fe and Mn, where gut contents of amphipods 

accounted for 40-72% of the total body burden of these metals, and depuration of amphipods 

resulted in a decrease in total metal concentrations of 35 – 88% (Amyot et al. 1996). 

When studying predator-prey relationships where contaminants in prey gut contents 

could contribute to the predator’s total contaminant intake, some believe that they should be 

included in prey analyses (Hare et al. 1989). Because individual prey in this study were not 

purged or depurated before analysis, some of the THg measured could be attributed to sediments 

remaining in guts contents at the time of analysis. This may confound this relationship by 

artificially inflating the THg concentration of prey items. Nonetheless, when evaluating 
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bioaccumulation pathways, the entire body burden of Hg including gut contents was utilized 

because it was realistic of predator-prey interactions since fish consume whole invertebrates and 

may be able to incorporate the Hg bound to sediment particles in gut contents of prey items. 

Future studies should include measuring MeHg in prey items which may reveal a more accurate 

pattern of the transfer of Hg between prey and predator since MeHg is more bioaccumulative.  

 

2.5 Summary/Conclusions 

In order to assess the proportion by weight of important prey items, a minimum of 75 – 80 

full fish stomachs are should be dissected (McQueen and Griffiths 2004). Though 106 stomachs 

were used in this study to assess the relative proportion by weight of diet items, stomach content 

data presented here do not definitively describe fish diet, but rather indicate potential dietary 

routes of Hg exposure.  

The primary source of Hg to fish is through their diet, making diet descriptions analyses 

critical in determining observed Hg levels in fish (Mathers and Johansen et al. 1985; Parkman 

and Meili 1993; Hall et al. 1997). Very few studies have been conducted that directly relate THg in 

diet items taken from stomach contents to consumer THg concentrations. Most studies use 

environmental sampling techniques to determine diet items available to predators and 

accumulation relationships between predator and prey. However, these types of studies may not 

accurately reflect actual diet composition and selectivity of the consumer. The use of SCA allows 

for not only a description and quantification of diet, but may reflect a direct transfer of 

contaminants such as Hg up the food chain.  

The apparent paradox between sediment and biota in Zone 1 now extends to all 

organisms in the aquatic community; since THg accumulation yellow perch prey items was much 

greater than at other contaminated and reference sites. These results confirm a similar 

distribution of THg concentrations among yellow perch where despite higher average sediment 

THg concentrations in Zone 2, the highest concentrations of THg in yellow perch were detected in 

Zone 1 (Fowlie 2006). Spatial heterogeneity in THg concentrations is especially important in the 

St. Lawrence River at Cornwall where after years of industrial modification, there is a great 
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amount of heterogeneity in terms of bathymetry, and sediment composition and contamination 

even at sub-zone levels. 

Linear regressions between THg concentrations of prey items and yellow perch revealed 

that many spatial and temporal factors may influence the accumulation of THg in predators. For 

instance, THg concentrations of prey items were variable depending on month, prey type and 

sampling location. As a consequence, yellow perch exposure to THg through their diet items in 

this study changed between 2005 and 2006 as the community composition and relative 

occurrence of prey items, and sampling location within Zone 1 changed. Year-to-year differences 

may reflect changes in diet abundance and prey availability and spatial differences may be 

directly reflective of the degree of contamination of prey items. 

These findings indicate that it is necessary in future studies to ensure that fish are 

captured in the same location across seasons and years in order to reduce the bias of location 

within zone. Also it is important to acknowledge that sediment heterogeneity along small spatial 

scales (i.e. within zones) can alter Hg concentrations in a food web. 

Due to small sample size of prey items and different prey types, multiple regression 

analysis for each zone within the same year was not used to describe the relationship between 

predator-prey THg concentrations. Small sample size is a common disadvantage of using SCA 

for comparisons as it is often difficult to obtain enough samples, or equal sample sizes among 

prey types, years and zones. This problem was especially true, considering that prey abundance 

changed among years and within sampling areas. In this case, in 2006, 46% of dissected 

stomachs contained highly digested material that constituted about 40% of the diet mass, 

precluding an accurate estimation of individual taxa; whereas in 2005, only 25% of stomachs 

contained unidentifiable digested material. Therefore it was difficult to describe with complete 

accuracy the association between THg concentrations of prey items and yellow perch. 

Furthermore, the time and financial cost for analyzing prey items to obtain a large sample size 

was a significant drawback in this study. In addition, differences in THg concentrations among 

zones, seasons, years, and prey types and consequently the overall selection of data, determined 

the significance and the predictability of the Hg transfer relationship between prey items and 
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yellow perch. Both of these issues, small sample size and the ultimate selection of data highly 

influenced the relationships found and described in this thesis and are important to consider. 

Further research is required to understand and describe with accuracy, the extent to 

which diet contributes to the total body burden of Hg in yellow perch. A model that incorporates, 

seasonal, spatial, diet item occurrence and contribution would provide a more accurate 

assessment of dietary Hg accumulation in yellow perch. Growth under activity costs, and 

consumption, excretion and assimilation rates, should also be accounted for when describing Hg 

accumulation in yellow perch. In addition, the role of spatial sediment heterogeneity and methane 

gas bubbling in the bioavailability of Hg to the benthic community would also provide a more 

complete picture of the transfer of Hg from sediments to the food web.   

Trends reported here have the following implications: 

1. Much spatial and temporal variability in THg concentrations exists within the benthic 

macroinvertebrate community making scale important when monitoring contaminants. 

This is especially important in the St. Lawrence River at Cornwall where there is a 

great amount of heterogeneity in terms of bathymetry, and sediment composition and 

contamination even on sub-zone scales.  

2. Year-to-year, seasonal, and spatial variation, as well as diet type all significantly 

influence the relationship between Hg concentrations in prey items and yellow perch.  

3. In contaminated areas, THg concentrations may not reflect expected concentrations 

as described by qualitative trophic position so the use of stable isotopes of C and N 

are required in order to determine if prey items share similar trophic positions among 

zones despite differences in THg concentrations.  

4. Prey contamination may not always sufficiently explain within – and – among 

population variability in the Hg content of yellow perch. 

 

 

 

 44



 

2.6 Tables  

TABLE 2-1: Classification of stomach contents of yellow perch. 

Common 
name Class Order Suborder Family Genus Species 

unidentified 
fish Actinopterygii      

bivalve Bivalvia      
freshwater 

snail Gastropoda Pulmonata  Physidae   

ramshorn 
snail Gastropoda Pulmonata  Planorbidae   

spiny 
waterflea Brachiopoda Cladocera  Cercopagidae  Bythotrephes 

longimanus 
crayfish Malocostraca Decapoda Pleocyemata Cambaridae Orconectes  

Side-
swimmer Malocostraca Amphipoda Gammaridea    

sowbug Malocostraca Isopoda     

midge Insecta Diptera  chironomidae   

caddisfly Insecta Trichoptera     

mayfly Insecta Ephemeroptera     

damselfly Insecta Odonata Zygoptera    

dragonfly Insecta Odonata Anisoptera    

beetle Insecta Coleoptera     

 

 

 
 
 

TABLE 2-2: Mean and standard deviation of length, mass and sex of yellow perch captured    
in Zones 1, 2 and 4 as well as stomach fullness. IMM = immature, M = male, F = female. 

 
 
 
 
 
 
 

    Sex 

    

 
Mean Length (mm) 

 
Mean Mass (g) IMM M F 

Zone 1 136.3 + 22.3 30.7 + 20.4 3 13 22 
Zone 2 134.0 + 25.3 34.4 + 17.9 4 14 17 Stomach Fullness 76 - 100% 
Zone 4 141.2 + 23.5 33.6 + 16.1 7 13 15 
Zone 1 137.5 + 19.5 30.5 + 16.8 2 12 15 
Zone 2 141.6 + 25.4 34.3 + 16.9 1 7 9 Stomach Fullness 51 - 75% 
Zone 4 143.5 + 25 34.6 + 15.9 7 3 8 
Zone 1 142.9 + 20.5 31.6 + 15.0 1 9 11 
Zone 2 148.8 + 29.5 42.8 + 28.8 2 7 9 Stomach Fullness 26 - 50% 
Zone 4 142.5 + 39.5 42.4 + 37.8 3 3 6 
Zone 1 151.6 + 27.2 42.7 + 32.5 3 17 21 
Zone 2 157.9 + 19.9 47.7 + 21.0 0 10 31 Stomach Fullness 0 -25% 
Zone 4 163.5 + 21.9 51.8 + 23.6 0 3 23 
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TABLE 2-3: Average and standard deviation of the proportion of stomach content mass and percent occurrence of prey items among yellow perch in 
2006. Only stomachs that were 50 – 100% full were included. Totals will exceed 100% due to variable occurrences of prey items in stomachs.   

 
 All Zones Zone 1 Zone 2 Zone 4 

 

 

n 
mean 

proportion of 
stomach 
mass (%) 

percent 
occurrence 
(% of 106) 

n 
mean 

proportion of 
stomach 
mass (%) 

percent 
occurrence 

(% of 49) 
n 

mean 
proportion of 

stomach 
mass (%) 

percent 
occurrence 

(% of 24) 
n 

mean 
proportion of 

stomach 
mass (%) 

percent 
occurrence 

(% of 33) 

Unidentified Fish 13 72.1 + 35.2 12 3 46.5 + 46.3 12 3 65.8 + 31.4 13 7 85.4 + 29.5 21 
Shells             

            
  

Bivalve 1 6.7 1 1 1 2 0 0 0 0 0 0
Gastropod 14 43.7 + 37.6 13 8 55.8 + 39.6 16 1 36.0 4 5 25.7 + 33.6 15 
Ramshorn  11 19.3 + 24.5 10 5 18.1 + 21.5 10 2 0.001 + 0.001 8 4 29.9 + 31.6 12 

Crustacean             
  Amphipod 59 47.2 + 33.9 56 36 46.2 + 33.6 73 5 16.7 + 19.4 21 18 57.4 + 33.4 55 

Crayfish  9 60.8 + 39.2 8 2 52.2 + 67.5 4 2 70.5 + 41.8 8 5 60.4 + 37.4 15 
Bythotrephes  12 99.3 + 1.74      11 0 0 0 11 99.2 + 1.8 46 1 100 3 

Isopod  34 15.9 + 13.9 32 16 13.6 + 14.2 33 2 30.6 + 15 8 16 16.5 + 13.2 48 
Insects             

  Trichoptera 27 18.9 + 24.7 25 17 20.1 + 22.6 35 2 12.1 + 8.8 8 8 18.2 + 32.5 24 
Trichoptera Cases 14 53.0 + 28.0 13 9 62.2 + 20.9 18 2 38.8 + 51.3 8 3 35.1 + 31.2 9 

Chironomid  44 7.8 + 16.1 42 9 12.4 + 23.2 18 11 7.2 + 10.2 46 15 2.6 + 2.2 45 
Damselfly  9 17.6 + 16.9 8 2 9.02 + 0.001 4 5 27.5 + 16.7 21 2 1.4 + 2.0 6 

Coleoptera 1            
            
            

  

5.6 1 0 0 0 1 5.6 4 0 0 0
Mayfly 1 19.9 1 1 20 2 0 0 0 0 0 0

Dragonfly 1 21.9 1 1 22 2 0 0 0 0 0 0
Dipteran 2 0.01 +  0.005 2 0 0 0 2 0.001 + 0.001 8 0 0 0 

Sediments 1            
 

2.4 1 0 0 0 1 2.4 4 0 0 0
Vegetation 5 18.4 + 5.4 5 3 18.4 + 5.4      6 0 0 0 2 11.6 + 7.6 6 
Unknown 49 37.0 + 27.8 46 24 37 + 27.8 49 9 40.1 + 20.1 38 16 33.3 + 29.7 48 
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TABLE 2-4: Mean and standard deviation of age, mass, length and THg concentrations of yellow 
perch from Zone 1, 2 and 4 in July and August 2005 & 2006. Sampling occurred  in different areas in 
Zone 1 A, B, and C. 
 

  n mean age (years) mean mass (g) 
mean 

length (mm) 
mean THg (ng/g 

d.w.) 
Zone 1A 20 2.61 + 0.85 32.3 + 10.8 140.7 + 20.6 1636.2 + 844.7 
Zone 1B 9 2.5 + 1.07 29.2 + 10.7 132.4 + 19.0 1660.7 + 647.3 
Zone 1C 8 1.75 + 0.82 21.0 + 7.5 121.3 + 17.4 839.7 + 238.9 
Zone 2 19 2.88 + 0.93 37.3 + 14.7 145.2 + 17.1 986.2 + 400 

Zone 4 26 2.57 + 1.02 36.4 + 17.9 142.5 + 22.0 581.4 + 359.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE 2-5: Geometric mean and standard deviation of THg concentrations of yellow                  
perch prey items from Zones 1, 2 and 4 from July and August 2005 & 2006,                      
and post-hoc ANOVA results of prey type THg concentrations within each zone.  Within 
each zone, means sharing the same letter were not statistically different. 

 
  Prey Type n Mean THg  

(ng/g d.w.)  
Significant 
Difference? 

unidentifiable fish 5 303 + 244 A 
crayfish 3 209 + 19  
isopod 5 189 + 59 A 
bythotrephes    
amphipod 19 287 + 158 A 
freshwater snail 9 235 + 100 A 
chironomid 8 207 + 249 A 
trichoptera 7 234.6 + 110.6 A 

Zone 1 
(Number of 

Yellow Perch 
Sampled = 38) 

ramshorn snail    

unidentifiable fish 5 227 + 137 A 
crayfish 5 124 + 85 AB 
isopod    
bythotrephes 7 210 + 71 A 
amphipod 5 80 + 45 B 
freshwater snail 2 166 + 91  
chironomid 5 151 + 128 AB 
trichoptera 1 178.50  

Zone 2 
(Number of 

Yellow Perch 
Sampled = 18) 

ramshorn snail 2 101 + 80  
unidentifiable fish 5 249 + 129 A 
crayfish 10 110 + 51 B 
isopod 5 106 + 31 B 
bythotrephes 1 95.47  
amphipod 6 85 + 41 B 
freshwater snail 5 71 + 36 B 
chironomid 2 57 + 44 B 
trichoptera 1 55.83  

Zone 4 
(Number of 

Yellow Perch 
Sampled = 22) 

ramshorn snail 1 48.57   
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TABLE 2-6:  Summary of regression analysis between logTHg in yellow perch and logTHg in prey 
items removed from their stomach contents. Each line is a unique regression.  A ‘ * ’ denotes a 
significant relationship.  

    n y = 
adjusted 

r2 p 
Overall   116 0.36x + 2.2 0.3 < 0.001* 

2005 32 0.56x + 1.67 0.48 < 0.001* Year 
2006 84 0.3x + 2.4 0.27 <0.001* 

1 53 0.31x + 2.4 0.21 0.0005* 
2 36 -0.12x + 3.2 0.03 0.28 Zone 
4 27 -0.03x + 2.8 0.002 0.82 

May 20 0.11x + 2.86 0.04 0.38 
June 13 0.61x + 1.63 0.86 <0.001* 
July 38 0.33x + 2.24 0.39 < 0.001* 

Month 

August 45 0.38x + 2.13 0.23 0.0009* 
2005 16 0.15x + 2.78 0.03 0.48 
2006 37 0.3x + 2.3 0.22 0.003* 
May 13 -0.25x + 3.76 0.12 0.24 
June 5 0.87x + 0.87 0.64 0.1 
July 22 0.23x + 2.52 0.15 0.07 

August 13 0.58x + 1.72 0.28 0.06 
chironomids 7 0.23x + 2.5 0.41 0.12 

isopod 8 0.25x + 2.5 0.19 0.28 
trichoptera 6 0.24x + 2.47 0.098 0.54 

freshwater snail 7 0.85x + 1.2 0.6 0.04* 
amphipods 19 0.39x + 2.15 0.22 0.04* 

amphipods 2005 11 0.5x + 1.9 0.16 0.23 
amphipods 2006 8 0.5x + 1.9 0.3 0.15 

Zone 1A 29 0.17x + 2.79 0.17 0.03* 
Zone 1B 10 0.09x + 2.64 0 0.73 

Zone 1 

Zone 1C 14 0.07x + 3.06 0.55 0.02 
2005 15 0.34x + 2.37 0.27 0.049* 
2006 24 0.09x + 3.00 0.07 0.22 
May 10 -0.05x + 3.34 0.03 0.65 
June same as above Zone 1 
July 15 0.022x + 3.21 0.008 0.76 

August 9 0.13x + 2.97 0.02 0.69 
chironomids 5 0.02x + 3.19 0.02 0.84 

isopod 6 0.2x + 2.73 0.4 0.18 
freshwater snail 6 0.52x + 2.01 0.17 0.41 

amphipods 14 0.26x + 2.55 0.28 0.05* 
amphipods 2005 7 0.55x + 1.76 0.76 0.01* 

Zone 1 
without 
area 'c' 

amphipods 2006 7 0.02x + 3.15 0.001 0.93 
2005 7 -0.07x + 2.96 0.03 0.73 
2006 29 -0.19x + 3.46 0.13 0.05* 
June 5 1.47x + 0.14 0.32 0.32 

August 20 -0.09x + 3.2 0.03 0.49 
amphipods 7 0.35x + 2.31 0.05 0.63 

bythotrephes 7 -0.07x + 3.16 0.002 0.92 

Zone 2 

chironomids 5 -0.11x + 3.3 0.07 0.66 
2005 8 0.41x + 1.76 0.29 0.17 
2006 19 -0.05x + 2.84 0.02 0.58 
July 15 0.022x + 3.21 0.008 0.76 

August 9 0.13x + 2.97 0.02 0.69 
Zone 4 

amphipods 6 -0.32x + 3.19 0.1 0.54 
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FIGURE 2-1: The number of yellow perch dissected in 2006 with estimated 
stomach content fullness between 0 and 100%. 
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t occurrence the eight most popular prey types consumed by yellow perch in 2005 (left) 
05 stomach content data from Fowlie et al. (2006).  
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FIGURE 2-4: Relationship between logTHg concentrations in yellow perch and 
prey items taken from their stomach contents.  There was a significant 
relationship in 2005 and 2006, as well as both years combined (TABLE 2-6).  
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FIGURE 2-5: Relationship between THg concentrations of yellow perch caught 
in Zone 1 and prey items taken from their stomach contents. There was a 
significant relationship in Zones 1A and Zone1C (TABLE 2-6). 
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CHAPTER 3 

 
 

Assessing the Trophic Status, Food Source, and Patterns of 
Mercury Biomagnification between Prey Items and Yellow 

Perch in the St. Lawrence River at Cornwall, ON, using Total 
Mercury, δ15N, and δ13C. 
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3.1 Introduction 

In 1985, the International Joint Commission (IJC) identified the Cornwall-Massena 

section of the St. Lawrence River as an Area of Concern (AOC). The AOC stretches 

approximately 80 km from the Moses-Saunders Power Dam to the eastern end of Lake St. 

Francis including water shared by Canada, the United States and the Mohawks of Akwesasne. 

Since being designated an AOC, a Remedial Action Plan (RAP) committee for the AOC has 

identified four zones of sediment deposition along the waterfront at Cornwall; three where 

sediment Hg concentrations exceeded the sediment criteria for the protection of aquatic life 

(Lowest Effect Level [LEL] and Severe Effect Level [SEL]) and one where contamination did not 

exceed background concentrations (Golder Associates 2004) (FIGURE 1-3). Despite the closure 

of all industries, sediment Hg concentrations along the Cornwall waterfront remain above the LEL 

and SEL (Dreier et al. 1997; Delongchamp 2006). However, only at Zone 1 do yellow perch 

greater than 12 cm contain Hg in excess of the guidelines for human consumption (0.26 mg/g) 

(Fowlie 2006). In Chapter 2, this apparent paradox was extended to include both yellow perch 

and its prey items from Zone 1. In this chapter we will use C (δ13C) and N stable isotope ratios 

(δ15N) to examine this paradox by describing differences among zones in trophic position, and 

whether Hg concentrations can be explained by these relationships.  

Hg is a metal that when methylated has the ability to biomagnify in food chains. In fact, in 

aquatic environments with areas of high sediment Hg contamination and high rates of 

methylation, benthic macroinvertebrates have a high direct exposure to Hg since they are 

exposed through diet, sediments and porewater (Parkman and Meili 1993). Dietary uptake is the 

primary factor responsible for the bioaccumulation of Hg in any organism (Mathers and Johansen 

et al. 1985) and studies have shown that predator Hg concentration was significantly and linearly 

related to prey MeHg concentration (Haines et al. 2003). Generally, benthic detritivorous 

invertebrates serve as a major food source for age 0 – 4 forage fish such as yellow perch (Perca 

flavescens) and are an important link between contaminants in the surrounding sediment and 

higher trophic levels (Parkman and Meili 1993; Hall et al. 1997). However, Hg2+ in water can also 

be taken up by fish and invertebrates through passive uptake by gills, but Hg2+ is absorbed less 
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efficiently, is eliminated more rapidly, and does not bioaccumulate as does MeHg (Klinck et al. 

2005). It is generally understood that fish exposed to Hg-contaminated food and water 

accumulate about 1000 times more Hg than fish only exposed to Hg-contaminated water, 

suggesting that only 0.1% of Hg accumulated in fish is the result of direct uptake of Hg from water 

(Trudel et al. 2000; Trudel and Rasmussen 2006).  

 The development of stable isotope analysis (SIA) has improved our understanding of 

trophic relationships within food webs. In particular, δ13C and δ15N have been used extensively to 

trace pathways of organic matter among consumers and to provide information about feeding 

relationships in aquatic ecosystems (Power et al. 2002; McCutchan et al. 2003). Unlike stomach 

content analysis (SCA) which provides only a snapshot of feeding habits at one time, analysis of 

δ13C and δ15N provide a continuous measure of trophic position. Temporal integration of the 

dietary habits of an organism over months and/or years, allows for an examination of the flow of 

energy through a food web leading to higher trophic level consumers (Peterson and Fry 1987; 

Power et al. 2002; Kidd et al. 2001; Croteau et al. 2005).   

Previous studies have shown that N isotopes in animal tissues were highly fractionated 

during assimilation and metabolic processes (DeNiro and Epstein 1981; McCutchan et al. 2003). 

For instance, there is a stepwise enrichment of 15N in the body tissues of organisms with higher 

trophic status, such that the relative change in δ15N can be used to infer the trophic position of an 

individual within the food web (Minagawa and Wada 1984). As a consequence of the preferential 

excretion of δ15N from prey to predator, a 3 – 5‰ difference between trophic levels is common in 

freshwater food webs (Jardine et al. 2003). It is widely accepted that, when applied to entire food 

webs, including multiple trophic pathways and many species, a mean trophic fractionation of 3.4 – 

3.6‰ per trophic level is a robust assumption that provides a suitable measure of relative trophic 

position within a food web (Cabana & Rasmussen 1994; Post 2002). Stable isotope ratios of N 

have also been used as a more powerful approach for predicting contaminant concentrations of 

higher predators than using discrete trophic levels described by stomach content data (Cabana 

and Rasmussen 1994).  
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Studies have also shown that δ13C is enriched during the isotopic fractionation associated 

with the incorporation of C from diet to the consumer, but not as much as δ15N. On average δ13C 

is enriched at each trophic level by only 1l (DeNiro and Epstein 1978). However, field studies 

have shown that large differences in δ13C among groups of consumers could reflect the 

differences in δ13C values at the base of the food web (DeNiro and Epstein 1978). For example, 

plants possessing either C3 or C4 photosynthetic pathways have distinct C isotopic compositions. 

The δ13C values of most C3 plants ranging from -24l to -34l, while most C4 plants have 

higher δ13C values, falling between -6l and -19l (Smith and Epstein 1971; DeNiro and Epstein 

1978). Pelagic algae (phytoplankton) and benthic algae attached to stones, mud, sand, plants or 

other aquatic animals, also exhibit distinctive C signatures as a result of differential fractionation 

during C fixation. This allows the δ13C values of consumers at multiple trophic levels to be used to 

differentiate between the relative reliance of organisms on food webs of pelagic and benthic origin 

(Hecky and Hesslein 1995).  As such, these ratios make it possible to track the flow of C from 

primary producers to tertiary consumers (Kidd et al. 2001). 

In summary, δ13C can be used to identify food sources and δ15N can be used to infer the 

relative trophic position of an individual within a food web (Croteau et al. 2005). Additionally, 

comparing δ15N and δ13C to contaminant concentrations can provide a measure to quantify the 

transfer of contaminants in food webs, and to enhance our understanding of the relationships 

among trophic levels, contaminants, and the source of contaminants (Kidd et al. 2001; Post 2002; 

Croteau et al. 2005). For example, lake trout, Salvelinus namaycush, from a sub-alpine lake with 

more pelagic δ13C signatures had higher concentrations of organochlorine than mountain 

whitefish, Prosopium williamsoni, which was linked to a littoral diet (Campbell et al. 2000). Also, 

δ13C values were used to differentiate between organisms connected to benthic and pelagic food 

chains in Lake Malawi since there was a distinct difference between organic contaminant 

concentrations within each food chain (Kidd et al. 2001). 

In Chapter 2, a distinct pattern of THg concentrations in prey items among zones was 

found: THg concentrations in prey items from the stomach contents of yellow perch caught in 

Zone 1 were much greater than those from Zone 2 and 4. Prey occurrence in stomach contents 
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and THg concentrations both varied within zones, and contributed to the strong spatial and 

temporal patterns of THg concentrations of all prey items. Stomach content analysis (SCA) will be 

used in combination with stable isotope analysis (SIA) to determine the patterns of 

biomagnification of Hg from prey to consumer.  

In particular, stable isotope analysis will be considered in three ways as described by 

Jardine et al. (2006). First, stable isotope data will be used to test hypotheses about why certain 

populations and/or specific taxa have higher or lower contaminant concentrations (as described in 

Chapter 2) than others occupying similar habitats (Jardine et al. 2006). Next, δ15N will be 

compared directly to THg concentrations of prey items and yellow perch to determine the extent 

of biomagnification. Finally, an assessment will be made to determine habitat-specific differences 

in THg concentrations. 

  

3.2 Materials and Methods 

3.2.1 Site Description 

Zone 1 is located 1.4 km downstream of the Domtar Fine Papers/ Cornwall Chemicals 

diffuser, is between 50 and 150 m wide and spreads approximately 600 m parallel to shore 

(Dreier 2000; Golder Associates 2004). Sediments in Zone 1 contained the highest percentage of 

MeHg of all sampled sites in the area, 6.3% of 625 ng/g THg (Delongchamp 2006). Zone 2 is 

about 2.2 km in length, is located about 2 – 3 km downstream of Zone 1, and is adjacent to the 

former Courtaulds Fibers industrial site. In previous studies, sediments in this zone were found to 

contain the highest average THg concentrations and in the most recent study, sediments 

contained an average of 811 + 574 ng/g with 2.3% in the form of MeHg (Grapentine et al. 2003; 

Delongchamp 2006). Finally, Zone 4 is located on the northeast shore of Cornwall Island, across 

the channel from the City of Cornwall. Studies have shown that Hg concentrations in the upper 3 

cm of sediment in this zone are less than the LEL and are similar to those at upstream reference 

sites (130 ng/g) (Richman 1999; Dreier 2000). 

Methylmercury concentrations in sediments at Cornwall are also elevated. At reference 

sites, MeHg concentrations in sediments are typically less than 1% of the THg concentration, but 
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along the Cornwall waterfront, sediments in Zone 1 contain the highest percentage of THg as 

MeHg at 6.3%, with sediments from Zone 2 containing 2.3%. Sediments along the waterfront 

were favourable for methylation because there was a well-defined area of anoxia and low sulfide 

concentrations (Delongchamp  2006). In particular, sediments in Zone 1 contain a layer of sub-

surface woodchips which have been covered by about 10 cm of fine-grained sediment (Golder 

Associates 2004). This area is also known for high methane gas bubbling (Biberhofer and 

Rukavina 2002). In fact, Delongchamp (2006) determined that methane production in Zone 1 was 

1.36 times higher than Zone 2, suggesting that gas evasion may affect the erodibility and 

resuspension of Hg contaminated sediment, allowing previously buried Hg to be available to 

biota, and perhaps explaining why percent-MeHg is greatest at this site. 

 

3.2.2 Sample Collection 

Yellow perch were collected from Zones 1, 2 and 4 in the St. Lawrence River at Cornwall, 

ON, at six-week intervals between May and August in 2005 and 2006 using a range of capture 

techniques that included gill nets (two 15-m panels of 25-mm, 33-mm and 64-mm mesh, set 1 – 2 

hours), trap nets (set 18 – 24 hours), and seine nets (3 or 4 pulls), as well as angling with baited 

lines. To reduce bias, sampling sites within these zones were initially chosen using a random-

number table of GPS coordinates. The dominant yellow perch collection method was gill netting 

to enhance the likelihood of capturing fish that had fed recently (Fowlie 2006). Yellow perch were 

sacrificed and frozen immediately in Ziploc freezer bags at -20˚C. In 2006 this process was 

adapted by wrapping whole fish in aluminum foil prior to placement in Ziploc bags for freezing. 

Choy et al. (2007) found that Hg extracted from foil was only 3 ng/g making the risk of Hg cross-

contamination by foil low. 

During dissection, mass, total length, sex and gonad mass were recorded. Skinless 

dorsal white muscle tissue from above the lateral line was stored in plastic cryovials (2005) and 

aluminum foil packets (2006) for THg analysis. All utensils used for dissection and identification 

were washed in 10% ACS grade HNO3 and rinsed with double distilled water between each use. 

Stomachs and intestines were removed, weighed independently, stored in aluminum foil packets 

 57



 

and frozen for further dissection and identification of stomach contents. Stomach and intestine 

fullness was estimated and noted, as only those stomachs/intestines 75 – 100% full were further 

dissected. All yellow perch with empty stomachs were excluded from further analysis. 

 

3.2.3 Stomach Content Analysis (SCA) 

Prey items from stomach contents were identified to the lowest practical taxonomic group 

(TABLE 2-1) using dichotomous keys (Carter and Doran 2005); mass (wet weight), range of 

lengths, and the estimated proportion of total volume of each type of prey were recorded. Prey 

items were placed in separate plastic vials (2005) or on aluminum foil (2006) for drying. 

Gastropod shells were removed since they are usually not digested by fish.  

Samples of prey items were dried at 50ºC for 24 – 48 hours depending on the prey type. 

They were ground into a homogeneous powder using an agate mortar and pestle, and placed into 

a new aluminum foil packet for THg and stable isotope analyses. The mortar and pestle were 

rinsed with double distilled water and dried between samples.  

 

3.2.4 Stable Isotope Analysis (SIA) 

Carbon and N stable isotope analyses were performed at the Queen’s Facility for Isotope 

Research (Geological Sciences and Geological Engineering, Queen’s University, Kingston, 

Canada). Samples of yellow perch (n = 40) and prey items (n = 160) were analysed for stable 

isotopes of N and C. Approximately 0.4 to 0.5 mg of sample was weighed into tin capsules, 

combusted in the presence of oxygen, and converted to a gas (N2 or CO2) in a Costech 

Elemental Analyzer (Costech Instruments, Milan, Italy) and passed to a stable isotope mass 

spectrometer (Finnigan Delta PLUS Isotope Ratio Mass Spectrometer, Bremen, Germany) that 

uses Continuous Flow Technology (ThermoFinnigan, Bremen, Germany). Ratios of stable C and 

N isotopes are reported in “delta” notation (δ), have units in per mil (‰), and were calculated as 

the relative difference between the ratio of heavy to light isotopes (13C/12C or 15N/14N) of the 

sample and a known reference (Vienna PeeDee Belemnite surrogate and air respectively): 

δX = ((heavyXsample/lightXsample – heavyXreference
lightXreference)/heavyXreference/lightXreference) x 1000‰ 
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Quality control and quality assurance included duplicate assays for 15% of the samples 

(δ15N: CV = 1.5 + 0.1; δ13C: CV = 0.9 + 0.2) and replicate assays for 10% of the samples (δ15N: 

CV = 2.4 + 0.2; δ13C: CV = 1.6 + 0.3). Experimental precision based on the standard deviation of 

replicated reference standards was 0.4 for the international N standard, ammonium sulfate 

(Certified Reference Material [CRM] 8548, International Atomic Energy Agency, Vienna, Austria), 

and 0.1 for the C standard, graphite (nbs21, ). The average δ15N value for CRM8548 was 20.6 + 

0.4‰ (101% recovery) and δ13C for nbs21 was – 27.91 + 0.1‰ (99% recovery). In order to 

calibrate the system, two internal reference materials were analysed every five samples. CVs for 

these reference materials were: lipid normalized Atlantic salmon, n = 17, δ15N: CV = 23% (8.7 + 

0.2) and δ13C: CV = 5% (-18.6+ 0.09), red tilapia,  n = 18, δ15N: CV = 8% (6.12+ 0.5) and δ13C: CV 

= 2% (-20.9 + 0.4). 

Tissues that contain large amounts of lipid tend to have more negative δ13C values, 

because lipid synthesis discriminates against 13C in favour of the lighter isotope, biasing the 

interpretation of δ13C values. However, standardizing tissues through lipid-removal can increase 

the variance of δ15N data (Pinnegar and Polunin 1999; Sotiropoulos et al. 2004). Yellow perch 

lipid content is less than 1% in white dorsal tissue (Ion et al. 1997), and between 2.4 and 14.7% 

in amphipods (Blais et al. 2003). Because of the relatively low % lipid content of both yellow perch 

and amphipods and other invertebrates, as well as the deleterious effects lipid removal has on 

δ15N interpretation, tissues were not lipid normalized (Ion et al. 1997). 

Crayfish carapaces were not removed from the sample before analysis. Even though 

small differences in δ15N (0.9l) were detected between muscle and whole body samples, no 

differences in δ13C were found as would be expected since whole body samples would include 

tissues with differing isotopic values, such as the hepatopancreas and the exoskeleton (Stenroth 

et al. 2006).  

 

3.2.5 Total Mercury Measurement  

All samples were analysed in the Hg laboratory at the University of Ottawa (Ottawa, 

Canada). Concentrations in yellow perch were reported as ng THg/g of wet weight (ww) and 
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concentrations in prey items were reported as ng THg per g of dry weight (dw). THg 

concentrations of 240 samples of prey items from stomach contents and 64 yellow perch samples 

were determined by a Nippon Automated Mercury Analyser SP-3D (Nippon Instruments 

Corporation, Osaka, Japan) with a detection limit of 0.001ng. This method includes thermal 

decomposition, dual-step concentration by gold amalgamation, and detection by cold-vapour 

atomic absorption spectroscopy as described in the user’s manual (Nippon Instrument 

Corporation, 600-1014-01).  

About 3 – 5 mg dw of ground prey item material or 30 – 50 mg ww of yellow perch dorsal 

white muscle tissue was placed in a porcelain weigh boat between two layers of a reagent 

mixture of 1:1 by weight sodium carbonate (Na2CO3) and calcium hydroxide (CaOH) and a layer 

activated alumina (Al2O3). A final layer of 1:1 by weight of Na2CO3 and CaOH was packed on top. 

In the combustion tube, the sample was heated to 350ºC for four minutes and then to 700ºC for 

six minutes, slowly combusting and volatilizing impurities and catalytically converting Hg to H0. 

Since they can interfere with the analysis and reduce the instrument’s ability to recover all Hg, 

halogens and acid vapours within the sample were neutralized by the additives. These were 

further “scrubbed” from the sample as the gas stream passed through a 0.1M NaOH buffer. Next, 

water vapour was condensed and removed from the gas stream as it flowed through a glass 

bottle cooled to 10ºC, and continued toward the first gold trap. Here, the Hg0 formed an amalgam 

with the gold, while waste gases and halogens were exhausted. The gold trap was heated to 

600ºC releasing Hg for further refinement in the second gold trap. Finally, the gas was vented to 

an absorption cell located in front of a light source set at a wavelength of 253.7 nm with the 

amount of light absorbed proportional to the amount of Hg in the air stream. The concentration 

(ng/g) of the sample was calculated from a standard curve and divided by the mass of sample 

analyzed.  

Where there was sufficient mass, duplicates of samples were analysed. These samples 

had an average coefficient of variation (CV) or precision of 4.14% (n = 237). A single sample 

analysed twelve times had a CV of 5.2% (3.27 + 0.16 µg/g). The accuracy of THg in invertebrates 

and yellow perch was estimated by analyses of procedural blanks and spiked samples. 
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Specifically, a check standard was run after every 10 samples and blanks were run following 

highly contaminated samples to ensure there was no Hg left in the machine to taint the next 

sample. At the end of every session, an internal reference standard, as well as a certified 

reference material (CRM) (DORM-2 or DOLT-3 from the National Research Council of Canada, 

Ottawa, Ontario) was run. The average measured THg concentration of the DORM-2 CRM was 

3.38 + 0.53 µg/g (n = 9), with the expected value to be 4.64 + 0.26 µg/g. Due to low recovery of 

DORM-2 CRM, new DOLT-3 CRM was used, and the average THg concentration of DOLT-3 was 

3.13 + 0.23 µg/g (n = 8) of the expected 3.37 + 0.14 µg/g (93% recovery). 

 

3.2.6 Wet to Dry Weight Conversion 

In this study, prey items were analysed as dry weight (dw) and yellow perch dorsal 

muscle tissue was analysed as wet weight (ww). To ensure an accurate relationship when 

comparing the THg concentrations of these two tissues, it was important to convert ww THg 

concentrations in yellow perch dorsal muscle to dw. The dorsal muscle tissue of both farmed and 

wild yellow perch from the Great Lakes had approximately 80% moisture content (González et al. 

2006). Using 80% as a conversion factor, THg (ng/g) ww of yellow perch dorsal muscle tissue in 

this study was converted to THg (ng/g) dw.  

 

3.2.7 Statistics 

Data were analysed by the statistical package SigmaStat 3.0 (Systat Software, Point 

Richmond, California, USA) or JMP 6.0 (SAS Institute, Cary, North Carolina, USA). Log 

transformations were used when they improved normality. Null hypotheses were rejected at the 

0.05 alpha level. The most appropriate statistical approaches to analyzing data from this study 

included the use of parametric t-tests, Analyses of Variance (ANOVA), as well as Wilcoxon and 

Kruskal-Wallis analyses on ranks were used. Post-hoc tests such as the Holm-Sidak all-pairwise 

multiple comparison test was used to assess differences in δ13C and δ15N among sites, prey items 

and zone. Holm-Sidak tests are used for both pair-wise comparisons and comparisons versus a 

control group. This test adjusts to remove the bias inherent in multiple comparisons and is 
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recommended as the first test for most multiple comparison testing. Finally, regression analysis 

was used to determine the relationships among THg concentrations, δ13C and δ15N. Adjusted r-

squared was used because it takes the size of the sample into effect. Specifically, it is used when 

it is necessary to compare the results of models that had a differing number of observations or to 

moderate the results of analyses where uncertainty was high due to a small number of 

observations. This is especially true for this study where large, equal sample sizes were difficult 

to obtain.   

 

The following hypotheses were tested: 

Ho1: there was no significant difference in δ15N and δ13C in prey items among zones 

Ho2: there was no significant difference in δ15N and δ13C among prey items within each zone  

Ho3: there was no significant relationship between δ15N and THg among prey items within 

each zone. 

Ho4: there was no significant relationship between δ15N and THg among prey items and 

yellow perch within each zone. 

Ho5: there was no significant relationship between δ13C and THg among prey items within 

each zone. 

 Ho6: there was no significant relationship between δ13C and THg among prey items and 

yellow perch within each zone. 

 

3.3 Results  

3.3.1 Supplementing Baseline Information: δ15N and δ13C Among Zones  

There was no difference in δ15N of amphipods among Zones 1, 2 and 4 (Kruskal-Wallis; 

H = 3.0, p = 0.22, df = 2). There was also no significant difference in δ13C of amphipods among all 

zones (Kruskal-Wallis; H = 4.8, p = 0.09, df = 2). By supplementing zebra mussel baseline 

information with our amphipod results, a sound comparison of ratios of stable isotopes values 

among zones can be made. Therefore, Ho1 was not rejected for amphipods among zones.  
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3.3.2 Yellow Perch and Yellow Perch Prey Items: δ15N and δ13C  

 In all zones, unidentifiable fish from yellow perch stomach contents had significantly 

greater δ15N values than all other prey items, averaging 13.1l (FIGURE 3-1, TABLE 3-1). 

Amphipods, isopods and freshwater snails had consistently similar δ15N among zones, ranging 

from 9.1l to 9.5l.  Within each zone, δ15N values of amphipods and isopods were the most 

similar, with a δ15N difference of only 0.1l to 0.3l. However, the pattern of δ13C within zones 

varied. The majority of prey items falling within the range of -16l to -18l, while chironomids in 

Zone 1 and Bythotrephes longimanus in Zones 2 and 4 consistently fell outside this range, with 

δ13C values between -21l and -23l. The range of δ13C among zones was consistent from 

7.7l to 7.9l. Therefore, Ho2 was rejected.  

 Within Zone 1, there was a distinct difference in δ15N among prey items. Particularly, 

post-hoc ANOVA tests (Holm-Sidak method) revealed that unidentifiable small fish had 

significantly greater δ 15N values compared to all other prey items. The results also showed that 

crayfish, amphipods, isopods, and freshwater snails were not significantly different from one 

another. In contrast, both ramshorn snails and chironomids were significantly different from each 

other and had significantly lower δ15N values than all other prey items. The range of δ15N of all 

prey items, from chironomids to unidentifiable fish, was approximately 7l. Also, there was a 

significant difference in δ13C within Zone 1 prey items. In fact, chironomids had the most negative 

δ13C value of -23.1l, which was significantly different from all other prey items (-15.4l to -

16.8l). 

 Patterns of δ15N in Zone 2 were similar to Zone 1. Values of δ15N of Bythotrephes 

longimanus, crayfish, amphipods, isopods and freshwater snails were significantly lower than 

unidentifiable fish with δ15N values from 8.5l to 10.3l. Also similar to Zone 1 was the pattern 

of δ13C among crayfish, amphipods and isopods. However, unlike Zone 1, the values of δ13C of 

unidentifiable fish in Zone 2 were more negative than crayfish, amphipods and isopods, but 

similar to Bythotrephes. Prey items in Zone 4 also exhibited differences in trophic status as 

measured by δ15N. In this case, crayfish were significantly different from unidentifiable fish, as 

well as from amphipods, isopods, and freshwater snails, which ranged from 8.8l to 9.5l. 
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There was also a much greater variability in terms of δ13C patterns. The δ13C values for crayfish 

and Bythotrephes occurred between  -14.7l and -22.5l.  

Two distinct groups of amphipods were discovered in Zone 1 when examining δ13C and 

δ15N. One group was comprised of amphipods taken from the stomach contents of yellow perch 

caught in late spring and early summer, the other group from mid to late summer (FIGURE 3-2).  

The change in δ15N from prey to yellow perch ranged from 1‰ – 8‰ with many prey item 

δ15N values within the range of 8‰ – 11‰ (FIGURE 3-1). This suggests that the majority of 

yellow perch prey items including freshwater snails, amphipods, isopods, damselflies, 

Bythotrephes and crayfish, share a similar trophic position and likely form a single prey-predator 

link. Also, there was an approximately 1‰ shift in δ13C between most prey items (amphipods, 

isopods, damselfly, unidentifiable fish, and freshwater snail) and perch.  

 

3.3.3 Using δ15N and logTHg to Assess THg Biomagnification  

As suggested in Chapter 2, the concentration of Hg in yellow perch prey items may have 

increased as a function of individual trophic position. By comparing logTHg and δ15N, an 

assessment of the biomagnification of Hg can be made.  In Zones 2 and 4, there was a 

statistically significant linear relationship amongst prey items, and the slopes and intercepts of 

each regression line were very similar (FIGURE 3-3, TABLE 3-2). However, in Zone 1 there was 

no significant relationship. Therefore, Ho3 was rejected for Zones 2 and 4, but not for Zone 1. 

In order to best determine the relationship between logTHg and δ15N in yellow perch and 

their prey items, those caught in July in August of both years were used since they provided the 

largest dataset. When considering both prey items and yellow perch from July and August there 

was a significant linear relationship between logTHg and δ15N in all zones, and Ho4 was rejected 

(FIGURE 3-4, TABLE 3-2). The baseline concentration, as described by the intercept of the 

equation of the line of regression, of Hg was greatest in Zone 1, 39.8 ng/g. Between 47 – 77% of 

the variation in logTHg within the food webs was explained by the relative trophic position of the 

organism, which was much greater than that explained by the regression for prey items alone (21 

– 39%). Zones 2 and 4 had similar concentrations of THg (5.1 – 5.7 ng/g) at the base of the food 
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web and rates of biomagnification as described by the slope of the relationship, 0.16 and 0.14 

respectively. However, when this relationship was examined using only amphipods and yellow 

perch, the amount of variation explained increased to 87% in Zone 2, and 84% in Zone 4. There 

was no change in the amount of variance explained in Zone 1 since amphipods already were the 

largest contributor to total numbers of prey in the analysis. 

As described in Chapter 2 (FIGURE 2-3), differences in logTHg were found for sampling 

site within Zone 1 (TABLE 3-2). For example, Zone 1C had the greatest biomagnification rate at 

0.14, with Zone 1A and Zone 1B rates between 0.08 and 0.1. However, similar to results found 

for prey item and yellow perch contamination in these sub-zone areas, the amount of THg at the 

base of the food web, as described by the intercept of the equation of the regression line, was 

least in Zone 1C at 13.1 ng/g dw, with the most in Zone 1A at 67.1 ng/g dw.  

 

3.3.4 Influence of Carbon Source 

 There was a significant positive relationship between logTHg and δ13C of prey items in 

Zone 1, but in Zones 2 and 4, no significant relationship was found (TABLE 3-2). Therefore, Ho5 

was rejected in Zone 1, but not in Zones 2 and 4. In Zone 1, as described above, two distinct 

groups of amphipods were identified based on their δ13C values. When we compared these 

values to their THg concentrations in Zone 1 there was a significant relationship (FIGURE 3-5). 

When these two groups were examined separately, a significant relationship (r2adj= 0.36) in the 

May/June group was found, but not in the July/August group. Differences in THg concentrations 

of amphipods alone may contribute a great deal of variation to the amount of THg available to 

yellow perch and indicated that seasonal influences on amphipod diet may be important to Hg 

uptake trends.  

 When comparing THg concentrations and δ13C of all prey items and yellow perch, there 

was no significant relationship in Zones 2 and 4. When only amphipods and yellow perch are 

considered, significant positive relationships within all three zones were found and Ho6 was 

rejected (FIGURE 3-6). Interestingly, the slope of the line in both Zones 2 and 4 was 2x as great 

as it was for Zone 1.  
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3.4 Discussion 

3.4.1 Yellow Perch Prey Items: δ15N and δ13C 

Using a variety of organisms with different functional feeding groups is useful for stable 

isotope and ecotoxicology studies in streams and rivers because it allows for a more accurate 

assessment of baseline conditions among sites (Jardine et al. 2006). In this case, amphipods 

were used to supplement the baseline data provided by Fowlie (2006). They found that there was 

no difference in δ13C and δ15N values of zebra mussels among zones, but that there was a 

difference between shallow-water and deep-water dwelling zebra mussels (Fowlie 2006). There 

was no difference in the mean and range of δ15N and δ13C of amphipods among zones indicating 

that similar habitat and environmental conditions for amphipods may exist among all zones.  All 

three zones are characterized by muddy sand and sandy bottom types. Extensive macrophyte 

growth occurs on the soft sediment by mid-summer in water (0 – 8 m deep), and extends outward 

from the shoreline approximately up to 100 – 200 m along the length of each zone (Biberhofer 

and Rukavina 2002).   

Similar patterns of δ15N in prey items among zones were also found. Amphipods and 

isopods had consistently similar δ15N among zones and within each zone. Since they are both 

crustaceans sharing a similar range of foraging behaviours and food resources, they must both 

exhibit a diet flexibility, confirmed by δ13C both δ15N trends, that exploits both herbivory and 

predation (MacNeil et al. 1997; Covich and Thorpe 2001).   

Pelagic and benthic algae exhibit distinctive C signatures as a result of differential 

fractionation during C fixation (Hecky and Hesslein 1995). Benthic algae are CO2 limited, and 

therefore, the lighter isotope (12C) is not preferentially taken up. In contrast, planktonic algae have 

an abundance of CO2 available to them and discriminate against (13C) (Jardine et al. 2006; 

France 1995b). As a result, benthic algae have more 13C compared to planktonic algae. In 

particular, freshwater snails are generally considered to be herbivorous consumers of benthic 

algae and may form the base of the littoral food web (Post 2002; Jardine et al. 2006). In this 

study, the δ13C values of freshwater snails were less negative than those of zebra mussels. This 
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was further exemplified by the examination of δ13C of Bythotrephes, a pelagic predatory 

zooplankton which had lower values because of its preference to feed on phytoplankton 

(Branstrator et al. 2006). 

Carbon signatures of consumers at multiple trophic levels can also be used to 

differentiate between the relative reliance of organisms on food webs of pelagic and benthic origin 

(France 1995b; Post 2002). A foodweb based on submerged aquatic vegetation was 

characterized by less negative δ13C values compared to a food web based on phytoplankton 

(Croteau et al. 2005). The idea that the food web in this study was based in the littoral zone was 

further supported by the examination of δ13C values among yellow perch and prey type within 

each zone. Though there was some variation, the majority of yellow perch and prey items fell 

within the range of -16l to -18l, suggesting that most yellow perch and prey items fed within a 

benthic/littoral food web. In fact, littoral zone fish from north-temperate freshwater bodies in North 

America, such as yellow perch, rely on about 70% C derived in the littoral zone (Vander Zanden 

and Vadeboncoeur 2002). 

One prey type that did not adhere to the benthic/littoral mode of yellow perch feeding 

selection were chironomids. We found that chironomids had the most negative δ13C value           

(-23.1l) and were significantly different from all other prey items, including Bythotrephes, a 

strictly pelagic organism. Chironomids, which feed deeply in the sediment, have less 13C than 

those that feed at the sediment-water interface because they likely belong to a profundal food 

web and fix respired CO2 that also has less 13C, giving them a similar δ13C value to a pelagic 

organism (Croteau et al. 2005; Vander Zanden and Vadeboncoeur 2002). 

In Zone 1, two distinct groups of amphipods were identified when comparing δ13C and 

δ15N. One group of amphipods came from the stomach contents of yellow perch caught in late 

spring and early summer, and the other group from mid to late summer (FIGURE 3-2). According 

to the principles described above, less negative δ13C food chains are based on benthic algae and 

macrophytes, whereas more negative δ13C food chains are primarily based on pelagic 

phytoplankton. If this theory is applied to Zone 1, a seasonal shift in the diet of amphipods is 

suggested. In early May and June, when macrophyte abundance is low in Zone 1, benthic 
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macroinvertebrates including amphipods may be grazing upon detritus made up of phytoplankton 

and diatoms. However, as the seasons progress and dense stands of macrophytes grow in Zone 

1, the invertebrate community may shift to benthic algae, periphyton and macrophyte detritus. 

Similar diet shifts in the amphipod Gammarus fasciatus from the Ohio River were observed when 

filamentous algae and diatoms made up a greater proportion of the diet in late spring than later in 

the summer (Summers et al. 1997). They concluded that amphipods from large rivers shift 

temporally between food sources depending upon their abundance (Summers et al. 1997).  

Another hypothesis proposed to explain this phenomenon was the presence of ovigerous 

female amphipods during the early spring with more negative δ13C values. Jardine et al. (2005) 

described eggs as lipid-rich body structures, and along with McCutchan et al. (2003) explained 

that they are likely to have lower δ13C values compared to muscle tissue which has low lipid 

content. Though female amphipods can reproduce throughout the summer months at each stage 

of molting (Covich and Thorpe 2001), there was no significant difference in C:N ratios among the 

summer months (ANOVA: F = 2.57, p = 0.09, df = 2, 42). Therefore, this hypothesis may not 

completely explain the separation between the two groups based on δ13C values, but may 

supplement the hypothesis described above since more negative δ13C values could be attributed 

to both diet source and the inclusion of lipid-rich body structures in SIA.  

Finally, as described in Chapter 2, the area of sampling sites within Zone 1 highly 

influenced THg concentrations of both yellow perch and their prey items, and the differences in 

sampling sites within Zone 1 may have been responsible for the difference in δ13C among 

months. However, the area of capture within Zone 1 was ruled out as an explanatory factor since 

there was no difference in δ13C values among sites (ANOVA: F = 0.78, p = 0.38, df = 2, 29). 

 

3.4.2 Bythotrephes longimanus 

In this study, Bythotrephes was one of the only prey items of yellow perch to have pelagic 

δ13C values (-21 to -23l). Bythotrephes also occupied the higher end of the trophic level for prey 

items of yellow perch with δ15N values of about 10l. A study that compared the seasonal 

variability in the δ13C and δ15N values of zooplankton from Lake Geneva and Lake Annecy in 
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Europe, found similar results for δ15N (Perga and Gerdeaux 2006). Bythotrephes, from these 

lakes had δ15N values that fluctuated with season but generally were between 8 and 12l (Perga 

and Gerdeaux 2006). They also found that δ13C fluctuated with season but was as a result of 

changes in temperature (Perga and Gerdeaux 2006). The sample size in this study was too small 

to test for seasonal differences; however, it is likely that temporal differences do exist as a result 

of changes in zooplankton feeding behaviour in response to the availability of resources, as well 

as factors such as temperature, primary production and inorganic nutrient cycling (Grey et al. 

2001; Perga and Gerdeaux 2006). Also, THg concentrations of Bythotrephes from the stomach 

contents of yellow perch caught in Zone 2 were higher than all other invertebrate prey items; 

likely as a result of Bythotrephes pelagic niche where greater rates of biomagnification exist 

compared to benthic food webs (Power et al. 2002).  

Very few studies have assessed the tropic status, energy source or contamination of 

Bythotrephes. Since Bythotrephes, a large-bodied, exotic, predatory, planktonic cladoceran, can 

disrupt pelagic food web structure and alter energy pathways, it is an important environmental 

concern in freshwater bodies of eastern North America and should be further studied (MacIsaac 

et al. 2004; Branstrator et al. 2006).  

 

3.4.3 Differences in δ15N and δ13C from Prey to Consumer 

The difference in δ15N from prey to consumer ranges from 1‰ – 8‰, and there was an 

approximately 1‰ shift in δ13C from prey to predator (FIGURE 3-1). The isotopic correspondence 

of diet items and yellow perch δ13C values between habitats was consistent with the concept that 

δ13C differentiates food webs, but is enriched only about 1‰ with trophic transfer (Peterson and 

Fry 1987; DeNiro and Epstein 1978). This suggests that a majority of yellow perch prey items 

(freshwater snail, amphipod, isopod, damselfly and crayfish) share a similar trophic position, likely 

forming a single prey-predator link. A similar pattern comparing trophic fractionation between 

primary producers and herbivorous consumers was found in a study of the trophic transfer of 

metals along the freshwater food web in San Francisco Bay (Croteau et al. 2005). They found 

that their prey items fell within the accepted trophic fractionation range of 3‰ to 5‰ (Croteau et 
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al. 2005). Overall, the δ15N differences between yellow perch and prey in our study correspond to 

the differences of 3 to 5‰ per trophic level (Peterson and Fry 1987; Vander Zanden and 

Rasmussen 2001).  

Yellow perch in this study also exhibit broad distributions of benthivory, indicating high 

trophic flexibility (Vander Zanden and Vadeboncoeur 2002). Considering all prey items and yellow 

perch, the range of δ15N for this food web corresponds to expected values for a freshwater food 

web. A typical freshwater food web has piscivores with δ15N values >14‰, omnivorous organisms 

between 10‰ to 14‰, and herbivorous/detritivorous organisms below 10‰ (Jardine et al. 2003). 

Invertebrate prey items from this study fall within these trophic guilds. For instance freshwater 

snails, amphipods and isopods fell within a δ15N range of 8.5‰ to 9.5‰., Bythotrephes, young-of-

the-year crayfish and young-of-the-year fish between 9.8‰ to 13.7‰, and yellow perch with a 

mean of 13.8‰.  

 

3.4.4 Biomagnification: Relationship between THg and δ15N 

Why do certain sub-populations of specific taxa have higher or lower contaminant 

concentrations than their counterparts occupying similar habitats? As described in Chapter 2, 

there were differences in average THg concentrations among prey items in Zones 2 and 4. Since 

δ15N and Hg concentrations increase in higher trophic levels, there should be a similar pattern of 

THg concentrations and δ15N throughout the food web. For prey items of yellow perch, 

unidentifiable fish in all zones had the highest δ15N value and the highest THg concentrations 

among all prey items. Similarly, all other prey, including freshwater snails had lower THg 

concentrations and lower δ15N values. However, the pattern in Zone 1 was different: all prey items 

were similarly contaminated with THg but had different δ15N values. 

 Concentrations of THg typically increased as a function of individual trophic position 

when considering all prey items. For example, in Zones 2 and 4, THg concentrations of 

unidentifiable fish were significantly greater than THg concentrations of amphipods and isopods. 

In order to determine if this pattern were a direct result of differences in trophic position of prey 

items, δ15N and THg were examined. In fact, significant linear relationships between logTHg and 
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δ15N in prey items were discovered in both of these zones (FIGURE 3-3, TABLE 3-2); both had 

similar baseline concentrations of THg, as well as biomagnification rates. Similar relationships 

among Zones 2 and 4 were not intuitive because Zone 2 was considered a contaminated site and 

Zone 4 was a reference site. As such, we propose that although sediment THg concentrations in 

Zone 2 are higher than in Zone 4, most may be not bioavailable; i.e., the amount of bioavailable 

Hg at the base of the food chain is similar to that of a reference site. This theory is supported by 

Delongchamp (2006), who found that the highest rates of methylation and MeHg occurred in 

Zone 1, but that Zone 2 was similar to Zone 4 with only 1 – 2% of THg as MeHg. Also, the 

biomagnification rate in Zone 2 was intermediate between those of Zones 1 and 4. A similar 

pattern in terms of the link between δ15N and THg concentrations of yellow perch caught in the 

same areas was also found (Fowlie 2006).  

No significant relationship was found in Zone 1 between δ15N and logTHg concentrations 

because all prey items in Zone 1 were similarly contaminated, even though δ15N values differed 

(FIGURE 3-3). Contrary to Zone 2, exposure of prey items to THg in Zone 1 may include both 

food web biomagnification, and direct exposure to MeHg in sediments, pore water, and water. For 

instance, Pickardt et al. (2006) described that the uptake of waterborne Hg by the gills of 

mosquitofish and redear sunfish during respiration was an important route of exposure along with 

dietary exposure, Elevated Hg concentrations in fish and invertebrates may be attributed to 

unique conditions in Zone 1 where sediments have the potential for high levels of 

methanogenesis and remobilization of Hg and have the highest percent MeHg (6.3%) 

(Delongchamp 2006).  

When the relationship between logTHg and δ15N was examined using both yellow perch 

and prey items, a significant linear relationship was found within all zones (FIGURE 3-4). The 

basal food chain contamination concentration estimated from the intercept of the regression line 

for Zone 1 was 7 to 8 times greater than it was in Zones 2 and 4, 6.5 times greater than in the 

yellow perch food chain of boreal forest lakes in northern Ontario (Kidd et al. 1995a) and 20 times 

greater than in sub-arctic lakes (Power et al. 2002). Differences in the local geochemistry within 

the study sites in the St. Lawrence River at Cornwall, ON, such as differences in sediment grain 
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size, water depth, macrophyte abundance, increased methane gas bubbling and the layer of 

woodchips found buried in the sediments Zone 1, likely account for the differences in the basal 

contamination concentrations.  

The estimated biomagnification rate was greatest in Zone 4 (0.16) and least in Zone 1 

(0.10). In fact, these values were consistent with those reported in studies of the relationship 

between logTHg and δ 15N in freshwater and marine ecosystems, as well as Arctic, temperate and 

tropical latitudes (Campbell et al. 2005). For instance, the biomagnification rate for yellow perch 

from lakes in north-western Ontario was 0.15 (Kidd et al. 1995a), and rates of 0.19 to 0.20 within 

arctic freshwater and marine ecosystems, respectively (Atwell et al. 1998; Power et al. 2002; 

Campbell et al. 2005). Interestingly, rates of biomagnification were also similar in African crater 

lakes at about 0.14 (Campbell et al. 2006).  

The relationship between logTHg and δ 15N within Zone 1 was also influenced by within-

zone variation. The rate of biomagnification for Zone 1C was most similar to Zone 4 and those 

described in other studies; whereas Zones 1A and 1B had lower rates of biomagnification despite 

having higher amounts of THg at the base of the food web. As described in Chapter 2, THg 

concentrations of prey items and yellow perch from Zone 1C were most similar to that of Zone 4, 

the reference site. Since THg concentrations were most similar to the reference site, where no 

direct source of industrial Hg contamination exists, it is not surprising that the rates of 

biomagnification in Zone 1C were more similar to them, than to those aquatic ecosystems with 

highly contaminated sediments. These results suggest that Zone 1C is a reference site within the 

contaminated site. The high spatial variability in THg concentrations of organisms, rates of 

biomagnification, and the amount of Hg available at the base of the food web within such a small 

area, only tens of metres apart, is not commonly documented (FIGURE 2-3). 

 

3.4.5 Carbon Source 

In particular, the habitat in which a consumer forages relative to other individuals within a 

population may affect its exposure to and accumulation of contaminants such as Hg (Jardine et 

al. 2006). This may reflect a general rule where the biomagnification of organochlorine, Hg, and 
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DDT, respectively, is greater in pelagic food webs compared to benthic food webs (Campbell et 

al. 2000; Kidd et al. 2001; Power et al. 2002). For instance, pelagic fish from Bow Lake, AB, such 

as lake trout were more highly correlated with organochlorine concentrations than mountain 

whitefish which fed in the littoral zone (Campbell et al. 2000). It is believed that the rate of 

biomagnification for DDT was higher in the pelagic food web of Lake Malawi, East Africa, due to 

higher inputs of DDT at the base of the food web (Kidd et al. 2001).  

However, the relationship in the St. Lawrence River at Cornwall, ON, was not reflective of 

this pattern when amphipods in Zone 1 (FIGURE 3-5) and both yellow perch and amphipods from 

all Zones were examined (FIGURE 3-6). In fact, there was a significant positive linear relationship 

between δ13C and logTHg in each zone. These results indicate that although the importance of 

pelagic C decreased over the summer months, and although fish communities based on pelagic 

food sources may have a higher rates of biomagnification in other freshwater fish, a fish 

community that has a high population of benthivorous species can also lead to high 

concentrations of Hg from benthic prey items (Wong et al. 1997).  

 

3.5 Summary/Conclusions: 

Our results reinforced the well-known advantages of using stable isotopes to understand 

food webs. For example, stable isotope ratios of yellow perch were strongly related to those of 

their diet items. Also, δ15N fractionation between diet items and yellow perch tissue was greater 

than for δ13C. For instance, there was an increase in δ15N values of about 4 – 6l between prey 

and yellow perch and an increase of only about 1l for δ13C which were consistent with literature 

values (DeNiro and Epstein 1978; Peterson and Fry 1987; Vander Zanden and Rasmussen 

2001). In addition, the range of δ15N for this food web corresponds to the expected range for a 

freshwater food web with piscivores (>14‰), omnivores (10‰ to 14‰), and herbivores and 

detritivores (<10‰) (Jardine et al. 2003). There was also no difference in trophic position of 

yellow perch prey items among zones; therefore, differences in prey trophic level cannot explain 

the apparent paradox of excess Hg in biota from Zone 1.  
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Examining the influence of both trophic level and C source on THg concentrations of prey 

items and yellow perch also allowed for a comparison of their relative importance. The relative 

importance of either factor changed both spatially and temporally. In Zone 1, total mercury 

burdens in benthic invertebrates can be attributed to both pelagic and benthic prey items. This 

relationship indicates that prey items may be more connected to the pelagic food web in the 

spring and early summer, before they switch to a more benthivorous/littoral diet in July and 

August 

 Also, prey item THg concentrations increased as a function of trophic position in Zones 2 

and 4. But in Zone 1, there was no relationship between trophic status and THg concentrations of 

prey items indicating that diet may not be the only exposure route of Hg to prey items in this zone. 

Within each zone, the biomagnification of THg between trophic levels was confirmed by 

significant relationships between δ15N and THg for both yellow perch and prey items. All zones 

had similar rates of biomagnification, but the greatest amount of THg occurred at the base of the 

food chain in Zone 1.Interestingly, within Zone 1 there was a difference in the rates of 

biomagnification and baseline Hg concentrations. The rate of biomagnification in Zone 1C was 

similar to Zone 2 and Zone 4, but rates were lower in Zone 1A and Zone 1B than those commonly 

described in literature. Also, large differences in baseline THg concentrations were found 

indicating that much spatial Hg heterogeneity exists in sediments of the St. Lawrence River at 

Cornwall, ON. Variations in the rates of biomagnification and Hg at the base of the food web 

within Zone 1 highlight the importance of consistent sampling and heterogeneity of contamination 

within sampling sites.  

 Overall, the results of this study indicate that both vertical (trophic) and horizontal 

(habitat) food web structure influence THg concentrations in yellow perch and their prey items. 

Also, the supplementation of stable isotope data with more traditional measures of feeding 

behaviour, such as SCA, enhanced our understanding of THg bioaccumulation and 

biomagnification. This study and for the most part, past studies have found relatively good 

agreement between SCA and SIA and have led to many new research questions. For instance, 

neither SCA nor SIA indicated that the trophic structure supporting yellow perch was significantly 
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different at Zone 1 than at other contaminated and reference zones, suggesting that dietary 

exposure to mercury in Zone 1 may not be the only exposure mechanism. 

 

Trends reported here have the following implications: 

1. Use of baseline and higher trophic level organisms, confirms that both the 

vertical and horizontal food webs can be similar among sites that are located 

some distance from each other.  

2. Though prey trophic status may not change among seasons, horizontal food 

web structure can change, indicating that the relative importance and 

contribution of either the benthic/littoral or pelagic C source may alter the rate 

of biomagnification of Hg.  

3. When examining contaminated and reference sites, biomagnification rate and 

the amount of Hg at the base of the food web, as well as C source are 

important for understanding mercury transfer between trophic levels and 

among food webs.  
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3.6 Tables 
TABLE 3-1: Mean and standard deviation of δ13C and δ15N of prey items and yellow perch, and results of 1-Way ANOVAs. Yellow perch sample 
numbers from 2006 were supplemented with those from Fowlie. (2006) in order to increase sample size. For δ15N and δ13C, means within each zone 
sharing the same letter were not statistically different. An asterisk * denotes significance. 

  Prey Type n Mean δ15N 
(l)  

Significant 
Difference? 

1-Way ANOVA 
Results 

Mean δ13C 
(l) 

Significant 
Difference? 1-Way ANOVA Results 

yellow perch 30 13.7 + 0.7 A -14.7 + 1.4 A 
fish 3 12.5 + 0.5 B -16.5 + 0.2 AB 

damselfly 1      
 

10 -16.29
crayfish 3 9.4 + 0.4 C -16.7 + 0.6 AB 

amphipod 33 9.1 + 0.6 C -16.2 + 1.7 B 
isopod 2 9.0 + 0.2 C -15.4 + 0.3 AB 

freshwater snail 7 8.6 + 0.8 C -16.4 + 2.3 AB 
ramshorn 2 7.3 + 0.7 D -16.8 + 3.4 AB 

chironomid 2 5.5 + 0.6 E -23.1 + 0.2 C 

Zone 1 

Bythotrephes longimanus      

F = 169.0, 
p < 0.001*  
df = 7, 74 

F = 8.7 
p < 0.001*   
df = 7, 74 

yellow perch 6 13.7 + 0.3 A -16.2 + 1.7 A 
fish 2 13.1 + 0.3 A -19.9 + 1.6 BC 

damselfly 1     
 

10.3 -18.4
crayfish 3 10.3 + 0.5 B -16.4 + 1.4 B 

amphipod 14 9.3 + 0.8 C -17.5 + 1.2 B 
isopod 3 9.6 + 0.5 BC -17.4 + 0.7 B 

freshwater snail 1     
     
     
 

8.5 -13.6
ramshorn 

chironomid 

Zone 2 

Bythotrephes longimanus 6 10.1 + 0.5 B 

F = 125.5  
p < 0.001* 
 df = 5, 40 

-21.5 + 1.1 C 

F = 14.5  
 p < 0.001* 
df = 5, 40 

yellow perch 12 13.9 + 0.5 A -15.0 + 1.2 A 
fish 5 13.7 + 0.4 A -16.8 + 3.8 AB 

damselfly      
 crayfish 13 11.1 + 1.0 B -14.7 + 1.1 AB 

amphipod 12 9.5 + 0.7 C -17.0 + 1.1 B 
isopod 10 9.5 + 0.6 C -16.8 + 0.4 AB 

freshwater snail 2 8.8 + 0.1 C -15.8 + 2.4 AB 
ramshorn      

     
       

chironomid 1 10.1 -17.6

Zone 4 

Bythotrephes longimanus 1 9.8

F = 107.7 
 p < 0.001*    
df = 5, 56 

-22.5

F = 5.6                
p < 0.001*        
df = 5, 56 

 

 



 

TABLE 3-2: Results of regression analysis between δ15N or δ13C and THg (ng/g dw) of prey items. An 
asterisk * denotes significance. 

 

Regression 
Factors Zone  Items Considered months 

considered n y = adjusted 
r2 F p 

all prey items   48 2.31 + 0.02x 0 0.96 0.34 
amphipods  29 2.39 + 0.02x 0 0.05 0.82 
amphipods May/June 12 2.38 + 0.02x 0 0.1 0.76 
amphipods July/August 17 1.5 + 0.11x 0 1.04 0.33 
yellow perch July/August 30 4.3 - 0.09x 0.01 1.4 0.25 
yellow perch and all 
prey items July/August 63 1.6 + 0.1x 0.47 56 <0.0001* 

1 

amphipods and yellow 
perch   60 1.69 + 0.1x 0.45 49.2 <0.001* 

1A yellow perch and all 
prey items July/August 49 1.8 + 0.08x 0.38 31.5 <0.001* 

1B yellow perch and all 
prey items July/August 7 1.6 + 0.1x 0.79 24.1 0.004* 

1C yellow perch and all 
prey items July/August 7 1.12 + 0.14x 0.57 8.79 0.03* 
all prey items   26 0.77 + 0.13x 0.21 7.86 0.0098* 
yellow perch July/August 16 2.0 + 0.07x 0 0.21 0.66 
yellow perch and all 
prey items July/August 30 0.71 + 0.16x 0.77 79.2 <0.0001* 

2 

amphipods and yellow 
perch   30 (-0.14) + 0.22x 0.87 197 <0.001* 
all prey items  32 0.83 + 0.11x 0.39 21.4 <0.001* 
yellow perch July/August 16 2.3 + 0.03x 0 0.27 0.61 
yellow perch and all 
prey items July/August 30 0.76 + 0.14x 0.64 53.3 <0.0001* 

logTHg 
and δ15N 

4 

amphipods and yellow 
perch   30 0.34 + 0.17x 0.84 155 <0.001* 

1 all prey items   48 3.13 + 0.04x 0.12 7.44 0.009* 
 amphipods  29 3.41 + 0.05x 0.12 4.77 0.04* 
 amphipods May/June 12 5.03 + 0.14x 0.36 5.5 0.04* 
 amphipods July/August 17 2.96 + 0.02x 0 0.07 0.79 
 yellow perch July/August 30 3.4 + 0.02x 0 0.35 0.56 

 yellow perch and all 
prey items July/August 60 3.25 + 0.03x 0.1 6.1 0.016* 

  amphipods and yellow 
perch   60 3.95 + 0.07x 0.18 14 <0.001* 

1A yellow perch and all 
prey items July/August 49 3.43 + 0.05x 0.13 8.18 0.006 

1B yellow perch and all 
prey items July/August 7 5.63 + 0.18x 0.32 3.76 0.11 

1C yellow perch and all 
prey items July/August 7 4.78 + 0.13x 0.23 2.46 0.19 
all prey items   26 1.24 - 0.04x 0.1 3.65 0.067 
yellow perch July/August 16 2.3 - 0.04x 0.06 1.9 0.19 
yellow perch and all 
prey items July/August 30 3.4 + 0.05x 0.06 2.9 0.1 

2 

amphipods and yellow 
perch   30 4.82 + 0.14x 0.13 5.4 <0.001* 
all prey items  32 2.24 + 0.02x -0.02 0.37 0.55 
yellow perch July/August 16 2.3 - 0.03x 0.02 1.4 0.26 
yellow perch and all 
prey items July/August 30 3.05 + 0.04x 0.05 3.05 0.09 

logTHg 
and δ13C 

4 

amphipods and yellow 
perch   30 4.86 + 0.16x 0.31 14.2 <0.001* 



 

3.7 Figures 
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FIGURE 3-1:  Trophic structure of the St. Lawrence River food web as 
determined from stable carbon and nitrogen isotope ratios. Symbols 
present the mean values and error bars show the standard deviation for 
both δ15N and δ13C of prey items and yellow perch.  Zebra mussels provide 
baseline stable isotope ratios allowing all zones to be compared together 
(Fowlie  2006).  

FIGURE 3-2: δ13C and δ15N of amphipods from Zone 1. 
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FIGURE 3-3: Linear relationship between relative trophic position (δ15N) of 
prey items and the logarithm of Hg concentrations measured in prey items 
(ng/g dw).  
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FIGURE 3-4: Significant linear relationships exist between relative trophic 
position (δ15N) and the logarithm of Hg concentrations measured in prey items 
and yellow perch (ng/g dw) caught in July and August. δ15N and THg for 
yellow perch from 2004-05 by Fowlie (2006). 
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FIGURE 3-5: Linear regression between logarithm of THg concentrations (ng/g 
dw) and δ13C in amphipods taken from the stomach contents of yellow perch 
in Zone 1 in July and August of 2005 and 2006. 
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FIGURE 3-6: Linear regression between logarithm of THg concentrations 
(ng/g dw) and δ13C in amphipods and yellow perch taken from the stomach 
contents of yellow perch in Zone 1. δ13C and THg for yellow perch from 
2004-05 by Fowlie (2006). 
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4.1 Introduction 

Despite the closure of all industrial sources of Hg, Courtaulds in 1992, ICI Forest 

Products in 1995 and Domtar in 2006, and although Hg concentrations in newly deposited 

sediment in the St. Lawrence River at Cornwall, Ontario, are much lower than in the past, 

yellow perch contain Hg concentrations that continue to exceed OME consumption guidelines 

(Delongchamp 2006, Fowlie 2006). As a result of this legacy of industrial contamination, 

areas of sediment deposition in this region of the St. Lawrence River continue to contain high 

concentrations of Hg. Yellow perch caught in this region contain Hg concentrations exceeding 

consumption guidelines. Interestingly, an apparent paradox exists between two contaminated 

sites (Zone 1 and 2) – despite higher sediment Hg concentrations at Zone 2, fish from Zone 1 

contain higher tissue Hg concentrations. Fowlie (2006) determined that these patterns of Hg 

concentration were not attributed to growth rate, condition factor, diet composition, or trophic 

position of the yellow perch. Rather, Hg patterns in yellow perch may be described by the 

heterogeneity of prey contamination and fish bioenergetics (Fowlie 2006).  

In order to understand the origin of yellow perch contamination, a more complete 

food web study was necessary to describe the movement of Hg among trophic levels and to 

attempt to explain the paradox of sediment and biota contamination among sites. Presently, 

only a few studies have measured Hg concentrations in the invertebrate community in the St. 

Lawrence River at Cornwall, and none have been as thorough and described the direct 

relationship between predator and prey as this study. The overall objectives of this research 

were to describe the spatial and temporal patterns of Hg accumulation in prey items of yellow 

perch from contaminated and reference zones along the Cornwall waterfront as well as the 

relationship between THg concentrations in prey items and yellow perch. Next, δ15N and δ13C 

were used to quantitatively describe the trophic position and energy source for prey items, 

respectively and to determine the degree of biomagnification within each zone. 
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4.2 Summary of Results 

The following observations were reported in Chapters 2 and 3: 

1. Yellow perch exposure to THg through their diet items changed between 2005 and 

2006 as the species composition and relative occurrence of prey items changed;  

2. The apparent paradox between sediment and biota in Zone 1 now extends to all 

organisms in the aquatic community; THg accumulation yellow perch prey items was 

much greater than at other contaminated and reference sites;  

3. There was no significant difference in trophic position (δ15N) of yellow perch prey 

items among zones; therefore, differences in prey trophic level cannot explain the 

paradox of excess Hg in yellow perch at Zone 1;  

4. All prey items from the stomach contents of yellow perch caught in Zone 1 were 

similarly contaminated. In contrast, differences in THg concentrations among prey 

items in Zone 2 and Zone 4 were clear;  

5. There was no relationship between trophic status (δ15N) and THg concentrations of 

prey items in Zone 1 indicating that diet may not be the only exposure route of Hg to 

prey items; 

6. The relationship between δ13C and THg indicates that prey items may be more 

connected to the pelagic food web in the spring and early summer, before they switch 

to a more benthic/littoral diet in July and August. 

7. Biomagnification of Hg between prey items and yellow perch, as described by the 

relationship between δ15N and THg, was similar among all zones, but the greatest 

amount of THg occurred at the base of the food chain in Zone 1;  

8. Variation within Zone 1 in terms of THg concentrations of prey and yellow perch, as 

well as rates of biomagnification and amount of Hg available at the base of the food 

web, highlighted the importance of consistent sampling and heterogeneity of 

contamination within sampling sites. Even at a small spatial scale (<100m), large 

differences in THg available to the food web were observed indicating that scale is 

importance in understanding Hg dynamics and contamination.   
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9. These results reinforced the advantage of using stable isotope analysis to 

understand how trophic relationships among organisms, as well as the C source of 

the food web, can influence contaminant concentrations. 

 

Even after examining the results of this study and describing the spatial and temporal 

patterns of THg accumulation in prey items of yellow perch, the paradox between 

contaminated sediments in Zone 1 and 2, and significantly contaminated biota in Zone 1 

relative to Zone 2 still exists. As a result, food web community complexity cannot entirely 

explain the paradox. In this chapter future research applications that may provide an 

explanation for the elevated concentrations of Hg found in the benthic invertebrate 

community and in yellow perch from Zone 1 will be described. 

 

4.3 Future Research 

The results of this study indicated that it was vitally important to study both the 

ecology of benthic organisms and the ambient chemical conditions simultaneously to explain 

differences and changes in Hg concentration spatially and temporally because there were 

differences in prey abundances between years. Future research should focus on the 

speciation and bioavailability of Hg in sediments and the bioaccumulation of Hg in benthic 

invertebrates with different feeding ecologies and sediment environments, as well as to 

examine the influence that macrophytes and periphyton may have on THg concentrations in 

the benthic community since they form the base of the food web.  

 

4.3.1 Sediment  

Since the paradox of elevated Hg concentrations in biota from Zone 1 cannot be 

solely explained by the prey community, further research is required to examine how 

sediment and bathymetric features can influence the amount of Hg that is bioavailable to 

benthic invertebrate community.  It is necessary to examine the mechanisms that enhance 
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the transfer of Hg to biota from these contaminated sediments. These unique features may 

ultimately be responsible for the remobilization of Hg and its increased availability to biota.  

Recent research indicates that high levels of MeHg in porewater of contaminated 

sediments as well as areas of extensive gas evolution occur in Zone 1 (Biberhofer and 

Rukavina 2002; Delongchamp 2006). It is believed that the rapid gas production results from 

methane and H2S formation during the diagenesis of sediments, woodchips and organic 

debris (Delongchamp 2006). Specifically, the areas of high gas bubbling are associated with 

a layer of woodchips that has been buried by approximately 10 cm of fine-grained sediments 

since the mid-1970s (Biberhofer and Rukavina 2002). These results may explain how the 

physical mobilization of Hg contaminated porewater and particulates, enhances Hg exposure, 

and why sediments in Zone 1 contain the highest concentrations of MeHg. In particular, rapid 

gas evolution induces the mechanical mixing of porewater and the 

resuspension/remobilization of sediment into the overlying water. Future research should test 

the hypothesis that this mechanism enhances the flux of MeHg to overlying waters its 

availability to benthic invertebrates and fish.  

 

4.3.2 Submerged Aquatic Vegetation 

Biberhofer and Rukavina (2002), identified that submerged aquatic vegetation (SAV) 

may offer sediments protection from resuspension by the turbulence from pleasure boat 

traffic. Though SAV may decrease the likelihood of sediment remobilization, some research 

indicates that rooted aquatic plants can absorb Hg from water, sediments and air (Thompson-

Roberts et al. 1999; Skinner et al. 2007). Thus, SAV can play a role in the cycling of Hg in 

lakes, rivers and wetlands by transferring Hg to herbivores, and by the release of Hg due to 

decomposition, and secretion of metals into the water column (Thompson-Roberts et al. 

1999). However, there was no relationship between sediment Hg and individual macrophyte 

species for many St. Lawrence River wetlands (Thompson-Roberts et al. 1999). The lack of 

correlation may result from the Hg being bound to sediment organic particles or to dissolved 

organic C in the water. Though there is some discrepancy between the impacts that SAV can 
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have on Hg concentrations in the surrounding environment, Zone 1 contains the greatest 

density of SAV by mid-summer, which greatly influences the amount of Hg available to the 

food chain. In particular, SAV may be a viable source of Hg to the prey items consumed by 

yellow perch in this Zone, since a majority of prey items are herbivores and/or detritivores. 

 

4.3.3 Periphyton 

Biofilms are huge reservoirs of organic biomass that can greatly accumulate 

contaminants (Barranguet et al. 2002), periphyton can serve as a powerful biomonitoring tool 

for contamination (Hill et al. 1996). They are not only a passive receptor of contaminants from 

the watershed, but they may also contribute to the methylation of Hg2+ (Desrosiers et al. 

2006). Given that periphyton are grazed upon by invertebrates, they may serve as a 

significant source of MeHg to fish (Hill et al. 1996; Desrosiers et al. 2006). Hg contained in 

periphyton may originate from sediment particles complexed with Hg2+ that settle out of the 

water column, as well as dissolved Hg may sorb to metal oxides that precipitate to 

periphyton. Though they can accumulate high levels of Hg when exposed to contaminated 

sediments such as those in Zone 1, this component of the aquatic system is most often 

ignored in studies of the aquatic Hg cycle (Watras et al. 1998; Desrosiers et al. 2006). Razavi 

(pers. comm.) has begun to investigate the influence of periphyton on the transfer of Hg 

through the food web. Their research indicates that periphyton from Zone 1 contain elevated 

concentrations of THg as do benthic invertebrate prey items and yellow perch.   

Efforts to understand and lower Hg contamination of sport-fish, a major impairment of 

a beneficial use for the St. Lawrence River at Area of Concern, are limited by gaps in 

knowledge regarding the formation, transfer and biomagnification of Hg in all compartments 

of the aquatic food web. The knowledge of how the above processes and compartments 

above affect the rate of Hg production, its transport and fate will improve our ability to predict 

the distribution and biomagnification of Hg in food webs and to characterize risk 

appropriately.  
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4.4 Implications 

Very little literature exists regarding the direct relationship between THg 

concentrations of prey items and their predators. As a result, this thesis has significantly 

contributed to understanding of the patterns of Hg contamination in prey items and its 

biomagnification in yellow perch. In particular we found that spatial, temporal and exposure 

differences can account for much of the variability in Hg contamination of prey items and 

yellow perch. 

 

4.4.1 Temporal Variation 

Since differences in THg concentrations of all prey items between years could be 

explained by differences in prey occurrence within stomach contents, year-to-year variability 

in benthic community structure can influence the total amount of Hg available to a consumer. 

According to Covich and Thorpe (2001) and Wissel et al. (2003), year-to-year variability in 

community structure and abundance of prey items may be attributed to previous year’s 

predation, changes to physical and chemical factors such as pH, temperature, nutrient level, 

water transparency, as well as by interspecific competition and poorly established over-

wintering stages. Though all these factors cannot be controlled in field experiments, they 

should be considered when selecting sampling sites and during interpretation of results. 

 

4.4.2 Spatial Heterogeneity 

Spatial differences also impact the pattern of Hg bioaccumulation in prey items and 

the biomagnification of Hg among trophic levels in the zones of sediment deposition along the 

Cornwall waterfront. This is especially important in the St. Lawrence River at Cornwall where 

after years of industrial modification, there is a great amount of heterogeneity in terms of 

bathymetry, and sediment composition and contamination even at sub-zone levels. 

Heterogeneity among and within sampling locations can highly influence the overall Hg 

concentrations of prey items and consequently the total amount of Hg that is exposed to 
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yellow perch through their diet. For example, though the zones of sediment contamination are 

only about 1 – 3 km apart, a significant disparity in THg concentrations exists among zones. 

Also, fine-scale heterogeneity exists within Zone 1 where THg concentrations in prey items of 

yellow perch caught in Zone 1C were significantly lower than in other areas in Zone 1.  

Since Hg from sediments is considered to be the primary exposure of Hg to prey 

items, these findings further exemplify the heterogeneity of the sediment as described by 

Biberhofer and Rukavina (2002). They stated that sedimentation of fine-grained particles 

occurs in all zones with significant spatial differences making sampling complicated if 

heterogeneity is not considered. They also emphasized that it is imperative to acknowledge 

how differences in substrate and sediment type can alter Hg concentrations in the food web. 

As a result, it is increasingly important to ensure that fish are captured in the same location 

across seasons and years in order to reduce the bias of location within zone and among 

zones.  

 

4.4.3 Exposure Mechanisms 

Finally, patterns of THg concentrations of prey items can be highly influenced by the 

exposure mechanism of prey to Hg. The relationship between δ15N and THg in Zones 2 and 4 

strongly suggests that feeding behaviour is of primary importance in controlling THg 

concentrations in invertebrates. In contrast, no relationship between δ15N and THg was found 

in Zone 1. This suggests that habitat exposure from contaminated sediments and pore water 

may contribute significantly to THg concentrations in prey items in Zone 1. Parkman and Meili 

(1993) have demonstrated similar findings where Hg concentrations in lower trophic levels in 

areas of high sediment contamination are more dependent on exposure to Hg than through 

trophic structure and food web dynamics.  
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4.5 Conclusion 

THg concentrations of all prey items in Zone 1 were elevated relative to other zones 

along the Cornwall waterfront confirming a similar distribution of THg concentrations among 

yellow perch (Fowlie 2006). THg concentrations of prey items were also variable depending 

on month, prey type and sampling location. Results also indicated that both the vertical and 

horizontal food web influenced exposure to THg. Moreover, these factors influenced the rate 

of biomagnification of Hg between trophic levels and baseline THg concentrations available 

at the base of the food web.  

After examining the spatial and temporal patterns of THg concentration among prey 

items, a paradox still exists: despite higher average sediment THg concentrations in Zone 2, 

THg concentrations of yellow perch and their prey items in Zone 1 were higher (Fowlie 2006). 

This thesis quantitatively described THg concentrations, as well as δ13C and δ15N, of yellow 

perch and their prey items, but was not designed to explore the mechanisms by which 

heterogeneity of sediment contamination influenced the bioavailability of Hg to the aquatic 

food web, nor did it examine the diet items of benthic invertebrates. Consequently, many 

questions, including the apparent paradox between sediments and biota in Zones 1 and 2, 

remained unanswered. Further research is required to understand the role SAV and 

periphyton, as well as the role of gas bubbling associated with wood-fibre deposits, and how 

such spatial sediment heterogeneity impacts the bioavailability of Hg to the benthic 

macroinvertebrate community.  

Over the past several decades, industrial Hg contamination has touched almost all 

corners of the earth including, Minamata, Japan, the English-Wabigoon River system in 

northwestern Ontario, a majority of freshwater inland lakes and rivers in North America, and 

the Arctic. Despite reductions in the amount of Hg emitted by industry directly into waterways, 

atmospheric deposition of Hg and historically emitted mercury continue to affect ecosystems. 

As a result, Hg pollution has placed many marine and freshwater ecosystems and organisms, 

including humans, at risk for problems associated Hg exposure. In Ontario, Hg is responsible 

for the majority of sport-fish consumption advisories for inland lakes (OME 2007). By tracing 
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the path of Hg from benthic invertebrate prey items to yellow perch, we have described a 

direct link between contaminated sediments and biota in the St. Lawrence River at Cornwall, 

ON.  

Results from this thesis are important for the Remedial Action Plan for the St. 

Lawrence River Area of Concern, as they add to the scientific knowledge of how spatial 

heterogeneity, even at small scales (10s to 1000s of metres), can impact the amount of THg 

available at the base of the food web, and ultimately the biomagnification of Hg within these 

food webs. By understanding how small-scale spatial heterogeneity affects Hg accumulation 

in lower trophic levels and its transfer between trophic levels in the St. Lawrence River at 

Cornwall, Ontario, other riverine ecosystems and communities experiencing similar Hg 

contamination problems may benefit. 
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Appendix I 
 
TABLE A1-1: Results of Contingency Table Analysis comparisons between stomach fullness and 
zone and/or month. ‘*’ denotes significance. 

  Χ2 p 
All months, Zone vs. Fullness 6.7 0.35 

May, Zone vs. Fullness 103.8 <0.0001* 
June, Zone vs. Fullness 97.3 <0.0001* 
July, Zone vs. Fullness 34.5 <0.0001* 

August, Zone vs. Fullness 38.1 <0.0001* 
All Zones, Month vs. Fullness 134.6 <0.0001* 

Zone 1, Month vs. Fullness 57.8 <0.0001* 
Zone 2, Month vs. Fullness 170.3 <0.0001* 
Zone 4, Month vs. Fullness 171.5 <0.0001* 
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Appendix II 
 
TABLE A2-1: Percent occurrence of prey items among yellow perch in 2005. Only stomachs that 
were 50 – 100% full were included. Totals will exceed 100% due to variable occurrences of prey 
items in stomachs.  
 

 All Zones Zone 1 Zone 2 Zone 4 

  n 
percent 

occurrence 
(% of 157) 

n 
percent 

occurrence 
(% of 59)  

n 
percent 

occurrence 
(% of 47) 

n 
percent 

occurrence 
(% of 47) 

Fish 12 13 4 7 4 9 9 19 
Shells             
Bivalve 33 5 4 7 2 4 - - 
Gastropod 7 23 22 37 5 11 8 17 
Ramshorn 19 8 5 8 6 13 2 4 
Crustacean             
Amphipod 2 70 36 61 34 72 18 38 
Crayfish 5 34 7 12 10 21 23 49 
Bythotrephes   - - - - - - - 
Isopod 5 33 15 25 17 36 8 17 
Insects             
Trichoptera 4 36 24 41 14 30 11 24 
Trichoptera Cases   - - -  - 4 9 
Chironomid 6 26 20 34 9 19 3 6 
Damselfly 33 5 3 5 - - 2 4 
Coleoptera 130 1 1 2 - - - - 
Mayfly - - - - - - - - 
Dragonfly - - - - - - - - 
Dipteran - - - -  - - - 
Sediments 130 1 - - 1 2 - - 
Vegetation 9 17 8 14 8 17 6 13 

Unknown 6 25 19 32 6 13 8 17 

 
 




