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Abstract 

 

Numerous anthropogenic disturbances have occurred in large lakes over recent 

decades.  These may alter concentrations of the biomagnifying contaminant mercury (Hg) 

in fish, but long-term impacts of disturbances on Hg trophodynamics are poorly 

understood.  Elemental analyses of archived museum ichthyology specimens could be 

used to study historical, pre-disturbance fish food webs, but there is uncertainty about 

effects of chemical preservatives on the results of such analyses.  In this thesis, long-term 

preservation effects were studied, and archived fish were used to reconstruct historical 

food webs and Hg trophodynamic patterns in three large North American lakes, Nipigon, 

Simcoe and Champlain.  After 24 months of formalin/ethanol preservation, fish muscle 

15N and 13C had average changes of +0.4 ‰ and -0.9 ‰, respectively. Shifts in mean 

Hg concentration was +5 % after 12 months.  A suite of 26 other elements analyzed over 

24 months showed consistent responses to preservation, usually involving an increase in 

concentration immediately following preservation. In the second phase of the thesis, 

stable isotope and Hg analyses were performed on archived and modern fish from the 

study lakes, dating to the 1920s-60s and 2006-7, respectively.  Trophic relationships were 

often relatively stable over time, but stable isotope metrics revealed a decrease in Lake 

Nipigon 15N range and less pelagic feeding among Lake Simcoe pumpkinseed and 

yellow perch.  In Lake Champlain, the re-introduction of lake trout in recent decades did 

not have a major effect on overall food web dimensions.  Significant Hg biomagnification 

factors were found in 1920s and 2006-7 Lake Nipigon (which were not statistically 

distinguishable from each other) and 2006 Lake Champlain. These biomagnification 
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factors ranged from 0.09 to 0.17, which is within the range found in other studies 

globally. Archived fish and government monitoring records indicated that fish Hg 

concentrations decreased in Lakes Simcoe and Champlain since historical periods, but 

remained similar or increased in Lake Nipigon.  This thesis confirms the utility of 

archived fish for elemental analyses. It highlights the risks of Hg contamination and food 

web change that may be faced by remote lakes, and it provides evidence for relatively 

stable Hg biomagnification rates in large lakes. 
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Chapter 1_______________________________________ 

General introduction 

 

1.1: Changes to lake food webs 

Over the past century, many of the world’s freshwater lakes have experienced a 

large number of anthropogenic ecological disturbances. These include the accumulation 

of pollutants in wildlife, the introduction of non-native species, the extirpation or 

extinction of locally native species, and intensified fisheries practices, among other 

factors.  One avenue by which disturbances can impact fish is by altering their diets, 

either through reduced availability of preferred dietary items, increased competition for 

those items, or introduction of entirely new food sources.  The overall food web impacts 

of these processes are seldom easy to uncover; studies of “top-down” and “bottom-up” 

effects  illustrate how changes at one level of a food chain can resonate through other 

levels and impact multiple species in complex ways (Brett and Goldman 1997; Williams 

et al. 2002).  Adding to this complexity, trophic interactions typically occur in the 

presence of multiple ecological disturbances, acting with varying intensities over 

different periods of time.  Thus ecological disturbances – and their trophic effects – 

cannot be understood in isolation.  This understanding has given rise to new applied and 

theoretical research approaches that emphasize the complexity of trophic interactions 

(Dunne et al. 2002; Vander Zanden and Vadeboncoeur 2002). 

Such studies may be especially useful to understand the trophic ecology of the 

world’s largest lakes, those with a surface area greater than 500 km2 (Herdendorf 1982). 

The sheer size of large lakes often results in both more complex food webs and the 
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potential for more numerous disturbances than for smaller lakes.  At the same time, large 

lakes are regionally and even globally important as storehouses of species diversity, as 

sources of income and food for large numbers of people, and as places of recreational and 

socio-cultural importance (Beeton 2002).  It is therefore paramount to understand the 

long-term threats posed to these ecosystems by large-scale food web changes. 

 

1.2: Mercury in the environment 

One of the most important possible negative consequences of food web change is 

increased contamination of wildlife and humans by the neurotoxic chemical mercury 

(Hg), a contaminant with the ability to biomagnify from prey to predator in aquatic food 

webs.  The dangers of Hg contamination were highlighted in the 1960s-1970s when 

human health was impacted in Minamata, Japan and Grassy Narrows, Canada as a result 

of human consumption of contaminated fish (Grandjean et al. 2010).  Since that time, 

legislative efforts have been made in many countries to curtail anthropogenic Hg 

emissions, but Hg contamination remains a problem of global significance and a pressing 

human health issue (Mergler et al. 2007). 

There are both natural (volcanic/geological) and anthropogenic sources of Hg, but 

the former are usually far-outweighed by the latter (Boening 2000).  In North America 

during the 20th century, anthropogenic sources included effluents from chlor-alkali plants, 

tailings from gold and other mines, and atmospheric emissions from coal combustion.  

Despite the importance of local industrial point sources to contamination, remote 

locations not adjacent to these sources can also be at risk through long-range atmospheric 
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transport of Hg, made possible by long half-life of Hg in the atmosphere of up to a year 

(Schroeder and Munthe 1998).   

The multiple chemical forms of Hg are important to understanding its distribution 

and toxicity.  Most atmospheric Hg occurs in the Hg0 oxidative state, which has low 

solubility in water and can be transported thousands of kilometers (Morel et al. 1998).  It 

can be oxidized to HgII, allowing it to bind to water or particulate matter and be deposited 

to aquatic ecosystems either through direct atmospheric deposition or indirectly from 

surface sediment runoff (Morel et al. 1998).  Once in a lake, it can be converted to 

monomethyl mercury (MeHg) through both biotic and abiotic processes.  MeHg is of 

greatest concern for human and wildlife health because it can cross the blood-brain 

barrier and act directly on brain tissue (Boening 2000), and it biomagnifies from prey to 

predator, reaching over 106 times the concentration in top predator fish as the surrounding 

water (Mason et al. 1995).   Consequently, most of the total Hg (THg) in fish is in the 

form of MeHg (Mason et al. 1995).   

Because of biomagnification, the distribution of Hg in fish is not only linked to 

emissions, but also to the structure of the food webs through which it travels.  

Concentrations are influenced by the length of the food web from base to top predator 

(Mason et al. 2000), and also by the relative importance of different dietary sources for 

an omnivorous fish (Power et al. 2002).  Changes in species population sizes and 

introductions or losses of species from the food web all have the potential to affect fish 

Hg concentrations both positively and negatively.  Food web change may therefore help 

explain why Hg contamination continues to be a problem in many areas of North 

America, particularly in inland lakes surrounding the Great Lakes, despite successful 
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reductions of anthropogenic Hg emissions in recent decades.  (Another likely cause of 

this phenomenon is slow release to water of the large terrestrial Hg pools that have 

accumulated in the industrial period (Mason et al. 2000)). Unfortunately, most routine 

monitoring of fish diets and fish Hg contamination began in the 1970s, in the same period 

when Hg abatement efforts began.  This makes it difficult to determine historical, pre-

1970s baselines of both food web structure and fish Hg concentrations, and determine the 

effects of subsequent food web change on fish Hg.   

 

1.3: Retrospective chemical tracer analyses  

Where monitoring data do not exist, there is potential to obtain historical 

ecological data by indirect means. Sediment and glacial coring have been used to 

determine long-term Hg concentrations in the environment (Schuster et al. 2002; Marvin 

et al. 2004), but they do not provide data on either food web structure or biotic Hg 

concentrations.  An alternative approach is the use of archived ichthyology collections in 

natural history museums.  Such collections can be several decades or even centuries old, 

often pre-dating the occurrence of various anthropogenic disturbances in lakes.  

Assuming fish tissue chemistry in these collections is representative of historical 

conditions, chemical analyses can reveal crucial data about the pre-disturbance regime.  

Recently, for example, there has been considerable interest in reconstructing historical 

food web structures using stable nitrogen and carbon isotope analyses of museum 

collections.  Such analyses make use of the well-established consistent increase of 

15N:14N in organisms with increasing trophic level (Post 2002), and the different 13C:12C 

ratios in organisms that feed benthically compared to those feeding pelagically (France 
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1995).  Stable isotope analyses have been used to study the historical food webs of Lake 

Tahoe (Vander Zanden et al. 2003), Florida Bay (Chasar et al. 2005) and Lake Superior 

(Schmidt et al. 2009).  Some authors have also used preserved fish to study historical fish 

Hg concentrations (e.g. Barber et al. 1984; Martins et al. 2006), and some recent studies 

combine stable isotope and Hg analyses of preserved fish to reconstruct both food web 

structures and Hg concentrations, respectively, in historical periods (Drevnick et al. 2007; 

Hill et al. 2010). 

These techniques have great potential to improve our understanding of historical 

conditions, but there are methodological difficulties that complicate interpretation of 

results.  In particular, the chemical effects on fish tissue of formalin and ethanol – 

chemicals commonly used in the museum preservation process – have not been 

definitively established.  Results from several stable isotope studies (e.g. Arrington and 

Winemiller 2002; Sarakinos et al. 2002; Vander Zanden et al. 2003) suggest consistent 

nitrogen and carbon isotope changes following preservation, but this conclusion is not 

universally held (Kelly et al. 2006).  Studies of preservative effects on fish Hg 

concentrations (e.g. Gibbs et al. 1974; Barber et al. 1984; Hill et al. 2010) are fewer in 

number and more divergent in their conclusions than equivalent stable isotope studies.  

Evidence has recently emerged of consistent and therefore predictable preservation 

effects on fish THg concentrations (Hill et al. 2010), but this has not been confirmed by 

others.  Nor are there any published studies for preservation effects on fish MeHg, an 

important research gap considering the importance of MeHg biomagnification in fish.  

Clearly, several methodological questions must be answered before chemical analyses of 

ichthyology collections can be used routinely. 
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1.4: Project outline 

The present research project was designed primarily to address major knowledge 

gaps in Hg trophodynamics of large lakes after anthropogenic changes to their food webs 

had occurred.  Chemical tracer analyses of preserved fish were used in order to 

reconstruct historical, pre-disturbance food webs and Hg biomagnification rates and 

relate them to modern, post-disturbance patterns.  To aid this effort, a secondary goal of 

the project was to further develop analytical chemistry techniques to study preserved fish. 

Retrospective analyses were performed on Lakes Nipigon (northern Ontario), 

Simcoe (southern Ontario) and Champlain (along the New York, Vermont and Quebec 

borders).  These are inland, freshwater lakes in the Great Lakes / St. Lawrence River 

region of North America, ranging in size from 744-4848 km2, and are thus among the 

largest lakes of the continent.  Despite their size, research into large-scale, long-term food 

web change and Hg trophodynamics in these lakes has been limited, particularly in the 

more rural and remote Lake Nipigon (northern Ontario).  Yet these lakes are socially and 

economically important to the people living near them, contributing  millions of dollars in 

regional revenue from recreational and commercial fishing alone. 

The study lakes have considerably different physical and chemical characteristics, 

and differing, complex histories of anthropogenic disturbance.  Lakes Simcoe and 

Champlain are characterized by warmer waters and longer summers than the more 

northern Lake Nipigon.  This has allowed a larger range of warm water fish species to be 

established in the southern lakes, so that overall fish species richness is greatest in Lake 

Champlain (~92 species) and least in Lake Nipigon (~40 species).  Given climatic 

conditions, it is perhaps not surprising that European settlement in the Lakes Simcoe and 
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Champlain regions began earlier than in the Lake Nipigon region.  The older history of 

European settlement near Lakes Simcoe and Champlain caused changes in the fish 

species community to occur centuries before they did in Lake Nipigon, and the large 

human populations near Lakes Simcoe and Champlain have led to a large number of 

introduced species and cultural eutrophication over the past several decades..  Significant 

changes in Lake Nipigon’s fish community were first noticed only after the establishment 

of a commercial fishery in 1917 (Swainson 2001a).  Today Lake Nipigon remains a rural 

and remote lake, with relatively few introduced species and clear, oligotrophic waters.  

Hg concentrations in Lake Nipigon fish are considered to be relatively low. For instance, 

human health guidelines by the Ontario Ministry of the Environment permit 8 meals of 

55 cm lake trout per month, compared to 4 meals of the same fish size in Lake Simcoe.  

The Vermont Department of Environmental Conservation has issued even more stringent 

guidelines for Lake Champlain, suggesting a maximum consumption of 1 meal of 25 inch 

(63.5 cm) lake trout per month.   

The ecological differences among the study lakes were an asset in the design of 

this project.  The relative ecological simplicity of Lake Nipigon, both in terms of species 

richness and extent of ecological disturbances, make this lake useful to develop 

techniques in retrospective chemical analyses before proceeding to studies of more 

complex lakes.  An additional advantage of the choice of study lakes is the relatively high 

availability of archived ichthyology collections from them compared to many other lakes 

in the region.  Museum collections by necessity reflect the foresight and willingness of 

previous researchers to donate samples.  Donations are therefore inconsistent in terms of 

species, location, and time chosen for sampling.  In preparatory work for the project, it 
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became clear that good fish collections existed from the 1920s-30s in Lakes Nipigon and 

Champlain, and 1950s-60s in Lake Simcoe.  These were used as the historical periods for 

the project. 

 

1.5: Thesis objectives 

The three chapters in this thesis reflect the three main objectives of the project.  

The first paper uses a 24-month experiment to determine preservation effects on stable 

isotope and multi-element analyses of a preserved fish.  Notably, this is the first time 

preservation effects were measured for MeHg and several other elements.  In the next 

paper, stable isotope analyses of archived ichthyology collections from the 1920s-60s are 

used to reconstruct historical food web relationships in Lakes Nipigon, Simcoe and 

Champlain at a time before many anthropogenic disturbances had occurred.  Stable 

isotope metrics are used to compare these relationships to the modern, post-disturbance 

food webs.  In the final paper, government monitoring records of fish Hg since the 1970s 

are used to determine recent Hg contamination trends in the study lakes.  The analysis is 

then extended back to the 1920s-60s with Hg analyses of ichthyology collections, so that 

for the first time in these study lakes, historical Hg biomagnification patterns could be 

calculated and related to food web change. 
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Chapter 2_______________________________________ 

Preservation effects on stable isotopes, Hg and 26 other elements in archived 
fish tissue 
 

2.1: Abstract 

There is increasing interest in performing elemental and stable isotope analyses of 

long-term museum ichthyology collections in order to determine trophodynamic and 

contaminant trends in historical fish food webs. However, museum fish specimens 

typically are stored after undergoing chemical fixation and preservation. There is still 

uncertainty about possible effects of these processes on the results of such analyses 

despite many publications using preserved museum specimens for historical food web 

studies. In this two-year study, the long-term effects of the preservation process on fish 

15N, 13C, mercury (Hg), and 26 other elements measured above detection limits (As, 

Ca, Cd, Co, Cr, Cu, Fe, Ga, Ge, K, Li, Mg, Mn, Mo, Na, Ni, P, S, Sb, Se, Si, Sr, Ti, V, 

W, Zn) were determined. Measurements were made on walleye muscle tissue that was 

fixed in formalin and preserved in ethanol, following protocols similar to those in use at 

natural history museums. After 24 months, mean 15N increased by 0.4 ‰ and mean 13C 

decreased by 0.9 ‰. Mean Hg concentrations were 5 % greater after 12 months than in 

non-preserved control samples. Most elements other than Hg increased concentration in 

the first months of preservation, and either approached stable concentrations or decreased 

again. For most elements, preservation effects have never been reported before. The 

results support the use of preserved archived fish for elemental analyses, if appropriate 

protocols are followed. 
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2.2: Introduction 

In aquatic ecology, if targets for restoration efforts are to be made with a realistic, 

historical basis, it is essential to be able to extrapolate how energy and contaminant flow 

through food webs have been affected by anthropogenic impacts over time. Many 

monitoring programs which were established in the 1970s in response to wide-spread 

anthropogenic shifts and contaminant issues. These programs have provided valuable 

data with respect to ecological change. However, food web and contaminant data from 

before the 1970s are scarce due to limitations in science technology and knowledge.  

Even so, obtaining data from before the 1970s is important for restoration efforts. Such 

data could show, for example, whether mercury concentrations in sport fish are returning 

to baseline concentrations prior to the peak of mercury emissions in the mid-20th century. 

While paleolimnological techniques to analyze undisturbed lake sediment cores have 

been highly valuable in extrapolating mercury and metal contaminant deposition trends 

through time (e.g. Pirrone et al. 1998, Marvin et al. 2004), actual biological data from 

fish and aquatic organisms are very scarce, mostly limited to the post-1970s period (e.g. 

Bhavsar et al. 2010, Chalmers et al. 2011). As a result, many researchers have started to 

consider the extension of temporal studies into the pre-1970s period using elemental 

analyses of archived, fluid-preserved fish held in ichthyology collections at museums. 

For example, stable N and C isotope analyses of fish samples from museums have been 

used to piece together historical trophic relationships in lakes (Chapter 3; Vander Zanden 

et al. 2003), an extension of a method that is commonly used on freshly-captured fish. 

Analyses of preserved fish also have been used to reconstruct historical concentrations of 
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elements like Hg, a biomagnifying contaminant of global importance (Martins et al. 

2006; Drevnick et al. 2007; Hill et al. 2010).  

Despite the obvious potential of multi-elemental analyses of preserved fish, 

methodological concerns have constrained widespread adoption and use by other 

researchers. First and foremost, there has been concern about how fixation and 

preservation methods have affected the actual metal and stable isotope values in fish 

tissue, and whether the values measured in preserved fish tissue are truly representative 

of the actual concentration in the fish at the time of sampling. Typically, preservation 

methods for museum ichthyology collections start with fixation by immersing the whole 

fish in ~10% formalin for up to 2 weeks, in order to solidify structures of taxonomic 

significance. The fish is then transferred to ~70% ethanol for long-term preservation (E. 

Holm, Royal Ontario Museum, 2006, pers. comm.).  

The key assumption for elemental and stable isotope analyses of such museum 

specimens is that the elemental composition either has not been altered, or has been 

altered in a systematic way, by the preservation process. For stable isotope (SI) analyses, 

there is growing evidence of consistent SI composition changes in preserved fish muscle 

tissue with time (e.g. Arrington and Winemiller 2002; Sarakinos et al. 2002; Vander 

Zanden et al. 2003). But comparisons of the magnitude of those SI shifts in fish samples 

across studies are complicated by the authors’ widely differing methodologies. Many test 

the effects of an individual preservation chemical (e.g. formalin, formaldehyde, ethanol, 

or isopropanol), without considering the real-world scenario of a two step, 

formalin/ethanol preservation process. Most studies also last less than 6 months, giving 

little information about the effects of longer term preservation. One of the objectives of 
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this study is to extend this period to 2 years and observe whether those consistent changes 

extend to a longer time than observed in literature. There are few studies of preservation 

effects on fish muscle Hg concentrations, and it is not clear if these effects are caused by 

the same mechanisms as those responsible for SI effects. Among the few existing papers 

published over four decades  (e.g. Gibbs et al. 1974; Barber et al. 1984; Hill et al. 2010), 

there is considerable disagreement about the direction of Hg change (e.g. whether it is 

increasing or decreasing in preserved fish tissue with time), let alone whether the change 

is variable or consistent.  

Preservation effects are even less well understood for elements other than Hg. 

There are a few metal preservation studies for fish, both adult (e.g. Renfro et al. 1969; 

Gibbs et al. 1974; Klusek and Heit 1982) and larval (Renaud et al. 1995), although these 

reports  only looked at a limited number of elements.  Even so, multi-elemental analyses 

would be worthwhile because, like Hg, elements such as Al, As, Cd, Co, Cr, Fe, Ni and 

Pb are commonly associated with fish contamination, especially in watersheds impacted 

by mining effluents or other industrial processes (Spry and Wiener 1991).  Establishing 

pre-1970s trends of those contaminants would be of great value to many researchers and 

managers needing to know historical concentrations.  There is also a large number of 

elements that are important in fish nutrition, including but not limited to Co, Cr, Cu, Fe, 

Mn, Se and Zn (Watanabe et al. 1997). Retrospective analyses of these latter elements 

would help researchers assess factors affecting fish health over time.  

The objective of our research was to determine how the typical North American 

museum preservation practices (e.g., fixation in formalin, preservation in ethanol) may 

affect SI composition and Hg concentrations over a 24 month period for a common 



 13

freshwater fish species. We wished to determine if valid and reliable stable isotope and 

Hg data can be obtained from preserved fish tissue, and how this might be extrapolated to 

real-world studies to hind-cast food web dynamics and Hg patterns before the 1970s. We 

expected preservation effects on stable isotope values and mercury concentrations to be 

similar in magnitude and direction to those in literature (as discussed above). Unlike past 

studies, we also incorporated a very large suite of other elements in the analyses to assess 

the potential for ichthyology collections to be used to monitor other contaminants, non-

essential and essential elements. The multi-elemental analyses also enabled us to search 

for common patterns in chemical changes of biological tissue during preservation.  

 

2.3: Methods 

Sample preparation  

We obtained tissue samples from a walleye fish measuring 540 mm total length 

that was captured at 44º26'N, 73º14'W (Shelburne Bay, Lake Champlain, Vermont) in 

October 2006, using a gillnet at 20-95 feet depth. Increasing the number of fish was not 

possible due to budgetary constraints and the high number of analyses we did per sample 

(e.g. stable isotopes, mercury, and multi-elemental analyses). Using a single fish for this 

experiment enabled the focus to be on quantifying, at a fairly fine resolution, changes in 

values which might take place within a single fish. A skinless fillet was sectioned into 

samples of approximately equal-sized 1 cm x 1 cm x 0.5 cm pieces, which were to be 

used for experimental treatments (similarly to Kaehler and Pakhomov 2001, Ogawa 

2001, Kelly et al. 2006). Samples were not homogenized because museum protocols 

involve preservation of hydrated tissue rather than dried homogenate powders. However, 
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consistency among samples was maintained because they all originated from the same 

white muscle in a relatively small section of the organism (DeNiro & Epstein 1978). The 

samples were placed in 20 mL borosilicate glass bottles that had been prepared for trace-

metal protocols, e.g., soaked in 10% nitric acid, rinsed with de-ionized water, and 

thoroughly dried before use as all glassware in this study were handled this way. Our 

chemical preservation process was similar to the protocols used for fish in natural history 

museums. The bottles were filled to just below the cap with 10% formalin (the fixative 

agent), sealed tightly and left in dark storage for 7 days. They were then drained and 

filled with 70% ethanol (the preservative) and returned to storage, and then sampled at 1, 

2, 3, 6, 12, 21 and 24 months. There were 3 samples per time treatment, limited by the 

amount of muscle tissue available in the fish. We also had 3 ethanol controls, which had 

70% ethanol in the vial for the entire length of the experiment but no fish. We did not 

have formalin controls as the fish were only fixed for a brief time and all samples were 

fixed in the exact same way prior to preservation in ethanol.  

At each sampling time (1, 2, 3, 6, 12, 21 and 24 months), the appropriate bottles 

were drained, the tissue was immediately oven dried at 55°C for ~36 hours (similarly to 

Hill et al. 2010) until constant mass was reached, ground to a fine powder using an agate 

mortar and pestle, and stored in a desiccator until time for subsequent analyses. In 

addition to the experimental samples, we had 3 fish control samples that were oven dried 

like the others but then kept in the desiccator without chemical preservation until time of 

analysis.  
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Stable isotope analysis 

 We accurately weighed ~0.5 mg of each sample into tin capsules (Elemental 

Microanalysis Ltd., Okehampton, UK). At the Queen’s Facility for Isotope Research, 

samples were combusted in a Costech 4010 elemental analyzer (Costech Analytical 

Technologies Inc., Valencia, CA, USA) and analyzed in a Thermo Finnigan DeltaPlus 

XP isotope ratio mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

for stable carbon and nitrogen isotope ratios. Results were expressed as a ratio in delta 

notation with per mille (‰) units, such that R = [(R sample / R standard) -1] x 1000, 

where R is the ratio of heavy to light isotope for an element (e.g. 13C:12C or 15N:14N).  We 

used the certified reference material RM8550 (ammonium nitrate, National Institute of 

Standards and Technology, USA) and the in-house reference materials UC1 (ultra carbon 

rod), CK1 (chicken blood), SAL-06-01 (defatted salmon muscle), and TIL-06-01 (tilapia 

muscle). These were calibrated to the international standards Vienna Pee Dee Belemnite 

for C, and N2 in air for N. All isotope ratios of standard reference materials were within 

0.3 ‰ of the accepted value. Sample blanks were used to determine background isotopic 

values of the tin capsules.  Approximately 10% of samples were run in duplicate, and 

duplicates of a sample differed from each other by <0.3 ‰ (typically <0.1 ‰).  This 

analytical precision agrees with the lab’s long-term record of certified reference material 

performance and was well within the highest approved tolerance ranges.   

Analyses of month-24 samples occurred on a separate day from other analyses. 

While our isotope ratio QA/QC had good results, we had anomalous readings for the 

proportion of carbon (%C) in the month-24 analysis. Some of the CK1 internal reference 

materials in that analysis had elevated %C values (~20% higher than usual), although this 
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was not true of other reference materials, and 13C values were not affected. We re-

analyzed CK1 until expected values were reached, and month-24 fish samples were not 

analyzed until this had occurred. However, as fish sample material was limited (and 

destroyed by analysis), we could not re-run the month-24 samples themselves. Therefore 

three %C data for that month were flagged but included in subsequent data analyses. 

Those flagged data points will be discussed later in this chapter. Other QA/QC 

parameters for these fish samples and the CK1 values were in line with accepted values. 

 

Mercury analysis 

 Due to limited amount of tissue available for multiple analyses, Hg concentrations 

only could be measured in the first 12 months of preservation and in the month-0 

controls, but not in months 21 and 24. In a clean lab (with a positive pressure atmosphere 

and HEPA filtered-ventilation), approximately 0.1 g of each sample was placed in Teflon 

tubes and digested in a MARS Xpress microwave (CEM Corp., Matthews, NC, USA) in 

5 mL trace metal grade nitric acid, with temperature ramped to 200°C over 15 minutes 

and held constant for another 15 minutes. After digestion, samples were placed in acid-

rinsed 40 mL borosilicate bottles with 25 μL bromine monochloride for oxidation of Hg 

species overnight. The samples were then diluted with de-ionized water to our working 

analytical range (1-100 pg/g) to obtain a final volume of 40 mL, and 80 μL of 

hydroxylamine hydrochloride were added to this. Samples were analyzed by cold vapor 

atomic fluorescence spectroscopy (CVAFS) in a Tekran 2600 unit (Tekran Instruments 

Corp., Toronto, ON, Canada), following US EPA method 1631. A 6-point calibration 

curve had R2 >0.997. Recoveries of certified reference materials DORM-2 and DORM-3 
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(dogfish muscle, National Research Council, Canada) were <10 % of expected values. 

Duplicates were within 10 % of each other. Method blanks were ~0.15 pg/g, and 

calibration blanks were <0.1 pg/g. The limit of detection (LOD) was 0.2 ng/g. All Hg 

concentrations are reported relative to dry weight.   

 

Analysis of other elements 

Inductively Coupled Plasma -Mass Spectroscopy (ICP-MS) and -Optical 

Emission Spectroscopy (ICP-OES) facilities in the Queen’s University Department of 

Chemistry were used to determine concentrations of 29 other elements (Al, As, Bi, Ca, 

Cd, Co, Cr, Cu, Fe, Ga, Ge, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Se, Si, Sr, Ti, V, 

W, Zn). ICP-MS and ICP-OES both have the advantage of being able to provide 

simultaneous analyses of multiple elements from a single sample. The elements were 

chosen because they represent a gradient of essential and non-essential elements across 

the periodic table and are commonly detected in fish tissue (e.g. Campbell et al. 2005), 

and also could be analyzed concurrently to minimize costs. For each element, we report 

the results for the analytical technique that had greater accuracy (as measured by 

reference material recovery) and precision (measured from the CV of duplicates). All 

concentrations are reported relative to dry weight. The detection limits for ICP-MS and 

ICP-OES are given in Table 1. QA/QC procedures demonstrated that the quality of data 

for 26 of the elements we measured was sufficient for them to be used. Three elements 

were excluded from the study due to very poor or very inconsistent recovery of reference 

materials (Al, Pb) or lack of detectable concentrations (Bi).   
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Before analysis, 0.1 g of each sample was placed in 1.75 mL nitric acid and 

allowed to stand for 30 minutes. Afterward, 1.25 mL hydrogen peroxide was added drop-

wise. The mixture was topped up with 5 mL de-ionized water and digested with the same 

microwave conditions used for THg analysis.  

For ICP-MS analysis, a Varian 820-MS quadrupole instrument (Varian Inc., Palo 

Alto, CA, USA) in normal and high sensitivity modes was used. The instrument was 

equipped with Varian's collision reaction interface and with Ni sampler and skimmer 

cones. Torch alignment was performed in the lab daily using a tuning solution containing 

5 µg/L of Be, Mg, Co, In, Ce, Pb and Ba that was prepared by dilution from the Varian 

tuning solution. Samples were introduced to the ICP-MS using a pneumatic nebulization 

system, quartz micro-concentric nebulizer and a peltier-cooled (3 °C) double-pass spray 

Scott type spray chamber. The Ar gas flow rates in L/min were: ICP Plasma (18.0), 

Auxiliary (1.8), Sheath gas (0.15) and Nebulizer gas (1.0); the RF power was 1.38 kW, 

and sampling depth was set to 7.0 mm. The samples and internal standard uptake rates 

were 0.5 and 1.0 mL/min for normal and sensitive modes, respectively. An internal 

standard containing 5 ppb 115In was added online to the sample and standards via a "Y"- 

piece. A peak hopping scan mode with a dwell time of 10 ms, and steady state data 

acquisition (1 point per peak, 30 replicates per Scan and 5 samples per replicates) were 

employed. For calibration, a multi-element 10 mg/L calibration stock solution was 

prepared through dilution of 1000 mg/L mono-elemental plasma standard solutions 

(SPEX Industries Inc. Edision, NJ, USA and SCP Science, Baie d'Urfé, Québec, Canada) 

with 2% HNO3. The calibration standards were then prepared daily by dilution of this 

stock solution with 3.4 mol/L of HNO3 to yield elemental concentrations of 0, 1, 5, 10, 50 
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and 100 ng/g (when running the machine in normal sensitivity mode) and 0,  0.1, 0.5,  1, 

5,  10  ng/g (when running in high sensitivity mode). The isotopes/elements measured 

were 112Cd, 51V, 66Zn, 71Ga, 72Ge, 59Co, Bi (normal sensitivity) and 75As, 121Sb, 77Se (high 

sensitivity).  

For ICP-OES analysis, a radial view Spectro Arcos instrument (Spectro 

Analytical Instruments GmbH, Kleve, Germany) was used. It was equipped with a 

standard pneumatic nebulizer sample introduction system consisting of a cross-flow 

nebulizer with Scott double-pass spray chamber. Plasma observation height was 11 mm 

above the load coil and the sample uptake rate was 2.0 mL/min. The instrument RF 

power was 1.4 kW, and the Ar gas flow rates were: ICP plasma (12.0 L/min), auxiliary 

(1.0 L/min), and nebulizer gas (0.75 L/min). Calibration standards were at concentrations 

of 10, 50, 100, and 1000 ng/g. The wavelengths (nm) of the emission line measured were 

for Ca (183.801), Cr (267. 716), Cu(324.754), Fe(259.941), K(766.491), Li(670.780), 

Mg(279.553), Mn (257.611), Na(589.592), Ni(231.604), P(177.495), S(180.731), Sr 

(407.771), and Ti(336.121). An emission line for Ar (763.511) was used as an internal 

standard.  

 

Data analysis 

 Measurements of stable isotopes, Hg and other elements were plotted against 

length of preservation, using SigmaPlot ver. 11 (Systat Software, San Jose, CA, USA).  

We also extracted data from a figure in Hill et al. (2010) (as discussed below) using the 

software Dagra ver. 2 (Blue Leaf Software, Hamilton, New Zealand.) 
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2.4: Results 

Fish control samples had mean 15N and 13C values of 17.9 ‰ and -25.5 ‰, 

respectively (Fig. 1; Table 2). The 15N values peaked 3 months after preservation, and 

then decreased to a mean value of 18.3 ‰ after 24 months. The mean 13C values 

decreased immediately following preservation, and reached a value of -26.4 ‰ after 24 

months. There were no patterns in 15N and 13C standard deviations through time; most 

were within the range of analytical variability of 0.3 ‰ (Table 2). The mean proportion 

of N (%N) of the samples was 6.4 % greater after 24 months than in the controls (Fig. 

2a). The mean proportion of C (%C) increased with duration of preservation, such that 

%C after 24 months was 40.9 % greater than in the controls (Fig. 2b). The greater 

increase in C than N throughout preservation was reflected in the C:N ratio, which 

increased over time (Fig. 2c).  

Although the three month-24 samples had the greatest %C, two samples were 

flagged due to considerably higher values (70.6 % and 72.8 %) and corresponding higher 

CK1 internal reference, compared to the third sample (61.4 %) (Fig. 3). Including those 

two flagged points, the relationship between 13C and %C in our samples was curvilinear, 

given by the equation y =  2.08x2 - 0.29x - 16.50 (where  n = 24, R2 = 0.44, p = 0.042). 

However, if we removed those two flagged month-24 points, the regression was linear 

with the equation y = -0.040x - 23.84 (where n = 22, R2 =  0.39, p = 0.04).  

For the ethanol preservative solution, the mean 13C in the controls (i.e. those not 

in contact with fish) was -13.4 ‰ while ethanol from the month-24 bottles (i.e. after the 

fish had been removed) was -13.9 ‰. The N content of the ethanol, if any, was too low to 

be able to determine its 15N values. 
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 The mean Hg concentration of the control fish, as measured by CVAFS, was  

4.17 ppm (all concentrations are given as dry weight) (Fig. 4; Table 2). Concentrations 

increased in the first months of preservation, but eventually declined to a mean of  

4.40 ppm after 12 months. This was a net increase of 5.5 % over the mean control value. 

The standard deviation of the control samples was within the range of standard deviations 

of the preserved samples.  

The other elements examined were affected to different degrees by preservation 

during 24 months (Table 3). They tended to follow one of three general patterns:  

(1) a peak in concentration within the first few months, followed by a decline (Fig. 5);  

(2) a rapid increase with no decline (Fig. 6); or (3) a rapid decline (Fig. 7). All transition 

metals except Mg followed the first or second patterns. Li had atypical patterns, in that 

concentrations had sharp positive and negative changes in the first 6 months, but then 

“flattened” to near the control values during subsequent months. Co concentrations were 

unchanged at most times except for spikes at month 2 and month 24. For both Ge and Si, 

the concentrations of the two control samples differed greatly from each other, while 

concentrations of preserved samples differed little from month to month.  

 

2.5: Discussion 

This work presents the longest time series (two years) for a fish muscle elemental 

preservation experiment, and is the first to give preservation data on several of the 

analytes we measured. Overall, the results support our initial hypothesis that analyses of 

preserved fish can be indicative of historical, pre-preservation fish conditions using stable 
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isotopes of N and C, mercury and a number of elements. Below we consider the results of 

each set of analyses. 

 

Fish stable isotopes: 

Mean muscle 15N and 13C composition reached +0.4 ‰ and -0.9 ‰, 

respectively, of initial values after 24 months of preservation (Fig. 1). These changes 

were small, considering that the analytical variability was 0.3 ‰. Comparing our data 

with those from the literature, we found a high correspondence with other published 

experimental values (Table 4). Overall, our data over two years add further support to the 

literature-derived “average effect” of +0.53 ± 0.15 ‰ (for 15N) and -1.12 ± 0.23 ‰ (for 

13C) given by Vander Zanden et al. (2003). However, our experiment has been extended 

over a longer time period (24 months) than any other similar study in the literature, which 

extended to six months at the most (Fig. 8). Our two-year experiment demonstrates that 

there is greater consistency in preservation effects on stable isotopes over the long term. 

This supports and validates the use of older museum specimens for historical food web 

studies.  

Despite the small overall magnitude of SI changes reported in the literature, 

Kaehler and Pakhomov (2001) and Sarakinos et al. (2002) both noted that the 

preservation effect is variable over time. This important observation was not seen in SI 

preservation experiments with fewer sampling intervals taking place every few months, 

such as by Ogawa et al. (2001) and Sweeting et al. (2004). Our data support a variable, 

time-dependent relationship for both 15N and 13C (Fig. 1), with a plateau approached 

during the second year of preservation. Several authors have also noted greater variability 
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within 15N (Bosley and Wainright 1999; Kaehler and Pakhomov 2001; Sarakinos et al. 

2002) and 13C (Bosley and Wainright 1999) measurements at any individual sampling 

period following preservation. The implication is that SI measurements are less precise 

following preservation. However, in our study, standard deviations of isotopic 

composition increased in the first month of preservation, but they were not consistently 

elevated thereafter (Table 2). On the contrary, the standard deviations of 15N in months 

21 and 24 were the same as in the control samples (and, for that matter, the 13C standard 

deviation in month 24 was lower than in the controls).  

Observations of increased variability in isotopic preservation studies are often 

biased by low replication (Arrington and Winemiller 2002). This can explain instances of 

higher variability in our work, too, since our sample numbers were limited by the 

relatively low amount of tissue available on the experimental fish. Given that our samples 

were of similar size and mass, it is unlikely that preservation effects differed from sample 

to sample. Analytical errors are therefore more likely causes of observed changes in 

variability, especially in cases when the small standard deviations of the data were lower 

than our reported analytical error.  

Differences in SI effect sizes and rates among studies have led a few authors 

(most notably Kelly et al. 2006) to question the universality of preservation effects, and 

to argue for species-specific preservation correction factors. Many of the discrepancies, 

however, are due to the very wide range of methodological differences among 

experiments, which are likely far more important than species-specific attributes of tissue 

samples. To take the solvents as an example, formalin and ethanol are believed to have 

different effects on tissue, causing a loss of proteins and lipids, respectively (Sarakinos et 
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al. 2002).  Studies using ethanol preservation without a formalin fixation step usually 

result in increased 13C values (Kaehler and Pakhomov 2001, Sarakinos et al. 2002, 

Sweeting et al. 2004, but not Kelly et al. 2006) (Fig. 8, Table 4).  On the other hand, 

studies with formalin steps, with or without an ethanol step, result in decreased 13C 

values (e.g. Bosley and Wainright 1999, Arrington and Winemiller 2002, Edwards et al. 

2002, Sarakinos et al. 2002). In studies with both ethanol-only and formalin-only 

experiments, the ethanol-only experiments tend to have larger increases in 15N following 

preservation (Kaehler and Pakhomov 2001, Sarakinos et al. 2002, Sweeting et al. 2004, 

but not Kelly et al. 2006). So it is essential to compare the chemical fixation / 

preservative methodologies used in preservative and museum SI studies carefully and 

interpret data accordingly. 

Of the available SI preservation studies, our work is most comparable to Bosley 

and Wainright (1999), Arrington and Winemiller (2002), and Edwards et al. (2002), all of 

which – at least in some experiments – involved a period of formalin fixation followed by 

transfer to ethanol for long-term preservation (Fig. 8, Table 4). Such experimental 

designs better simulate the protocols used in natural history museums, and therefore are 

the most valuable to researchers studying archived chemically-preserved fish available 

through museum ichthyology collections. Our SI results (for a piscivorous walleye) are 

similar to those of Edwards et al. (2002), who reported average 15N and 13C changes of 

+0.5 ‰ and -0.8 ‰, respectively, for 3 small freshwater forage fish (Percina caprodes, 

Percina roanoka, and Etheostoma tippecanoe) that were held in a museum for 12-15 

years. Our results are also similar to Arrington and Winemiller (2002), who reported 

average 15N and 13C changes of +0.62 ‰ and -1.12 ‰, respectively, for four estuarine 
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forage species (Arius felis, Cynoscion nebulosus, Dorosoma cepedianum, and Mugil 

cephalus) of larger size and size range than Edwards et al. (2002). Since Arrington and 

Winemiller’s preservation experiment only lasted 8 weeks, we also compared their values 

to our month-2 values (approximately 8 weeks). At that point, our mean 15N effect of 

+0.5 ‰ still corresponded well with their reported value, but our 13C effect of -0.4 ‰ 

differed more from their value. The Bosley and Wainright (1999) study of the benthic 

marine forage fish Pleuronectes americanus reported much larger magnitudes of SI 

changes than any preservation study in Table 4 (15N and 13C shifts were +1.41 ‰ and  

-2.17 ‰, respectively). However, the direction of the changes was consistent with other 

formalin-ethanol studies, including our own. We note that of the four formalin-ethanol 

studies, the degree of SI change increases from freshwater to brackish (estuarine) to 

marine environments, and from smaller fish to larger fish.  

One important aspect of this experimental design is the use of a single fish for all 

analyses. Museums usually preserve whole fish, and for this reason most isotope 

preservation studies use multiple fish of a single species as replicate units in order to 

account for within-species variability (e.g. Bosley and Wainright 1999, Arrington and 

Winemiller 2002, Sarakinos et al. 2002). However, using many fish, with associated 

individual variability in data, can obscure the magnitude of the tissue-level chemical 

changes taking place within a single fish over a period of time. In modern stable isotope 

studies of real-world food webs, individuals of a single species collected on the same day 

from the same site in a lake can often have stable isotope values ranging over  1-2 ‰ 

(Kwon et al. 2011, Zhang et al. 2012). Thus, by using multiple fish, it would make it 

difficult to separate individual differences from actual preservation influences. This 
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implication for preservation studies is that it is best to use experimental fishes that are 

each sampled several times to remove the between-individual variability from 

consideration.  Kaehler and Pakhomov (2001) and Sweeting et al. (2004) specifically 

addressed this problem by analyzing tissue samples from a single fish, so that their 

replicates were tissue samples rather than whole fish. We followed the same approach. 

This does, however, put a limitation on how much tissue is available for a preservation 

study, based on the actual size of the fish and the number of analyses required for each 

sample.. 

  

Hg analyses: 

Mean Hg concentration increased compared to control samples, reaching a peak 

in months 2 and 3, and then subsequently declining (Fig. 4). The mean concentration 

change from control samples was +5 % THg after 12 months.  There are very few studies 

with which we can compare our preservation effects on Hg concentrations. A number of 

authors (e.g. Zitko et al. 1971; Barber et al. 1972; Evans et al. 1972; Harris and Karcher 

1972) performed Hg analyses on archived chemically-preserved marine and freshwater 

fish without first measuring preservation effects on Hg content (although tissue shrinkage 

was sometimes considered). Martins et al. (2006) and Drevnick et al. (2007) discussed 

the possibility of preservation effects on Hg in their studies of North Atlantic Benthosema 

glaciale fish and various Isle Royale, Michigan fish, respectively. Both groups adjusted 

their Hg concentrations for tissue shrinkage during preservation, but neither group 

attempted to quantify possible Hg gains or losses in preserved tissue. Drevnick et al. 

(2007) argued that Hg gains or losses from tissue were unlikely in their study because Hg 
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was not found in the preservation fluids, i.e. the fluids could neither be sources nor sinks 

of Hg. Similar reasoning was used by Miller et al. (1972) in their study of Xiphias gladius 

and various tuna (Scombridae) species.  

The few authors who have measured preservation effects on fish Hg have used a 

variety of approaches. Gibbs et al. (1974) tested several preservation approaches on small 

marine fish (Ceratoscopelus warmingi and Hygophum hygomi). In one case, they fixed 

whole fish samples (individual fish per species) in 10% formalin for a week, soaked in 

tap water for a week, and then immersed them in a series of increasing ethanol 

concentrations from 30-70%.  A month after fixation, they found Hg reductions in all 

preserved samples relative to frozen control samples from the same fish. (We estimate 

reductions in the range of 8-43%, based on their data table). However, their analysis of 

whole homogenized fish could result in wide variation in Hg concentrations due to 

differential (and unknown) distribution of Hg among different tissues (Morel et al. 1998). 

In another Hg preservation study, Klusek and Heit (1982) immersed whole fish of the 

mid-size marine species Merluccius bilearis in 10% formaldehyde that was either 

buffered (with Na2B4O7·H20) or unbuffered, without using an alcohol-based preservative 

afterward. After a year, there was a decrease of 25 % in fish muscle Hg concentrations 

for the unbuffered solution, and no change in the buffered solution. As with stable isotope 

studies, the absence of an ethanol preservation step in their protocol makes comparison to 

our results difficult because of the differing effects of formalin and ethanol on tissue.   A 

third study, by Barber et al. (1984), analyzed fish of the mid-sized marine species 

Antimora rostrata that were fixed in formalin and preserved in 70% ethanol for a century 

at the U.S. National Museum of Natural History. They showed that the slope of the 
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relationship between Hg concentration and fish length is identical between preserved and 

unpreserved freshly caught fish. They reasoned that Hg concentrations in fish could not 

be greatly affected by preservation, since movement of Hg into or out of a preserved fish 

would necessarily alter the Hg-length slope. However, the majority of the Hg-

preservation studies cited above are from the 1970s and the early 1980s, involving Hg 

analytical methodology and analytical instrumentation different from modern studies. 

These factors make it difficult to directly compare and quantify trends from literature. 

The most methodologically comparable study to our own for Hg effects is by Hill 

et al. (2010), who fixed muscle fillets from multiple individuals of largemouth bass 

(Micropterus salmoides) in 10% formalin for a week, soaked in water for 2 days, and 

preserved in 50% isopropanol for up to 160 days (approximately 5.5 months). As seen in 

Fig. 9, their Hg analyses followed a broadly similar pattern and timing to our own. Both 

studies had a rapid initial increase in fish Hg, with a peak in the month 2-3 range, and a 

subsequent long-term decline. Extrapolating the Fig. 2 in the Hill et al. paper, we estimate 

their peak Hg concentration change was approximately 21.5 % at 40 days. Our peak was 

lower, at 12.8 % in month 2 (60 days). In the final month of preservation available from 

Hill et al. (i.e. month 5.5), we estimate mean Hg was 14.5 % higher than the control 

samples. This is not very different from our own Hg concentration increase of 9.6 % at 

month 6. We hypothesize that the differences between our studies would be even smaller 

if Hill et al. extended their analyses to 12 months as we did, to allow tissue chemistry to 

equilibrate with the preservatives. A minor role may have been played by the body lipid 

content of largemouth bass compared to walleye. Hg tends to be bound to muscle 

proteins, so reduction of muscle mass from lipid loss would increase the Hg 
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concentration in the muscle (Hill et al. 2010). The somewhat higher proportion of body 

lipids in smallmouth bass than in walleye (Kinsella et al. 1977) should therefore lead to a 

greater increase in Hg concentrations in the bass.  The specific preservative used may 

also explain the small differences in Hg changes between the Hill et al. (2010) work and 

our study, as is evident in the more numerous SI preservation studies (Table 4) and in the 

multi-elemental study by Gibbs et al. (1974). Both isopropanol and ethanol are believed 

to remove lipids, but their relative effects on fish lipids are not understood.   

The key message is that with the recent increase of using museum fish for 

extrapolating mercury data in historical times (Drevnick et al. 2007, Hill et al. 2010), 

preservation and processing methodology is of paramount importance. All researchers 

should make efforts to find out how their museum fish specimens were originally fixed 

and preserved and include that in their methodology.  Furthermore, there is a real need to 

further establish and refine parameters on how Hg values in fish specimens can vary due 

to differing preservation methods.  

 

Other elemental analyses: 

In a similar way to Hg, the concentrations of most other elements initially 

increased following preservation. In many cases there was a subsequent concentration 

decrease (Figs. 4, 5). The major exceptions were As, Ga, K, P, and Mg, whose 

concentrations decreased quickly following preservation (Fig. 7). Literature on chemical 

preservation effects for the majority of elements in fish tissue is very scarce. The only 

other multi-elemental study of formalin-ethanol preservation in adult fish was by Gibbs et 

al. (1974), discussed above with respect to Hg. The methodological differences between 

their study and ours preclude a comparison of effect sizes, but the direction of effects was 
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usually similar. Like with our work, they found increased concentrations of Cd, Cu, and 

Zn following preservation. In contrast to us, they reported stable rather than decreasing 

As concentrations. This may be a result of the higher analytical precision possible today. 

We were able to achieve measurements at a fraction of ppm; Gibbs et al. (1974) list all 

their As concentrations as “<1 ppm”, which may mask small underlying changes in 

concentration.  

Klusek and Heit (1982) also performed multi-element analyses, though many 

were of high analytical variability. Among their most reliable results, their study showed, 

like our study, that Cu concentrations increased following preservation. Their results 

diverged from ours in finding decreased Zn concentrations, and stable or decreased Cd 

concentrations, depending on treatment. As noted above, Klusek and Heit (1982) did not 

use an alcohol preservative, so their results probably do not reflect all the chemical 

processes present in our experiments. Our Zn and Cd results followed clear trends similar 

to those of other sets of elements (Figs. 4, 5), lending confidence to the notion that these 

two elements follow predictable preservation patterns. More evidence supporting our Zn 

results was given Renfro et al. (1969), who used 10% formaldehyde on whole-body, 

multi-fish samples of small juveniles of Cymatogaster aggregata and Platichthys 

stellatus. In that work, Zn concentrations increased in the year following preservation. 

Al and Pb yielded poor QA/QC results in our work (see Methods). Pb QA/QC 

values were also poor in Klusek and Heit (1982). It is unclear whether the inconsistent 

performance of Al and Pb is due to idiosyncratic preservation effects or are indicative of 

difficulties of QA/QC for those two elements. Pb is commonly found in higher 

concentrations than many other metals in the environment, including in preservation 
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fluids, labels, and other items used to mark preserved fish (Gibbs et al. 1974, Renaud et 

al. 1995). Similarly, various metal objects in labs can cause Al contamination of samples. 

So at this stage, these two elements cannot be reliably analyzed in preservation studies or 

in museum fish specimens, and we suggest that researchers exercise a great deal of 

caution when interpreting Al and Pb concentrations in museum fish. 

It is of note that Gibbs et al. (1974) and Klusek and Heit (1982) concluded that 

most of their observed preservation effect sizes were not systematic. But given the 

consistency of our results, it is quite likely that systematic changes in those papers were 

hidden by experimental factors. Klusek and Heit (1982) recognized that their overall 

analytical variability may have been an issue in this respect. And the conclusions drawn 

by Gibbs et al. (1974) would have been affected by the short duration of their 

experiments. Our data make it clear that for some elements, concentration changes occur 

several months of preservation, and overall patterns of change only become clear much 

later. In apparent recognition of this fact, Gibbs et al. (1974) attempted to extend their 

measurements in time using historical museum samples from as early as 1885.  Our 

results demonstrate that it is indeed possible to effectively analyze fish tissue from 

preserved ichthyology collections for long-term trends of many elements.  

 

Towards an understanding of mechanisms: 

This is one of the first efforts to assess changes in elements in formalin and 

ethanol over such a long time period. As a result, many of the chemical reactions and 

mechanisms for preservation effects of tissues remain unknown (Sarakinos et al. 2002, 
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Hill et al. 2010), and the discussion below is a brief survey of the literature and some 

cautious speculation of the possible chemical mechanisms.  

It is commonly believed that the preservation process affects elemental 

composition either by contamination of the sample (movement of molecules from 

preservative to tissue) or by leaching of molecules out of tissue into the preservative 

(Sarakinos et al. 2002). In an extension of the latter scenario, lipid loss from tissue may 

bring about a sample weight change that, by extension, decreases the concentration of 

elements remaining in the sample (Sweeting et al. 2004). Concentrations of most 

elements in our study increased soon after preservation, consistent with both the lipid loss 

and contamination hypotheses. The subsequent decrease in concentrations of many 

elements suggests a time delay of a few months in chemical equilibration. These 

concentration changes are intriguing and merit exploration of possible chemical 

mechanisms. More experiments using real-time or in situ analyses of changes over time 

will enable us to better infer those mechanisms. 

We hypothesize that the very small 15N increase after 24 months compared to 

unpreserved control samples is caused by to a loss of 14N to the preservation chemicals, 

rather than uptake of 15N from the chemicals. This is because there should be zero or 

negligible N contamination of preservation chemicals, so that transfer of N from 

chemicals to fish can be precluded (Sarakinos et al. 2002).  

 Unlike N, where %N change over 24 months was small (6.4 %), the %C of 

tissues increased substantially in the second year of preservation, reaching a mean value 

40.9 % greater than the control samples by month 24 (Fig. 2b). This large flow of C is not 

surprising, given that both formalin and ethanol are C-based.  In Fig. 3, we show that a 
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significant linear relationship between %C and 13C existed if two samples with suspect 

%C values were removed (see Methods for explanation of these samples). If this is an 

accurate representation of the relationship between %C and 13C, then we can deduce that 

the shifts in 13C during preservation are influenced by the movement of C itself between 

preservative and tissue. An alternate hypothesis is that 13C shifts are caused by tissue 

lipid loss from reaction with ethanol (Kaehler and Pakhomov 2001). But Edwards et al. 

(2002) were unable to find a significant link between lipid loss and isotope ratios. In our 

study, the %C increase and 13C reduction over time (Fig. 1b) imply a net gain of 12C 

from the ethanol by the tissue, the opposite of what would be expected if C were being 

leached to the preservatives through lipid loss. However, this matter has not been 

resolved in the literature and is an important area for future research.  

Interestingly, our ethanol 13C became slightly more negative over time, with a 

mean change of -0.5 ‰ after 24 months of contact with fish (Table 2). At face value, this 

implies a gain of 12C or loss of 13C by the ethanol, which would contradict our suggestion 

above that the ethanol lost 12C to tissue. This apparent paradox is probably due to the 

experimental nature of the protocol we used for stable isotope analysis of ethanol. The tin 

capsules normally used to hold solid samples in the elemental analyzer could not hold 

large volumes of ethanol. With small volumes, even minor ethanol evaporation from air 

exposure could affect measurements. In fact, the evaporation was so rapid that it 

prevented us from weighing the ethanol samples (hence we do not present %C amounts 

for ethanol measurements). More importantly, however, we suspect an ethanol 13C shift 

would not register as strongly in analyses as a corresponding tissue 13C shift. The large 

ethanol C pool is presumed to be in great excess of tissue C, so small chemical 
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interactions with tissue would have a marginal impact on ethanol chemistry, and would 

be difficult to detect. This is why our observed ethanol 13C shift is smaller than the 

tissue 13C.  

To conclude, there is now considerable evidence that many elemental analyses 

can be performed reliably on archived fish. For SI analyses, large changes in sample %C 

occur over time, but effects on 13C and 15N are small and consistent. Ironically, while 

the wide variety of methodological approaches in SI preservation studies complicates 

detailed comparisons, the general similarity in results supports the overall conclusion that 

effects are small, despite the methods used. For Hg, the three studies (the present one, 

Barber et al. 1984, Hill et al. 2010) that have explicitly tested the effects of formalin-

ethanol preservation on fish muscle Hg show modest increases of Hg concentrations, 

despite widely varying experimental design approaches. Our data suggest that most other 

analytes we measured can also be analyzed reliably after several months of preservation. 

Based on our results, we suggest researchers interpret their preserved and museum 

specimen data based on quantified preservation shifts preferably using their own pilot 

studies instead of literature-derived values (Chapter 3; Kelly et al. 2006). 
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Table 1. Sensitivities and limits of detection (LOD) of elements in ICP-MS and ICP-
OES. Under method, HS refers to high sensitivity mode ICP-MS. The number of 
significant digits varies by element based on QA/QC criteria. Note that the number of 
significant figures is different for some types of elemental analyses, based on the 
sensitivity for those analyses. 
 
 Element 
 
 

Method 
 
 

Sensitivity  
(counts per sec / 
concentration)  

Instrument 
LOD  
(ppb d.w.) 

Method  
LOD  
(ppm d.w.) 

As  ICP-MS (HS)  57458   0.13   0.01  
Ca  ICP-OES  9.85   65.7   5.3  
Cd  ICP-MS   19439   0.45   0.04  
Co ICP-MS  173201   0.02   0.01 
Cr  ICP-MS  16638   0.94   0.08  
Cu  ICP-OES  110.16   0.9   0.1  
Fe  ICP-OES  56.75   17.8   1.4  
Ga ICP-MS   80473   0.02   0.01  
Ge ICP-MS   25311   0.16   0.01  
K  ICP-OES  9.52   36.9   3.0  
Li  ICP-OES  110.11   0.9   0.1  
Mg  ICP-OES  83.09   9.8   0.8  
Mn  ICP-OES  290.27   0.2   0.01 
Mo  ICP-MS (HS)  208058   0.11   0.01  
Na  ICP-OES  50.60   306.1   24.5  
Ni  ICP-OES  53.41   0.9   0.1  
P  ICP-OES  7.81   43.5   3.5  
S  ICP-OES  9.06   48.2   3.9  
Sb  ICP-MS   34858   0.43   0.03  
Se  ICP-MS (HS)  3639   0.74   0.06  
Si  ICP-OES  33   1332.2   106.6  
Sr  ICP-OES  7089   0.2   0.01  
Ti  ICP-OES  276.72   1.8   0.1  
V  ICP-MS  124452   0.63   0.05  
W ICP-MS   46776   10.14   0.81  
Zn  ICP-OES  211   8.3   0.7  
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Table 2. Means and standard deviations of 15N, 13C, and Hg concentrations through 
time. For fish, month 0 is unpreserved muscle tissue, and other months represent amount 
of time of tissue in preservation. For ethanol 13C data, month 0 samples did not come 
into contact with fish, while month 24 samples were in contact with fish for 24 months. 
Note that nitrogen or 15N values could not be detected in ethanol, and so are not reported 
here.  All values are calculated from three replicates, except the one indicated with § that 
was based on two replicates. The number of significant digits varies by analysis based on 
QA/QC criteria. 
 
Month Fish 15N 

(‰) 
Fish 13C 

(‰) 
Ethanol 13C 

(‰) 
Fish [THg] 
(ppm d.w.)

Fish [MeHg] 
(ppm d.w.) 

0  17.9 ± 0.1 -25.5 ± 0.2 -13.4 ± 0.1 4.17 ± 0.30 4.45 ± 0.46 
1 18.5 ± 0.2 -25.6 ± 0.3 - 4.57 ± 0.10 4.93 ± 0.30 
2 18.5 ± 0.2 -25.9 ± 0.3 - 4.71 ± 0.36 4.76 ± 0.26 
3 18.7 ± 0.2 -25.7 ± 0.1 - 4.69 ± 0.20 4.96 ± 0.22 
6 18.6 ± 0.2 -26.0 ± 0.3 - 4.57 ± 0.12 4.93 ± 0.09§ 
12 18.4 ± 0.2 -26.4 ± 0.3 - 4.40 ± 0.16 4.91 ± 0.20 
21 18.2 ± 0.1 -26.2 ± 0.4 - - - 
24 18.3 ± 0.1 -26.4 ± 0.1 -13.9 ± 0.2 - 4.84 ± 0.09 
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Table 3. Mean concentrations (ppm dry weight) and standard deviations in month 0 
(control) and month 24 of elements other than Hg. Only elements above the instrument 
detection limits in Table 1 for both month 0 and 24 are shown here. The number of 
significant digits varies by element based on QA/QC criteria. 
 

      Month 0       Month 24 Element 
 Mean    SD Mean   SD 

     %        
   change 

As 0.48 0.00 0.10 0.03 -79.2
Ca 352.23 26.34 328.56 14.27 -6.7
Co 0.02 0.01 0.03 0.01 67.2
Cu 1.05 0.22 1.69 0.16 61.0
Ga 0.20 0.03 0.04 0.00 -80.0
Ge 0.28 0.17 0.21 0.01 -25.0
K 17748.31 315.93 1785.21 94.08 -89.9
Li 0.23 0.02 0.19 0.02 -17.4
Mg 1293.48 30.72 559.14 83.59 -56.8
Mn 0.32 0.02 0.33 0.04 3.3
Na 1779.40 80.44 7591.42 929.60 326.6
P 9290.46 351.98 1550.59 322.14 -83.3
S 9885.67 140.82 10170.25 296.59 2.9
Se 1.04 0.06 1.20 0.11 15.4
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Table 4. Preservation effects on fish muscle SI ratios in other studies, grouped by 
treatment (formalin + ethanol, formalin/formaldehyde only, or ethanol only). SI values 
are means above (+) or below (–) the initial unpreserved control value. Max length of 
exposure to each chemical is given as a number and a letter (e.g. 2d = 2 days, 2w = 2 
weeks, 2m = 2 months, 2y = 2 years). Significant effects are marked with *. Values given 
by authors in a different format and estimated by us to fit this table are marked with §. 

Preservation details Species 15N 13C  Reference 

10% formalin (2w),  
70% ethanol (6w) 

Arius felis, Cynoscion nebulosus, 
Dorosoma cepedianum,and Mugil 
cephalus (average of all species) 

+0.62 ‰* -1.12 ‰* 
Arrington & 
Winemiller 
2002 

10% formalin (2m),  
90% ethanol (2m) 

Pleuronectes americanus +1.41 ‰* -2.17 ‰* 
Bosley & 
Wainright 1999 

10% formalin (10d) 
35% ethanol (2w) 
70% ethanol (12-15y) 

Percina caprodes, Percina 
roanoka,and Etheostoma 
tippecanoe (average of all species) 

+0.5 ‰ -0.8 ‰ 
Edwards et al. 
2002 

10% formalin (4m) Pleuronectes americanus +1.21 ‰* -0.74 ‰ 
Bosley & 
Wainright 1999 

10% formalin (190d, 
pooled) 

Rhinichthys cataractae +0.4 ‰ -2.0 ‰ 
Edwards et al. 
2002 

4% formalin (12w) Argyrosomus hololepidotus +0.7 ‰§ -0.5 ‰§* 
Kaehler & 
Pakhomov 2001 

10% formalin (10m) 
 

Salvelinus alpinus +0.66 ‰* -2.21 ‰* 
Kelly et al. 
2006 

10% formalin (117w) 
Micropterus salmoides, Lepomis 
macrochirus, Hemibarbus barbus, 
and Zacco platyput 

-0.3 to 
+0.4 ‰§ 

 
Ogawa et al. 
2001 

10% formalin (6m, 
pooled) 
 

Catostomus occidentalis +0.16 ‰ -1.33 ‰* 
Sarakinos et al. 
2002 

4% formaldehyde  
(21m, pooled) 

Gadus morhua +0.71 ‰* -1.49 ‰* 
Sweeting et al. 
2004 

70% ethanol (12w) Argyrosomus hololepidotus 
 
+0.8 ‰§ 

 
+0.8 ‰§* 

Kaehler & 
Pakhomov 2001 

95% ethanol (10m) Salvelinus alpinus +0.35 ‰ -0.78 ‰* 
Kelly et al. 
2006 

70% ethanol (9w) 
Lepomis macrochirus and 
Micropterus salmoides  

< -0.2 ‰  
Ogawa et al. 
2001 

70% ethanol (6m, 
pooled) 

Catostomus occidentalis +0.37 ‰* +0.21 ‰ 
Sarakinos et al. 
2002 

80% ethanol (21m, 
pooled) 

Gadus morhua +1.05 ‰* +0.54 ‰* 
Sweeting et al. 
2004 
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Fig. 1. Stable isotope composition of (a) N and (b) C over time. Symbols: unpreserved 
samples – ○;  preserved samples – ●. Two points in (a) at months 0 and 1 have been 
slightly offset for visibility. 
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Fig. 2. Elemental composition (as a percentage) of samples over time. (a) N content, (b) 
C content, and (c) ratio of C to N. Symbols: unpreserved samples – ○;  preserved samples 
– ●. 
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Fig. 3. Muscle 13C composition as a function of C content. The curvilinear relationship 
(smooth curve) is described by the equation y =  2.08x2 - 0.29x - 16.5 (where n = 24,  
R2 = 0.44, p = 0.05). If omitting the two flagged month-24 points with >70% C (see 
Methods), the relationship is described by a linear regression (dashed line) with equation 
y = -0.04x - 23.84 (where n = 22, R2 =  0.39, p = 0.05). Symbols: unpreserved samples – 
○;  preserved samples – ●.
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Fig. 4. Hg concentrations over 12 months. Symbols: unpreserved samples – ○;  preserved 
samples – ●. 
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Fig. 5. Elements whose concentration increased and then decreased over time. Symbols: 
unpreserved samples – ○;  preserved samples – ●. The elements Ca, Mo, S, Sb, Se, Sr, Ti, 
V, and W (not shown) also followed this general pattern.
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Fig. 6. Elements whose concentration rapidly increased in the first month and remained 
relatively stable. Symbols: unpreserved samples – ○;  preserved samples – ●. Cu (shown 
in Fig. 4) may better fit this pattern. 
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Fig. 7. Elements whose concentration rapidly decreased in the first month of 
preservation. Symbols: unpreserved samples – ○;  preserved samples – ●. Ga (not shown) 
also followed this general pattern.  
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Fig. 8. Per mille change in mean 15N and 13C during preservation in stable isotope 
studies. Studies are divided among those that used formalin and/or ethanol. Data were 
back-calculated from available figures and tables in the literature. Some data could not be 
shown in this figure because of the form in which they were originally presented. Note 
the break in the month axis in the top two plots. Symbols: this study – X, Bosley & 
Wainright (1999) – BW, Kaehler & Pakhomov (2001) – KP, Ogawa et al. (2001) – O, 
Arrington & Winemiller (2002) – AW, Edwards et al. (2002) – E, Sarakinos et al. (2002) – 
Sa, Sweeting et al. (2004) – Sw, Kelly et al. (2006) – K.  
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Fig. 9. Percent change in mean THg concentrations from control (unpreserved) samples 
over time. Data are from this study (●) and from values extracted from Fig. 2 in Hill et al. 
(2010) (○). Error bars were not plotted because they were calculated differently in each 
study. Hill et al. gave 95% confidence intervals of between 3.9% and 5.1%. In the present 
study, it was preferable to calculate the standard deviations of the mean % THg values, 
since there were only 3 data points per sampling interval. These standard deviations were 
between 0.1% and 0.3%. 
  



 48

Chapter 3_______________________________________ 

Stable isotope analyses reveal long-term food web changes in large inland 
lakes of North America 
 

3.1: Abstract 

 While numerous anthropogenic disturbances have occurred in large lakes over 

recent decades, their long-term impacts are still being uncovered. However, it is 

becoming possible to incorporate historical biological collections using modern analytical 

techniques to quantify how food webs changed over time. The large lakes, Nipigon and 

Simcoe (in Ontario) and Champlain (in Vermont) are ecologically and economically 

important, and have been exposed to decades of anthropogenic disturbances. We used 

stable nitrogen (15N) and carbon (13C) isotope analyses of new and archived fish to 

characterize the trophic positions and dietary patterns for modern (2006-2007) and 

historical (1920s-1960s) food web structures. Biplots of 15N versus 13C values were 

created to quantify food web changes through time. They were compared by calculating 

total area enclosed by the full range of the stable N and C isotope data for each lake. 

Although some species’ trophic relationships remained relatively stable, the food webs in 

all three lakes did not appear consistent across time periods. In Lake Nipigon, the total 

area was ~2.5x lower in the modern period than historically, reflected in part by a 

reduced range in 15N values. In Lake Simcoe, total area doubled, and was associated in 

particular with trophic shifts to higher 13C values by some species.  In Lake Champlain, 

the re-appearance of lake trout in the food web after decades of absence did not seem to 

have a major effect on overall food web dimensions. This study shows how archived 

samples can be used to explore long-term food web impacts.  
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3.2: Introduction 

 In recent decades, many of the world’s large lakes – those with surface area >500 

km2 (Herdendorf 1982) – have faced great pressures from a variety of anthropogenic 

factors, such as the accumulation of pollutants, introduction of non-native species, and 

changes in fisheries management and harvest practices. As a result of their large 

watersheds, large lakes are usually influenced by a complex combination of multiple 

anthropogenic factors acting with varying intensity over the span of many years or even 

decades. The health of large lakes requires special scientific attention due to their 

disproportionate regional and even global significance.  

In central and eastern North America, research focus on the Laurentian Great 

Lakes has often drawn attention away from other large lakes of the region, and there 

remains a surprising shortage of published primary literature on these inland lakes. In 

particular, it is largely unknown how the fish food web structures of large lakes have 

changed in response to external influences over the years. To address this knowledge gap, 

the present study compares the historical, pre-monitoring (ca 1970s) fish food web 

structures of Lakes Nipigon and Simcoe in Ontario, and Lake Champlain in 

Vermont/New York to their corresponding modern food web structures. The lakes range 

from heavily impacted and urbanized (Simcoe and Champlain) to comparatively less 

impacted (Nipigon). These large lakes are all regionally important for economic, social 

and cultural reasons. For example, the lakes support thriving fisheries, with an annual 

commercial revenue of over $500,000 in remote Lake Nipigon (Swainson 2001a), and 

regional spin-off revenues from recreational fishing estimated at $100 million in Lake 

Simcoe (Eimers et al. 2005).   
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Lake Nipigon is located north of Lake Superior, connected to the latter via the 

Nipigon River, and is a major headwater lake for the Great Lakes (Swainson 2001a). Its 

remoteness has helped maintain its high water clarity and low number of non-native 

species. Lake Nipigon still retains much of its Coregonus species flock, including the 

endemic species Nipigon cisco (R. Salmon, pers. comm. 2010), and the blackfin cisco 

which has been extirpated from other nearby water bodies (see Table 1 for all species 

scientific names). However, pressure from the active commercial and recreational 

fisheries since 1917 have led to significant declines over time for key fisheries species 

like lake whitefish, lake trout and walleye (LNBSS 2004).  

Unlike remote Lake Nipigon, Lakes Simcoe and Champlain have undergone 

intense anthropogenic changes over the past 300 years, particularly from urbanization and 

agriculture. Lake Simcoe lies just north of the Greater Toronto Area, Canada’s most 

populated region, with >5 million people, while Lake Champlain straddles the NY-

Vermont border with about 570,000 people living in its relatively large catchment. Both 

lakes have had eutrophication issues related to high phosphorus runoff, especially in the 

latter half of the 20th century. In Lake Simcoe, eutrophication contributed to the decline 

of the cold water fishery beginning in the 1950s (Evans et al. 1996). As a result, the 

populations of lake trout, lake whitefish, and lake herring in Lake Simcoe are now largely 

maintained by stocking efforts (Evans et al. 1996). A recent survey indicated that this 

lake now contains at least 12 non-native species, including 5 fish species, most having 

been introduced over the last few decades (LSSAC 2008). Lake Champlain has an even 

greater number of non-native species, with non-native fish species alone numbering 16 or 

more (Carlson and Daniels 2004). This is partly a result of the lake’s connection with 
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other water bodies by 19th century canals (Marsden et al. 2000), and several centuries of 

European settlement and activity in the area (Levine et al. 1997). Fish stocking has been 

important in Lake Champlain. Salmonids were extirpated by the 1920s from over-

harvesting, dam construction, and possibly parasitism by sea lampreys (Marsden et al. 

2003). In recent times large salmonid populations have again been established in the lake 

because of  intensive salmonid stocking efforts and chemical control of sea lampreys that 

began in the 1970s and 1990, respectively (LaBar 1993, Marsden et al. 2003, Ellrott and 

Marsden 2004). However, as in Lake Simcoe, some salmonid populations like those of 

lake trout are only maintained through stocking (Ellrott and Marsden 2004).  

In this study, we determine the overall effect of a series of complex ecological 

changes on food web structures using stable carbon and nitrogen isotope analyses. We 

used both historical (pre-disturbance) fish samples from museum ichthyology collections 

and recently caught modern (post-disturbance) fish samples. Stable isotope analyses have 

become a common tool in food web research for a variety of applications, including 

studies to differentiate energy sources (France 1995), to trace contaminant trophic 

transfer (Campbell et al. 2004), and to determine the effects of non-native species 

(Gorokhova et al. 2005). Archived museum ichthyology fish have been used to study the 

historical food webs of Lake Tahoe (Vander Zanden et al. 2003), Florida Bay (Chasar et 

al. 2005), and Lake Superior (Schmidt et al. 2009), as well as the historical trophic 

positions of North Sea harbour porpoises (Christensen and Richardson 2008). Stable 

isotope analyses can be used to determine food web structure because of their tendency to 

fractionate among heavy and light forms in a consistent way in food webs. For instance, 

in a given tissue in an organism, the ratio of 15N:14N typically increases with trophic level 
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of the organism, on average by ~3-4 ‰ (Post 2002). The ratio of 13C:12C remains more 

consistent with increasing trophic level, and because this ratio usually differs among 

pelagic and benthic primary producers (France 1995), all organisms will tend to have 

similar 13C:12C ratios to the producer from which they derive their energy. Thus stable 

isotopes of N and C provide a quantitative measure of the trophic level of an organism, as 

well as its ultimate source of energy. This quantification allows one to speak of trophic 

positions – defined here as relative gradations along the trophic continuum, in which 

subtle energetic differences among omnivores are accounted for – instead of discrete 

trophic levels – finite feeding categories that tend to mask omnivory (Vander Zanden et 

al. 1997; Thompson et al. 2007). An additional advantage of stable isotope analyses is 

that they reflect the time averaging of several months to years of feeding in fish species, 

whereas the alternative technique of stomach content analysis reflects only the most 

recent feeding event before the fish was captured (McIntyre et al. 2006). 

The objective of this study was to assess long-term food web changes in the three 

large lakes. We performed stable isotope analyses on archived ichthyology collections to 

determine historical food web structures, and compared them to modern structures from 

freshly-caught fish. We hypothesized that Lake Champlain would have the greatest 

temporal shifts in food web structure because of its longer, more complex history of 

disturbance.  

 



 53

3.3: Methods 

Field sampling 

The study lakes are located in the vicinity of the Great Lakes / St. Lawrence River 

system. Despite key physio-chemical differences (Table 2), the lakes share many species 

in common. Lakes Simcoe and Champlain have a similar warmwater fish species 

assemblage, although sea lampreys are only present in Lake Champlain.  Lake Nipigon, 

which is colder than the other two lakes, does not support as many warmwater fish (e.g. 

sunfish species), and also supports a large coldwater Coregonus flock (Table 1).  

Fish sampling was conducted in July 2006 (Champlain, Nipigon), October 2006 

(Champlain), July 2007 (Nipigon, Simcoe) and August 2007 (Simcoe). Fish were 

captured in partnership with local agencies and researchers using seine, gill or trap nets, 

or by angling. The number of fish captured per species varied from 1 to 8 with a range of 

lengths was selected when possible. Mass and length of fish were recorded. All fish were 

kept on ice in coolers until they could be filleted for skin-free muscle samples, which 

were taken from below the dorsal fin and above the midline. Those samples were 

transferred to a freezer at -20 °C. 

 

Museum sampling 

 We obtained historical fish samples for all three lakes from the ichthyology 

collections of the Royal Ontario Museum (Toronto, Ontario). In addition, we collected 

Lake Nipigon samples from the University of Michigan Museum of Zoology (Ann Arbor, 

Michigan), and Lake Champlain samples from the New York State Museum (Albany, 

New York). Archived samples were originally captured in 1921-23 in Lake Nipigon, 
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1929-30 in Lake Champlain, and the 1950s-60s in Lake Simcoe (Fig. 1).  Biopsy samples 

of muscle between the dorsal fin and the midline were collected from each fish, and fish 

lengths were measured. We recorded all documentary information available for each fish 

from the labels on the specimen jars and tags inside the containers, which could include 

the name of the collector, data of capture, fish lengths at time of capture, and other 

relevant information. To the best of the ichthyology curators’ knowledge, all samples 

were preserved according to standard museum protocol, i.e., they were first fixed in 10% 

formalin for several days, and then stored in 70% ethanol in sealed glass jars or 

aluminum holding tanks (see Chapter 2). 

 

Stable isotope analyses 

All muscle tissue samples in this study were kept in a calibrated drying oven at 

50-60 °C for 24-48 hours until thoroughly dried. Dried samples were ground using a 

stainless steel ball mill (Mixer Mill MM200, Retsch GmbH, Haan, Germany) and 

transferred to borosilicate glass vials for long-term storage in desiccator cabinets. (All 

instruments have been maintained at ultra-trace quality standards.) Approximately 0.5 mg 

of each sample was weighed to 4 significant digits into a tin capsule (Elemental 

Microanalysis Ltd., Okehampton, UK). Samples were analyzed at the Queen’s Facility 

for Isotope Research using a Thermo Finnigan DeltaPlus XP isotope ratio mass 

spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) after combustion in a 

Costech 4010 elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA, 

USA). Stable isotope results were expressed as a ratio in delta notation with per mille 

(‰) units, such that R = [(R sample / R standard) -1] x 1000, where R is the ratio of 
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heavy to light isotope for an element. The standards were RM8548 (ammonium sulfate), 

RM8550 (ammonium nitrate), EIL61 (potassium nitrate), NBS21 (graphite), and in-house 

standard reference materials CK1 (chicken blood), UC1 (ultra carbon rod), Q-C 

(graphite), SAL-06-01 (salmon muscle) and TIL-06-01 (tilapia muscle). These were 

calibrated to the international standards of N2 in air for 15N and Vienna Pee Dee 

Belemnite for 13C. All isotope ratios were within the accepted ranges for the certified 

reference materials. Sample blanks were used to determine background isotopic values of 

the tin capsules. Approximately 10 % of samples were run in duplicate, and varied by 

<0.3 ‰. This analytical precision agrees with the lab’s internal long-term record of 

certified reference material performance.  

  

Data analyses 

As stated above, museum curators indicated that the archived fish collected for 

this study were likely fixed in 10% formalin for up to 2 weeks, and then preserved in 

70% ethanol. The effects of these chemicals on subsequent stable isotope analyses have 

been widely studied and are fairly consistent across wide-ranging experimental 

methodologies and fish species (see Chapter 2 of this thesis; Arrington and Winemiller 

2002; Sarakinos et al. 2002; Vander Zanden et al. 2003). 

All food web 15N and 13C values were graphed with Sigmaplot 11.0 (Systat 

Software Inc., Chicago, IL, USA). The historical and modern food web diagrams for each 

lake were then compared to identify structural changes. Layman et al. (2007a) discussed 

a series of simple metrics that can be used to better assess differences among food webs 

independently of the absolute isotope values of the species and the pre-selected baseline 
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isotope values of an ecosystem. Following their work, we used MATLAB 6.5 

(MathWorks Inc., Natick, MA, USA) to calculate the mean range from lowest to highest 

15N values (NR) and lowest to highest 13C values (CR), and the convex hull area (TA – 

total area) of the food webs. TA is the area of the smallest convex polygon that links the 

isotopic means of species in the food web. In general, TA can be taken as a proxy for 

feeding diversity: larger areas indicate a greater range of stable isotope values in the food 

web, which usually indicate greater feeding diversity. When there are differences in TA 

between two food webs, NR and CR differences help to resolve the axis (15N or 13C) 

along which most change occurred. We calculated metrics using species that were present 

in both modern and historical food webs of a lake. Where necessary, we also re-

calculated after including species whose omission from one food web would dramatically 

change the metrics. 

 

3.4: Results 

Museum and modern samples: an overview 

We were able to obtain a wide range of native species in each lake, as well as a 

number of non-native species (rainbow smelt in Lakes Nipigon and Simcoe; white perch, 

alewife, and native but parasitic sea lamprey in Lake Champlain (Table 3). The 

maximum and minimum values of 15N were highest in Lake Champlain and lowest in 

Lake Nipigon. There were clear shifts in food web relationships, as indicated by the 

distribution of the 15N - 13C scatter biplots for each study lake and time period (Figs. 2, 

3). The greatest changes in the dimensions of stable isotope food web plots between two 

time periods occurred in Lake Nipigon, and the least in Lake Champlain.  
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Lake Nipigon 

Both historical and modern food webs had an approximately triangular shape, 

with the top predator lake trout at the apex (Fig. 2). Walleye and yellow perch had the 

heaviest 13C values which can be putatively interpreted as being more littoral, while 

pelagic fish like deepwater sculpin and coregonine species had consistently lighter 13C 

values. Using the polygon approach of Layman et al. (2007a), NR (15N ranges) 

decreased by 1.2 ‰ in the modern food web (Table 4). Some of this decrease was the 

result of lower lake trout 15N values relative to other species between the 1920s to 2006-

7. While this is a small change quantitatively, it occurred despite our modern lake trout 

samples coming from much larger fish (614-824 mm) than the historical samples (310-

361 mm). The modern food web had lighter 13C values and greater CR (by 2.2 ‰) than 

the historical food web. The TA (total area) of the historical food web was ~2.5x greater 

than the modern food web (Fig. 3; Table 4). 

In the modern food web, non-native rainbow smelt had 15N values somewhat 

higher than most native pelagic forage fish (by a maximum of ~1.5 ‰). Like lake trout, 

their traditional predator, lake herring shifted to a lower 15N value relative to other fish. 

In general, there was increased overlap among – and scatter within – coregonine species’ 

isotopic values in the modern food web. Walleye and yellow perch had lower 13C values 

in the modern food web; the walleye values (~ -26 ‰) overlapped with those of most 

rainbow smelt, which are among its presumed prey items. 
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Lake Simcoe 

 Lake trout was the apex predator, with the highest 15N values in both time 

periods (Fig. 2). Yellow perch and pumpkinseed had the highest 13C values, and 

coregonine species generally had the lowest ones. Unfortunately, only one adult-sized 

lake trout sample was located in the museums. This individual trout’s isotopic 

composition (15N = 15.8 ‰, 13C = -26.1 ‰) was within the range of modern lake trout. 

Since we could not determine a range of historical lake trout isotopic compositions with 

this one sample, we calculated isotope metrics for the food web both with and without 

lake trout (Fig. 3; Table 4).  In either case, NR was greater in the modern food web by  

1.1 ‰ and 1.4 ‰, respectively.  The modern food web had a greater CR (by 2.5 ‰ when 

including all lake trout 13C data), with a noticeable shift toward higher 13C values in 

yellow perch and pumpkinseed. The TA of the modern food web was approximately 2x 

greater than the historical one if lake trout were included, and over 3x greater if they were 

not (Table 4). 

As in Lake Nipigon, non-native rainbow smelt had slightly higher trophic 

positions compared to native pelagic forage fish, with a mean 15N value that was ~0.8 ‰ 

higher than that of lake herring or lake whitefish. Interestingly, it was possible to analyze 

one of the first rainbow smelts sampled in Lake Simcoe in 1962, at a time when the 

species occurred in very small numbers and had not yet had an impact on the lake. That 

historical sample was in the “centre” of the food web (i.e. along 15N and 13C axes).  
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Lake Champlain 

Lake trout were extirpated from Lake Champlain in the 1920s and did not re-

appear until the 1970s. As such, they were entirely absent in the reconstructed 1929-30 

food web (Fig. 2). The species with the highest 15N values in the historical food web 

were rainbow smelt, sea lamprey, and walleye, while lake trout and sea lamprey were the 

top predators in the modern food web. An exception to this was a single modern lake 

trout of low 15N (11.3 ‰) and high 13C (-19.5 ‰). In both the 1929-30 and 2006 food 

webs, there was considerable overlap in 13C among many species, and some species had 

wide 13C ranges (e.g. -28.7 to -21.0 ‰ for year-2006 brown bullhead). However, 

walleye had a much narrower 13C range in 2006 (-25.6 to -25.1 ‰) than historically  

(-26.6 to -23.4 ‰). Most species tended to have higher 15N values in the modern food 

web, although brown bullhead had similarly low 15N values in both time periods (means 

of 11.7 ‰ and 12.2 ‰ in 1929-30 and 2006, respectively).  

In the modern food web, non-native white perch formed a cluster that was 

distinguishable from, and did not overlap with, native yellow perch. We sampled one of 

the very first invasive alewives found in Lake Champlain, and this individual fish 

occupied an intermediate position among native pelagic forage fish, with 15N (14.3 ‰) 

approximately equal to that of rainbow smelt (mean 14.9 ‰), a native species in this lake. 

The modern TA was greater than the historical one by only 1.3x if modern lake trout was 

included in the analysis, and 1.2x if lake trout was removed (Fig. 3; Table 4). CR was 

similar in the two time periods. 
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3.5: Discussion 

Lakes Nipigon, Simcoe and Champlain are large lakes that have undergone a 

number of ecological disturbances over the past several decades. Our approach in this 

study was to take a long-term, large-scale view, and determine the net effect of 

disturbances in each food web we studied. All observations were made relative to other 

species in the same lake, not relative to an absolute baseline scale.  

Several species had similar positions in stable isotope biplots among lakes. For 

example, lake trout in all lakes and time periods were at or near the top of the food web 

biplots, as expected of large piscivorous fish (Fig. 2). Many groups of species in all lakes 

also maintained similar orientations relative to each other in both historical and modern 

time periods, even if the polygon estimates of isotopic distances relative to other species 

expanded or contracted. For example, lake whitefish in Lake Nipigon occupied “central” 

positions in stable isotope biplots in both periods. Thus many relationships among 

species were maintained over time. 

However, the use of stable isotope metrics revealed how minor species-level 

shifts may mask greater community-level changes. In each lake, the Total Area (TA) of 

food webs differed between historical and modern time periods, with the greatest change 

observed in Lake Nipigon (Fig. 3; Table 4)..     

The change in total area of the Lake Nipigon biplot was caused in part by a 

reduction in NR, as determined by the 15N distance between lake trout and yellow perch 

at the top and bottom of the fish food web, respectively (Fig. 3, Table 4). The fish we 

captured of both species were larger in the modern period than historically, and would be 

expected to feed higher in the food chain (Table 3). This effect should be more 
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pronounced for yellow perch, since our smallest historical yellow perch were likely at a 

young stage in their growth, transitioning between a heavy reliance on zooplankton to 

greater benthic feeding (Wu and Culver 1992). This is one possibility for the reduction in 

Lake Nipigon NR in the modern period.   

However, it has been suggested that Lake Nipigon lake trout size has been 

increasing because of greater lake trout predation on non-native rainbow smelt – which 

entered the lake in the 1970s (LNBSS 2004) – and less predation on lake herring, 

historically the main diet item of the lake trout (Clemens et al. 1923, 1924). But Mason et 

al. (1998) showed that younger, smaller lake trout in Lake Superior are prey-size limited 

and should feed more on rainbow smelt, whereas older, larger lake trout should prefer 

larger, energetically-rich lake herring. Our stable isotope results are consistent with this 

latter view. Rainbow smelt has certainly become a major diet item for lake trout (Ontario 

Ministry of Natural Resources, unpublished data), as supported by the similar 13C values 

of these species in our data. But the lake trout and rainbow smelt 15N values suggest that 

from an energetic perspective, this predator-prey relationship is not as strong as 

commonly believed. Lake trout relying more heavily on rainbow smelt would be 

expected to have higher 15N values (not lower, as observed in Fig. 2). This is because 

rainbow smelt are typically elevated in 15N compared to native forage fish, as seen both 

in our study (Fig. 2) and in work by Swanson et al. (2003) in other northern Ontario 

lakes. Our data therefore suggest stronger lake trout predation on lake herring than 

rainbow smelt.  

Even if rainbow smelt did not exert a large dietary effect on the lake trout we 

sampled, the rainbow smelt may have shaped the food web indirectly by competing with 
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native coregonines. This, in turn, would have impacted the coregonines’ role in lake trout 

diets. In other systems, rainbow smelt often compete with coregonines and/or prey on 

their eggs (Oldenburg et al. 2007). This is occurring in Lake Nipigon with the lake 

whitefish, whose year-class strength varies inversely with rainbow smelt abundance 

(Salmon and van Ogtrop 1996). The likelihood of dietary competition between rainbow 

smelt and coregonine species is also evident in the similarity of their isotopic values in 

the 2006-7 Lake Nipigon food web (Fig. 2). So rainbow smelt may be indirectly 

implicated in the observed lake trout trophic reduction. 

Unlike Lake Nipigon, the modern Lake Simcoe TA was greater than historically, 

mainly because the modern CR was greater. The CR increase resulted from higher 13C 

values in modern yellow perch and pumpkinseed. Interannual variation in 13C in fish can 

be significant. For example, Kiriluk et al. (1999) reported an approximately 3 ‰ shift in 

13C over a 17 year period in Lake Erie. Similar variation could have affected the 

historical stable isotope biplot dimensions in Lake Simcoe, because we used fish samples 

from a wide temporal range (1950s-60s) as a result of sparse museum ichthyology 

collections. Notwithstanding this issue, the CR changes we observed are consistent with 

the nutrient enrichment that began around the time our historical samples were collected. 

Eutrophication caused recruitment failure in several coldwater, traditionally pelagic-

feeding fish species (Evans et al. 1996), and may have forced fish to exploit different 

energy pathways over time. The shift of some species toward higher 13C values supports 

the view that a nearshore phosphorus “shunt” (sensu Hecky et al. 2004) has been 

established in the lake since the dreissenid invasion in the 1990s, and that some fish 

species have shifted to more benthic or littoral feeding to take advantage of it. The idea of 



 63

a shunt is supported by studies showing a dramatic decrease in planktonic biovolume in 

Lake Simcoe since the establishment of dreissenids (Eimers et al. 2005). 

As in Lake Nipigon, non-native rainbow smelt in Lake Simcoe tended to have 

elevated trophic positions compared to native pelagic forage fish. However, in contrast to 

Lake Nipigon, modern lake trout 13C values in Lake Simcoe only partially overlapped 

with those of lake whitefish, lake herring, and rainbow smelt; some had lower 13C 

values than any of the sampled fish (Fig. 2). This reflects a missing dietary source for 

lake trout in our Lake Simcoe data. It does not affect the isotope metrics in our study 

because the same species were sampled in both modern and historical food webs; the 

missing dietary item was absent from both historical and modern analyses. But this 

highlights an interesting aspect of stable isotope ecology: the analyses are able to 

integrate the effects of all dietary items on a fish’s isotope composition, even if some of 

those items are not directly sampled. This is also the case for the invertebrates that we 

could not sample due to their absence from museums, but that would be major parts of 

the diets of many fish. There can be considerable stable isotope shifts both seasonally and 

spatially in organisms of the lower food web, such as plankton and young-of-the-year 

fish, and these can confound absolute estimates of trophic position in higher consumers 

(Guzzo et al. 2011). As a result, we decided to avoid calculations of absolute trophic 

positions based on standardizing with baseline organisms (e.g. Post 2002, Vander Zanden 

et al. 2003) and instead used relative stable isotope bipot distances among species.  

We observed small TA differences between historical and modern Lake 

Champlain food webs. Our 2006 stable isotope results for Lake Champlain species 

compared well with corresponding values from 1998 reported by Overman and Parrish 
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(2001), and in general were indicative of a complex food web with relatively high 15N 

values of organisms. In both 1929-30 and 2006, many species had overlapping isotopic 

compositions, and a few had wide ranges of isotopic values. Brown bullheads, for 

instance, exhibited considerable omnivory and had the widest 13C range of any species 

in this study. Food web comparisons can be complicated when species have large stable 

isotope ranges, because it is possible that the sampling effort fails to target the full 

isotopic range. However, in our Lake Champlain food webs, if the stable isotope means 

for some species shifted, the overall stable isotope metrics would not be expected to 

change much because of the large overlap in species stable isotope values. Our 

observations of large isotope ranges and large overlap of isotopic values among species 

are consistent with strong pelagic-littoral coupling, which is expected in Lake Champlain 

because the narrow lake dimensions bring different habitat types in close proximity to 

one another.  

It is notable that the magnitude of overall changes in stable isotope biplots was 

greatest in Lake Champlain and least in Lake Nipigon.  This was contrary to our 

expectations, because by any qualitative standard, the Lake Nipigon food web has 

experienced the lowest degree of disturbance over the shortest time among our study 

lakes. By contrast, Lake Champlain has experienced major disturbances for a longer time, 

including the extirpation and later re-appearance of the important salmonid fish 

community (Ellrott and Marsden 2004), chronic increased nutrient levels (Levine et al. 

1997), high numbers of non-native species (Carlson and Daniels 2004), elevated 

environmental contaminants (Gao et al. 2006), and other pressures that come from the 

large human populations around the lake. One possibility is that Lake Champlain’s high 
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species richness (Table 2) connecting littoral and pelagic habitats may allow for dietary 

flexibility and/or species redundancy. This could be beneficial to organisms during 

disturbances like shortages of their regular food supply (McIntyre et al. 2006). Whereas 

ecological disturbances promote change in biological communities, there is general 

agreement that increased community and ecosystem diversity (species richness, number 

of trophic links, etc.) can provide resistance against change through functional 

redundancy (Dunne et al. 2002, Hooper et al. 2005). In a large meta-analysis, Balvanera 

et al. (2006) showed that resistance to non-native species and to change in nutrient 

availability – both key disturbance types in our study lakes – is generally enhanced by 

higher biodiversity. Campbell et al. (2005b) found that since 1928, the very large and 

complex Lake Albert, Uganda food web has remained relatively stable, possibly due to 

its inherent trophic redundancy.  A similar mechanism may be occurring in Lake 

Champlain.  In contrast, the low species richness in Lake Nipigon may lead to 

exaggerated trophic shifts among some species when their preferred prey items are 

compromised, as our lake trout measurements illustrate. This suggests species-poor lakes 

are at greater risk of food web disruptions than is commonly assumed.  

Lake Champlain sea lampreys presented an interesting case. These nuisance 

organisms are major parasites of salmonids like lake trout, and are believed to be partly to 

blame for the low natural lake trout abundance today (Marsden et al. 2003). Despite the 

parasitism, modern sea lamprey and lake trout isotopic values overlapped in our study. 

This is because sea lampreys feed on fish blood, and their isotope values therefore reflect 

the isotopic composition of the blood – not muscle tissue – of their prey. Different tissues 

fractionate stable isotopes to different degrees; Pinnegar et al. (2001) cited a depletion of 
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15N of ~1.6 ‰ in blood relative to white muscle in several fish species. A range in 

fractionation of up to 3.8 ‰ between various mouse tissues was reported by DeNiro and 

Epstein (1981). It is of note that our single historical sea lamprey – captured at a time 

when salmonids were extirpated from the lake – still had an elevated trophic position 

relative to the rest of the food web. We interpret this to mean that sea lampreys in Lake 

Champlain have been able to occupy high trophic positions regardless of the status of 

salmonid populations by feeding on other species such as lake whitefish, which were not 

sampled in our study but are expected to occupy suitable trophic positions to help explain 

sea lamprey isotopic values (see Overman and Parrish 2001). Extensive sea lamprey 

parasitism on lake whitefish has been reported elsewhere. For example, in Lake Huron, 

Spangler and Collins (1980) attributed increased lake whitefish survival rates to the 

reduction in sea lamprey parasitism following sea lamprey control efforts. This ability of 

sea lampreys to target alternative prey items may explain why the NR of Lake Champlain 

has not been affected as much as would have been expected by the re-introduction of the 

piscivorous lake trout since the 1970s. 

Non-native white perch in Lake Champlain have the potential to interact 

negatively with native forage fish. There have been reports of diet competition between 

white perch and yellow perch elsewhere, including Lake Ontario (Elrod et al. 1981) and 

Lake Erie (Parrish and Margraf 1990). Yet in Lake Champlain, these species tend to 

prefer different habitats (Hawes and Parrish 2003), and our results show considerable 

differences in the species’ 15N and 13C values (Fig. 2). Yellow perch 13C values in all 

lakes in this study varied greatly, reflecting this species’ flexible feeding strategies, while 

Lake Champlain white perch had a very narrow isotopic range, suggesting far less 
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omnivory than has commonly been reported for this species (Parrish and Margraf 1990). 

This was not a factor of our sampling strategy; both white perch and yellow perch were 

collected from a variety of locations within the lake, so any geographic range of diets in 

each species should be represented. 

A particular challenge of this study is that fish collections for museums are highly 

dependent on the goals of the collector – who is most often a fish taxonomist or a fish 

biologist – and are constrained both in terms of the time and place at which the fish are 

captured. This can result in spatio-temporally patchy collections for historical food web 

analyses. Furthermore, the soft bodies of freshwater invertebrates such as amphipods and 

mussels are not commonly available in museum collections, and if present, most 

museums do not allow destructive sampling of very small samples.  

The lack of historical invertebrate samples meant we could not adjust the lake 

15N baselines using invertebrates as recommended by Vander Zanden et al. (1997), to 

account for shifts in 15N from sewage and agriculture discharges of N. One of the 

contributions of our work is that we uniquely framed our study in a way that baseline 

adjustments were not necessary. Our goal was to compare the overall structure of the 

historical and modern food webs, not to measure a species’ absolute historical and 

modern trophic positions against a pre-selected baseline. That is, we compared the 

trophic positions of species relative to one another. This does not require data 

adjustments, assuming that all species within a food web experienced similar shifts in 

isotope values from external factors.  

Our approach also permitted us to avoid a number of other possible data 

manipulations, all of which would necessarily contain an element of uncertainty. For 
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example, historical stable isotope data could be adjusted for the effects of anthropogenic 

NOx inputs through fossil fuel burning (Hastings et al. 2009), the Seuss effect of 

anthropogenic CO2 emission (Schelske and Hodell 1995), shifts in 13C of dissolved 

organic carbon from forested catchments (Schiff et al. 1997), differences in fish lipid 

content (Sweeting et al. 2006), differences in fish length in each food web, and for small 

shifts in stable isotope values caused by exposure to chemical preservatives (e.g. Vander 

Zanden et al. 2003; Schmidt et al. 2009). For Lake Nipigon, we could also have adjusted 

data for 13C shifts brought on by changing water levels as a result of dam construction in 

the mid-20th century. In cases where absolute comparisons of food web data are required, 

some form of data adjustment is desirable (for instance, see Chapter 4). But as a general 

rule, we believe that the artificial manipulation of accurately measured stable isotope 

values by multiple adjustments (which, in turn, come from multiple experimental studies 

using varying methodologies) would decrease the ecological meaningfulness of the 

measured data, and should be avoided when possible. Of course, had we made data 

adjustments to the fish 15N and 13C values, the food web biplots in Figs. 2 and 3 would 

look the same except the axes would be shifted.  

To aid in making relative data comparisons, we used some of the simple but 

effective metrics of Layman et al. (2007a). The metrics had the added advantage of 

allowing us to conceptualize food web change when sample numbers were too low for 

statistical procedures. Stable isotope metrics have now been used successfully in some 

diverse ecological studies to describe the effects of anthropogenic disturbance on 

estuarine fish (Layman et al. 2007b), trophic niche width in wolf populations (Darimont 

et al. 2009), and the effects of arctic charr on arctic food webs (Swanson et al. 2010). 
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Similar concepts, like convex hull volumes, have been applied to other ecological 

problems (Cornwell et al. 2006). In using stable isotope metrics, we were careful to 

interpret the results within the context of what is known about the species and food webs 

involved (Layman et al. 2007a). We also compared food webs bounded by the same sets 

of species (except in cases where we explicitly wanted to test the effect of a species 

addition or loss), to minimize potentially confounding factors. For the same reason, and 

to the extent possible, we also collected historical and modern samples from the same 

locations in a given lake. Additionally, the components of the food webs we presented 

were interconnected. Had this not been the case, a large TA would not necessarily be 

indicative of a greater range of feeding options for organisms; it could be an artifact of 

the large distance in stable isotope space between the different, unconnected components 

of the food web. By designing the study with attention to these types of concerns, it is 

possible to gain important information about predator-prey dynamics and trophic niches 

using isotope metrics. 

Large-scale, coarse resolution studies like ours provide a different perspective on 

the management of large lakes, compared to small-scale, fine resolution studies. 

Although we are limited to smaller sample sizes of any one species, we can analyze a 

wide variety of species, lakes and times. Ours is among the few studies to directly 

compare 1920s-60s food webs to modern ones, revealing decades of food web change in 

all three lakes. Our analyses showed how large-scale changes in nutrients or species 

compositions can manifest themselves over time, not just in a single species but in entire 

food webs. Most interestingly, Lake Nipigon – the most remote study lake with the 

fewest species introductions and other anthropogenic disturbances – had greatest changes 
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in stable isotope biplot dimensions. We believe this underscores the importance of paying 

closer attention to remote lakes, because they may be in danger of significant food web 

change.  
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Table 1. Fish species abbreviations, common names, and colour codes used throughout 
paper. 
 
Abbreviation Common name Latin name 
AW Alewife Alosa pseudoharengus 
B Bloater Coregonus hoyi 
BB Brown bullhead Ameiurus nebulosus 
BC Blackfin cisco (Nipigon var.) Coregonus nigripinnis regalis 
BU Burbot Lota lota 
DS Deepwater sculpin Myoxocephalus thompsoni 
ES Emerald shiner Notropis atherinoides 
LH Lake herring Coregonus artedi 
LT Lake trout Salvelinus namaycush 
LW Lake whitefish Coregonus clupeaformis 
PS Pumpkinseed Lepomis macrochirus 
RB Rock bass Ambloplites rupestris 
RS Rainbow smelt Osmerus mordax 
SJ Shortjaw cisco Coregonus zenithicus 
SL Sea lamprey Petromyzon marinus 
W Walleye Sander vitreus 
WP White perch Morone Americana 
YP Yellow perch Perca flavescens 
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Table 2. General characteristics of the study lakes. Mean temperature, total phosphorus 
and Secchi depths refer to the open water portion of the lakes. All numbers are 
approximate. 
 

 
 

Lake Nipigon Lake Simcoe Lake Champlain 

Lat./Long. coordinates 49° 50’ N,  
88° 30’ W 

44° 25’ N, 
79° 20’ W 

44° 30’ N, 
73° 20’ W 

Surface area (km2) 4848 744 1130 

Watershed:lake area ratio 5.1 : 1 3.8 : 1 18.9 : 1 

Mean / max depth (m) 46 / 166 15 / 41 19.5 / 122 

Mean summer epilimnetic 
temperatureA (°C) 

13 20 22 

Total P (g/L) < 0.1B 7-15 14 

pH 6.4 - 8.2 8.0 - 8.5 7.5 - 8.4 

Secchi depth (m)  7.5 7 4-5 

Mixing type Monomictic Dimictic Marginally dimictic 

Number of fish species 
present 

40 60 92 

Permanent human population 
in watershed 

< 5 000 > 350 000B > 570 000 

 

A All three lakes ice over in winter. 
B This figure does not include the significant population of the Greater Toronto Area (6.5   
  million people as of 2008) just south of the Lake Simcoe watershed. 
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Table 3. Sample sizes and standard length ranges of fish in historical and modern 
datasets. Standard lengths are the distance from the tip of the snout to the beginning of 
the caudal fin. Lengths marked with ? were not available as they were not on the museum 
documentation tag and the fish was not measureable (e.g., tail missing or bent severely 
and could not be straightened out). Fish species that were not present in a lake historically 
are marked N/A.  
 

       Historical        Modern 
Lake Species n Length range  

(mm) 
n Length range 

(mm) 
Bloater 4 116-218 4 209-216 
Blackfin Cisco 6 141-332 5 258-378 
Burbot 1 292 2 464-471 
Deepwater sculpin 3 70-80 1 81 
Lake herring 4 80-220 5 221-257 
Lake trout 3 310-361 5 614-824 
Lake whitefish 6 247-343 5 311-405 
Rainbow smelt N/A N/A 5 150-184 
Shortjaw cisco 6 184-266 2 270-384 
Walleye 3 185-294 5 254-444 

Nipigon 

Yellow perch 4 44-115 6 149-204 
Lake herring 6 163-178 5 249-360 
Lake trout 1 624 5 284-652 
Lake whitefish 3 ? 5 317-564 
Pumpkinseed 4 102, ? 4 44-98 
Rainbow smelt 1 182 5 121-142 

Simcoe 

Yellow perch 8 138-285 6 140-175 
Alewife N/A N/A 1 115 
Brown bullhead 5 93-265 7 90-275 
Emerald shiner 4 68-75 4 35-50 
Lake trout N/A N/A 5 160-500 
Pumpkinseed 5 57-185 4 50-100 
Rock bass 4 140-180 3 120-170 
Rainbow smelt 4 112-247 8 90-165 
Sea lamprey 1 210 4 230-455 
Walleye 6 142-410 5 259-530 
White perch N/A N/A 8 120-215 

Champlain 

Yellow perch 4 75-140 3 65-130 
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Table 4. Summary of stable isotope metrics. TA is the convex hull area of the species 
means in a 15N vs. 13C biplot, as depicted visually in Fig. 3. 
 
Food web Total Area (TA) 15N range 

(NR) in ‰ 
13C range 
(CR) in ‰ 

1929-30 Champlain 9.5 5.3 3.1 
2006 Champlain with lake trout 12.6 4.6 3.5 
2006 Champlain without lake trout 11.6 4.5 3.5 
1950-60s Simcoe with lake trout 4.6 3.4 2.8 
1950-60s Simcoe without lake trout 2.1 1.6 2.8 
2007 Simcoe with lake trout 9.3 4.5 5.3 
2007 Simcoe without lake trout 6.6 3.0 4.4 
1921-23 Nipigon 15.2 4.9 5.1 
2006-7 Nipigon 6.2 3.7 2.9 
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Fig. 1. Timeline of some key events affecting the fish communities of the study lakes. 
Abbreviations used: N – Lake Nipigon, S – Lake Simcoe, C – Lake Champlain, PCB – 
Polychlorinated biphenyls, P – Phosphorus, Hg – Mercury.  

1920s N – major population declines in several species (incl. lake trout, lake whitefish) from fishing

1930s N – further dam construction and river diversion

1940s
N – further dam construction
S – increased urbanization

1950s
S – increased water nutrient concentrations; lake trout decline
C – early attempts to stock salmonids

1960s S – increased water nutrient levels; rainbow smelt arrival

1970s
N – elevated Hg & toxaphene concentrations in some fish
S – lake whitefish decline; lake trout stocking begins; P reduction begins
C – coordinated stocking of salmonids begins; P reduction begins

1980s
S – lake herring recruitment decline; several species arrive incl. Eurasian watermilfoil; 

coordinated P reduction begins 
C – white perch arrives

1990s
N – walleye & sauger populations decline; lake trout catches increase but stock likely decreases
S – zebra mussel & spiny waterflea arrival
C –arrival of several species incl. zebra mussel; coordinated sea lamprey control begins

2000s
N – closure of commercial walleye & sauger fisheries
S – round goby arrival; P generally lower than in 1980s; major reduction of lake trout stocking
C – alewife arrival; walleye decline; dredging of PCB-contaminated sediments in Cumberland Bay

N – logging begins in late 1800s; commercial fishery opens in 1917; first dams built
S – watershed mostly agricultural by 1890; canal to other lakes built 1883-1920
C – extirpation of salmonids by early 1900s; canals to rivers built (1823-43)

pre-
1920s

1920s N – major population declines in several species (incl. lake trout, lake whitefish) from fishing

1930s N – further dam construction and river diversion

1940s
N – further dam construction
S – increased urbanization

1950s
S – increased water nutrient concentrations; lake trout decline
C – early attempts to stock salmonids

1960s S – increased water nutrient levels; rainbow smelt arrival

1970s
N – elevated Hg & toxaphene concentrations in some fish
S – lake whitefish decline; lake trout stocking begins; P reduction begins
C – coordinated stocking of salmonids begins; P reduction begins

1980s
S – lake herring recruitment decline; several species arrive incl. Eurasian watermilfoil; 

coordinated P reduction begins 
C – white perch arrives

1990s
N – walleye & sauger populations decline; lake trout catches increase but stock likely decreases
S – zebra mussel & spiny waterflea arrival
C –arrival of several species incl. zebra mussel; coordinated sea lamprey control begins

2000s
N – closure of commercial walleye & sauger fisheries
S – round goby arrival; P generally lower than in 1980s; major reduction of lake trout stocking
C – alewife arrival; walleye decline; dredging of PCB-contaminated sediments in Cumberland Bay

N – logging begins in late 1800s; commercial fishery opens in 1917; first dams built
S – watershed mostly agricultural by 1890; canal to other lakes built 1883-1920
C – extirpation of salmonids by early 1900s; canals to rivers built (1823-43)

pre-
1920s
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Fig. 2. Stable nitrogen (15N) and carbon (13C) isotope values of individual fish from  
each lake. Points represent individual fish, colour- and letter-coded by species: AW 
Alewife, B Bloater, BB Brown bullhead, BC Blackfin cisco (Nipigon var.), BU Burbot, 
DS Deepwater sculpin, ES Emerald shiner, LH Lake herring, LT Lake trout, LW Lake 
whitefish, PS Pumpkinseed, RB Rock bass, RS Rainbow smelt, SJ Shortjaw cisco, SL 
Sea lamprey, W Walleye, WP White perch, YP Yellow perch. 
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Fig. 3. Convex hull polygons of fish food webs in each lake. Points represent mean stable 
isotope values of species. Different axis scales were used for each lake to better 
distinguish the data. Only species occurring in both time periods of a given lake are 
plotted, except for Lake Champlain 2006 lake trout, which were extirpated in the 1920s. 
Species codes: AW Alewife, B Bloater, BB Brown bullhead, BC Blackfin cisco (Nipigon 
var.), BU Burbot, DS Deepwater sculpin, ES Emerald shiner, LH Lake herring, LT Lake 
trout, LW Lake whitefish, PS Pumpkinseed, RB Rock bass, RS Rainbow smelt, SJ 
Shortjaw cisco, SL Sea lamprey, W Walleye, WP White perch, YP Yellow perch 
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Chapter 4 ______________________________________ 

Historical and modern mercury biomagnification patterns in three large North 
American lakes 
 

4.1: Abstract 

 North American lakes have received widespread attention for fish Hg 

contamination problems, but knowledge of historical fish Hg concentrations is limited, 

especially prior to the start of wide-spread government fish monitoring programs in the 

1970s.  We used a combination of Hg and stable isotope analyses of museum ichthyology 

collections,  as well as statistical analyses of government lake trout monitoring records, to 

study historical fish Hg in Lakes Nipigon, Simcoe and Champlain.  Significant 

biomagnification factors (slopes of logHg vs. 15N regressions) were found in the 1921-

25 and 2007 Lake Nipigon food webs, and in the 2006 Lake Champlain food web. We 

also found significant logHg vs. 15N correlations in 1929-30 Lake Champlain and 2007 

Lake Simcoe food webs, but not in 1950s-60s Lake Simcoe. In the southern, more urban 

lakes, Simcoe and Champlain, the food webs had shifted to lower fish mercury (Hg) 

concentrations at a given 15N value over time.  For Lake Simcoe, monitoring records 

indicated that Hg concentrations in lake trout peaked in the late 1970s / early 1980s, 

followed by a gradual decline to the present day. Lake Champlain records for lake trout 

had the highest Hg concentrations of all study lakes, with all mean values above the 

international marketing limit of 0.5 ppm (w.w.). However, these records for Lake 

Champlain dated only to the mid-1980s, and concentrations appeared to decrease since 

then.  Monitoring records for Lake Nipigon showed relatively stable lake trout Hg 

concentrations since the 1980s, but some individual fish had values above the World 
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Health Organization guideline of 0.2 ppm (w.w.).  In conclusion, we show that Hg body 

concentrations in two large, urban lakes have markedly decreased, while those in a 

relatively remote, northern lake are stable but higher than expected. This study helps 

reveal historical Hg concentration trends in key fish species which managers can use to 

set more realistic Hg abatement targets using those same fish species as indicators. 

 

4.2: Introduction 

Top trophic level fish in many aquatic ecosystems worldwide have been impacted 

by increased deposition of the neurotoxic chemical mercury (Hg) from industrial and 

other anthropogenic sources.  Because Hg tends to biomagnify, its distribution in fish is 

not only linked to emissions, but to the structure of the food webs.  Longer trophic 

pathways may increase Hg concentrations in top trophic level fish (Mason et al. 2000).  

And when an omnivorous fish feeds from multiple trophic pathways that differ in Hg 

concentrations, the fish’s Hg concentration will depend on the relative importance of 

each pathway to its diet (Power et al. 2002).  Consequently, changes to food web 

structures – such as from species introductions or extirpations, changes in nutrient levels, 

or fishing pressures – may have important effects on fish Hg concentrations.   

Studies of historical Hg trophodynamics can provide valuable insights into these 

processes and assist in Hg abatement efforts.  A comparison of Hg biomagnification 

patterns in historical and modern food webs could identify food web shifts that have 

exacerbated Hg contamination in top trophic level fish. However, most fish Hg 

monitoring records date to no earlier than the 1970s, when fish contamination was 

already widespread.  It is presumed from studies of Hg in the abiotic environment that 
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early 20th century concentrations were lower than those in the 1970s (Schuster et al. 

2002), but this requires confirmation.   

To determine pre-monitoring food web and Hg conditions, it is possible to use 

chemical tracer analyses of museum ichthyology collections, which can give information 

about conditions at the time of the fishes’ capture. Though early interest was shown in 

this approach (e.g. Barber et al. 1972; Evans et al. 1972), it faded when it was realized 

that chemical preservatives could alter Hg concentrations of archived fish (Gibbs et al. 

1974). At the time, it was not known if those alternations would be consistent, i.e. if there 

was still potential to use the data for historical trend analyses (see Chapter 2).  Even so, 

major inroads have been made recently in understanding preservation effects on archived 

fish Hg concentrations (Chapter 2; Hill et al. 2010).  Coupled with studies on quantifying 

changes in stable isotope values in preserved fish, which reveal trophic positions and 

energy sources of organisms (Chapter 3), it is possible to reconstruct historical Hg 

concentrations and biomagnification pathways (Chapter 2, Hill et al. 2010). 

Previously, we used stable isotope analyses of archived fish from museum 

collections to describe food web shifts that occurred over 40-90 years of ecological 

disturbances in Lakes Nipigon, Simcoe and Champlain, three large lakes in the Great 

Lakes / St. Lawrence River system (Chapter 3). In remote Lake Nipigon, stable isotope 

analyses indicated a potential decrease in trophic position of lake trout since the 1920s 

(see Table 1 for species Latin names).  In more urbanized Lake Simcoe, the range of 

variety of dietary sources increased considerably since the 1950s. Lake Champlain had 

the longest history of species introductions and other ecological disturbances, but also the 

least overall change in native fish trophic positions.  Even there, however, numerous 
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species introductions and losses occurred.  The food web changes in the lakes lead to the 

question of whether Hg biomagnification patterns have been altered, either through 

lengthening of food webs or additions and losses of links within the food webs.  The 

purpose of the present study was to examine fish Hg concentration in these lakes over the 

past several decades and relate it to trophic changes as indicated by stable isotope data 

(Chapter 3).  We hypothesized that changes in food web structure have altered Hg 

biomagnification rates as well as Hg concentrations in top trophic level fish.  To test this, 

we used government monitoring records dating to the 1970s, and extended analyses 

further back to as early as the 1920s using archived fish specimens in museums.  

 

4.3: Methods 

Study lakes description 

Lake Nipigon is a very large, deep, cold lake in northern Ontario (Table 2).  It is 

often viewed as being relatively less impacted, having been subjected to fewer ecological 

pressures than our other study lakes because of its small local human population, 

although there are extensive forestry and mining activities throughout its basin.  The 

more urbanized and warmer Lakes Simcoe (Ontario) and Champlain (New York / 

Vermont) have been colonized by large numbers of non-native aquatic species and in the 

mid 20th century experienced severe cultural eutrophication due to agricultural runoff, 

indicated by high phosphorus concentrations.  Lake Champlain has the most species-rich 

food web of the three lakes, with ~92 fish species, compared to ~60 and 40 in Lakes 

Simcoe and Nipigon, respectively.  Not surprisingly, given their proximity to 

industrialized regions and large human populations with multiple sources of mercury 
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contamination through industry, coal burning and atmospheric deposition, Lakes Simcoe 

and Champlain have more elevated fish Hg consumption advisories compared to Lake 

Nipigon (Table 2). Most Hg in northern lakes, including Lake Nipigon, is likely from 

long-range atmospheric transport, although chlor-alkali plants and gold mining were 

formerly important sources throughout the region (Trip and Allan 2000).   

 

Hg trophodynamics 

To determine historical and modern Hg trophodynamic trends, we measured Hg 

concentrations, 15N and 13C of historical, “pre-disturbance” and modern, “post-

disturbance” fish in each lake.  Modern fish were captured in July to October 2006-7, and 

historical fish came from archived ichthyology collections in the Royal Ontario Museum 

(Toronto, Ont., Canada), New York State Museum (Albany, NY, USA), and University 

of Michigan Museum of Zoology (Ann Arbor, MI, USA).  The archived fish had been 

captured in the 1921-25 (Lake Nipigon), 1929-30 (Lake Champlain), and the 1950s-60s  

(Lake Simcoe), fixed in 10% formalin for several days, and then stored permanently in 

70% ethanol in sealed glass jars or aluminum tanks.  We sampled 1-8 fish of each species 

in each time period, making every effort to collect similarly sized fish from the same 

locations of the lakes, although freshly captured fish in Lake Nipigon were often longer 

than archived ones (Table 3). The difference was usually greater than the maximum 5 % 

length shrinkage commonly found in other studies of preserved fish (e.g. Barber et al. 

1984, DiStefano et al. 1994).  As per museum ichthyology standard practices, we 

measured fish standard length (i.e. length from the snout to the beginning of the caudal 

fin, excluding the length of the caudal fin itself).  Some of our modern fish were collected 



 83

by colleagues who measured total lengths, so we converted their measurements to 

standard length using species-specific correction factors from nearby lakes given by 

Carlander (1950, 1970, 1977).  A section of white muscle tissue to be used in subsequent 

analyses was removed from between the dorsal fin and the midline of the fish, chilled on 

ice, and eventually stored in a freezer at -20 °C back in the lab.   

Stable isotopes values were determined as part of our previous work to 

characterize the food web structures of the study lakes. The evaluation of preserved fish 

tissue for food web analyses using stable N and C isotopes is detailed in Chapter 2, while 

Chapter 3 describes the results of comparing historical and modern food webs using fish 

samples from museums and freshly-caught hauls at each lake.  Briefly, we analyzed each 

fish sample in a Thermo Finnigan DeltaPlus XP isotope ratio mass spectrometer (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) after combustion in a Costech 4010 

elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA, USA).  Results 

were in delta notation: R = [(R of sample / R of CRM) -1] x 1000, where R is the ratio 

of heavy to light isotope for an element.  The certified reference materials were N2 (in 

air) for 15N, and Vienna Pee Dee Belemnite for 13C.  Reference materials and sample 

duplicates were within 0.3 ‰ of expected values.  

For Hg analysis, fish samples were dried in an oven at 50-60 °C for 24-48 hours, 

with oilier samples taking longer to dry.  Samples were then ground to a fine powder in a 

ball mill (Mixer Mill MM200, Retsch GmbH, Haan, Germany) and ~ 20-100 mg of each 

sample was weighed into an acid-rinsed Teflon tube with 5-10 mL trace level 10% 

HNO3.  (All instruments have been maintained at ultra-trace quality standards, and 

mercury is not permitted in the laboratory.)  This was digested in a MARS Xpress 
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microwave (CEM Corp., Matthews, NC, USA) with a 15 minute ramp and 15 minute 

hold at 200°C.  The digested solutions were oxidized with BrCl (0.5 % v/v) overnight and 

reduced with 0.25 % (v/v) SnCl2.  The solution was analyzed in a Tekran 2600 cold vapor 

atomic fluorescence spectrometer (Tekran Instruments, Scarborough, Ont., Canada), with 

a method based on EPA method 1631E (EPA 2002).  Six Hg standards (0.5-100 ppt) 

were used, and were accepted if each had a recovery of 78-122 %, and if the overall 

calibration factor RSD was <15 % and R2 > 0.999.  Calibration and method blanks were 

< 2 ppt, and usually < 0.1 ppt.  Recoveries of certified reference materials (CRMs) 

DORM-2, DORM-3 and DOLT-3 (National Research Council, Ottawa, Ont., Canada) 

were 90-120 %.  Approximately 10 % of samples were run in duplicate, and duplicates 

were accepted if they differed by <20 %.  Matrix spikes were within 20 % of expected 

values.  

Caution is needed when interpreting chemical measurements of archived samples 

because formalin/ethanol preservation can alter the chemical composition of samples 

(Chapter 2).  Also, nutrient concentrations in lakes can change over time, resulting in 

changes to baseline 15N.  Several authors have made data adjustments to archived 

samples to account for these effects, both for stable isotopes (Vander Zanden et al. 2003) 

and Hg (Hill et al. 2010).  Since such adjustments are necessarily based on imperfect 

estimates, we believe it is preferable to avoid using them when alternative modes of 

analysis are available (Chapter 3).  However, in the present study we sought to compare 

absolute variables such as Hg concentration.  This can only be done if the food web 

models are on a common scale, so data standardization was required.  Nutrient baselines 

are typically adjusted according to the 15N difference in a common primary consumer 
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like a mussel (Vander Zanden et al.1997).  Since primary consumers are typically 

unavailable in archived museum collections, we used the lowest trophic level fish species 

in each lake.  The mean 15N difference between historical and modern samples for that 

species was added or subtracted, as appropriate, to all historical fish for the given lake. 

The fish and amounts added/subtracted were: yellow perch in Lake Nipigon (-0.42 ‰), 

pumpkinseed in Lake Simcoe (+0.925 ‰), and brown bullhead in Lake Champlain 

(+0.84 ‰).  Next, we standardized for preservation effects in historical fish using 15N, 

13C and Hg data from our 2-year walleye muscle preservation experiment (Chapter 2). 

Our results from that experiment compared well with literature values for other species 

and study designs (Chapter 2). Adjustments were -0.4 ‰ for 15N, +0.9 ‰ for 13C, and  

-5 % for Hg.  After all data adjustments, the overall change in historical 15N values was 

<1 ‰.  We did not adjust archived fish for weight loss because stable isotope and Hg 

measurements were relative to dry weight.  We opted against length standardization for 

the same reason, while acknowledging that fish Hg can increase with fish length (Ullrich 

et al. 2001). 

We log10-transformed Hg concentrations to obtain normality, and then determined 

if they were linearly correlated to stable isotope data.  To estimate Hg biomagnification, 

we performed linear regressions of logHg concentration versus 15N for each lake, where 

the slope represents the food web biomagnification factor (FWBF).  For a given lake, if 

similar significant regression equations were obtained for historical and modern datasets, 

we tested whether a single regression would better fit all data.  We did this by using a 

multiple regression of the form  

Hg = 0 + 1(15N) + 2(15N) + [3(15N) x z] +  (Eqn. 1) 
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where 0 is the y-intercept; 1(15N) and 2(15N) represent historical and modern data; 

3(15N) x z is an interaction term with a dummy variable (z) representing time period; 

and  is the error term.  Where the interaction effect was significant, we used the original 

two separate linear regressions for the historical and modern data.  Otherwise, we pooled 

historical and modern data into a single, simple regression without the dummy variable.   

 

Lake trout monitoring records 

 Since the museum collections did not cover the full period between the 1920s and 

current times, we investigated other ways to bridge the gaps in the temporal database. 

One way was to incorporate government monitoring data wherever possible. In addition, 

the opportunity to compare data from museum specimens with official databases served 

as a means to calibrate the database. As a result, we obtained long-term fish Hg 

monitoring records from the Ontario Ministry of the Environment (OME) for Lakes 

Nipigon and Simcoe, and from the Vermont Department of Environmental Conservation 

(VTDEC) for Lake Champlain.  Data collection in monitoring programs is typically 

sporadic in both the species targeted and the frequency of sampling.  Given the 

limitations, we selected lake trout (Salvelinus namaycush) for analysis because: (i) it was 

among the best represented species in the records; (ii) it is sought and consumed by 

recreational anglers; (iii) as a top predator fish, it is expected to have among the highest 

Hg concentrations of any fish species in the lakes.  Lake trout records were available 

from 1986-1999 (Lake Nipigon), 1970-2004 (Lake Simcoe) and 1987-2004 (Lake 

Champlain).   



 87

 Government records indicated “total lengths” for fish, defined as the distance 

from the tip of the snout to the tips of the caudal fins when squeezed together.  To obtain 

normality, we log10-transformed lake trout lengths and Hg concentrations in each 

sampling year for each lake.  We then regressed the logHg vs. loglength data to obtain a 

regression equation for each year/lake group, in the form  

logHg = [slope x (loglength) + intercept]   (Eqn. 2) 

 

Finally, we calculated the median loglength for all fish from all lakes and sampling years 

(1.81, with upper and lower quartiles of 1.86 and 1.78, respectively.  For reference, this 

median equates to 64.8 cm when unlogged).  This median loglength value was substituted 

into the regression equation above, so that we could solve for the logHg value at the 

median length.  We presented the slopes, y-intercepts and p-values of the regressions.  As 

our method yielded only a single Hg concentration per year, we also presented the means 

and standard deviations of logHg in each year/lake group, as measures of variability. 

 

All statistical analyses, for both monitoring records and Hg trophodynamics parts 

of our research, were done with JMP ver. 8.0 (SAS Institute, Cary, NC, USA).  Statistical 

relationships were considered significant when p < 0.05. Throughout the text, we refer to 

all fish from museum collections (1920s-60s) as “historical”, and all fish we captured in 

the lakes since 2006 as “modern”. 
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4.4: Results 

Hg trophodynamics 

In Lake Nipigon, logHg - 15N regressions were significant for both 1921-25  

(slope = 0.17, y-intercept = -2.09, R2 = 0.32, F = 17.47, p = 0.0002, n = 34) and 2007  

(slope = 0.16, y-intercept = -1.61, R2 = 0.40, F = 23.37, p < 0.0001, n = 36) food webs. A 

multiple regression of pooled historical and modern Hg and 15N data was not 

significantly different from the individual unpooled regressions in either slope or y-

intercept (p > 0.05).  Consequently, we performed a simple linear regression for pooled 

data (slope = 0.17, y-intercept = -1.89, R2 = 0.33, F = 36.26, p < 0.0001, n = 70) (Fig. 2).  

For 2006 Lake Champlain, the logHg - 15N regression was significant  

(slope = 0.09, y-intercept = -1.63, R2 = 0.45, F = 31.05, p < 0.0001, n = 39). For 1929-30 

Lake Champlain, logHg and 15N were moderately correlated (R = 0.32, p = 0.03,  

n = 29), but the regression was not significant (p = 0.09).  For Lake Simcoe, logHg and 

15N were not correlated in 1950s-60s data (R = 0.11, p = 0.2, n = 19) and only 

moderately correlated in 2007 (R = 0.30, p = 0.04, n = 28).  Regressions were non-

significant in both cases (Historical: p = 0.64; Modern: p = 0.12). 

In all food webs and lakes, correlations between logHg and 13C were low or 

absent (R = 0 – 0.26) within any lake or time period.  

 

Lake trout monitoring records 

 Most lake/year groups had significant logHg vs. loglength regressions (p<<0.05), 

with slopes between 1 and 3 (Table 4).  The Lake Nipigon 1987 regression was initially 

non-significant, but removal of a single extreme outlier (a fish of mid-range length of 
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74.2 cm, but with a very low Hg concentration of 0.01 ppm) led to significance.  In Lake 

Champlain, none of the 4 available years yielded significant regressions.  However, 1987, 

1993 and 2004 had slopes in the same range as other lake/year groups, and the 1993 

regression had a p-value of 0.068, which was close to our pre-determined threshold for 

significance of p = 0.05.  We opted to keep those Lake Champlain years in our analysis, 

assuming that the lack of significance was a result of insufficient data, not of an 

underlying difference in the Hg-length relationship compared to other lakes.   

Lake Champlain 2000 data were problematic because they yielded a negative (but 

non-significant) logHg-loglength slope of -0.60.  Closer inspection of that year revealed a 

bimodal logHg distribution.  Given the necessity of using the same transformations for all 

lake/year groups (in this case, logarithmic), we removed year 2000 data from further 

analysis rather than attempt to use a more complex transformation for normality.   

 

4.5: Discussion 

 The combined analyses of archived specimens and monitoring records provided a 

unique view of fish Hg contamination in the three study lakes.  Archived specimens gave 

us a long-term, large resolution perspective of whole food webs for the past 40-90 years.  

Lake trout monitoring records permitted us to study trends of a single top predator in the 

past 20-40 years 

 

Hg trophodynamics 

We used logHg vs. 15N regressions to represent Hg biomagnification in the fish 

food webs. Regressions were positive and significant in the food webs of 2006 Lake 
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Champlain, and 1921-25 and 2007 Lake Nipigon, and as expected, lake trout were the top 

fish predators in our sample set (Figs. 2-4).  In Lake Champlain, this top position was 

shared by sea lampreys, which are parasitic to lake trout.  The slopes of these food webs 

with significant biomagnification regressions were between 0.09 and 0.17 .  This is 

comparable to logHg vs 15N regression slopes (0.16 – 0.22) found in both fish-only food 

webs and multi-taxa food webs in arctic, temperate and tropical lakes (Atwell et al. 1998; 

Power et al. 2002; Campbell et al. 2005a, 2008; Sharma et al. 2008). This indicates 

consistent biomagnification rates in Lake Nipigon aligning with other freshwater and 

marine systems around the world..   

The biomagnification regressions were not significant in 1929-30 Lake 

Champlain, 1950s-60s Lake Simcoe, or 2007 Lake Simcoe.  For comparative purposes, 

we drew lines of best fit for these food webs (Figs. 3, 4).  We attribute the lack of 

significance to the relatively small fish sample size available for Lakes Simcoe and 

Champlain in museum collections compared to the much more extensive Lake Nipigon 

collections.  This was also indirectly a factor in the 2007 Lake Simcoe dataset. 

In Lake Nipigon, we could not statistically differentiate between slopes or y-

intercepts of 1921-25 and 2006-7 data using multiple regression (Fig. 2; see equation 1 

for statistical method).  This suggests that both the food web biomagnification factor 

(given by the slope) and the overall Hg in the food web (y-intercept) have changed little 

since the historical period. This was expected, given the remote location of the lake and 

the smaller number of stressors than commonly associated with southern lakes.  

However,  we observed a tendency for samples from 2007 to have higher logHg values at 

a given 15N value than historically. A higher y-intercept  would suggest an increase of 
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Hg at the source, so that while biomagnification rates have remained unchanged, the 

amount of Hg entering the food web has increased.  We note that it is also possible that 

some of the 2007 fish had higher Hg concentrations because of their greater length 

compared to 1920s fish (Table 3), since Hg generally increases with fish length (Ullrich 

et al. 2001).   

In Lake Simcoe, the modern food web generally had lower Hg concentrations 

than the 1950s-60s food web at a given 15N value (Fig. 3).  Additionally, there was a 

tendency for modern Lake Simcoe species to have greater trophic positions than 

historically.  The combined Hg and trophic position pattern is consistent with a Hg 

decline at the base of the food web.  A similar phenomenon to the one occurring in Lake 

Simcoe also occurred in Lake Champlain, in which the 1929-30 samples usually had 

elevated Hg values compared to 2006 samples (Fig. 4).  But unlike Lake Simcoe, species 

maintained very similar trophic positions in the two time periods.   

 

Lake trout monitoring records 

Mean Hg values in length-standardized Lake Champlain lake trout since the late 

1980s were all above the international marketing limit of 0.5 ppm, markedly higher than 

the other study lakes. However, there appeared to be a decline in fish mercury 

concentrations for Lake Champlain from a length-standardized mean of 0.62 ppm in 1987 

to a mean of 0.54 ppm in 2004.  In Lake Simcoe, records revealed a peak lake trout Hg 

concentration of 0.45 ppm (wet weight) in 1978, followed by a gradual decline in the 

subsequent two decades to 0.22 ppm in 2004 (Fig. 1).   
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Given the relatively remote northern location of Lake Nipigon, we predicted it 

would have the lowest lake trout Hg concentrations of the study lakes.  It did have among 

the lowest mean logHg values, but these values broadly overlapped with those of 

urbanized Lake Simcoe in 1986-99 once we standardized the data for fish length (Fig. 1).  

Most length-standardized Hg values in Lake Nipigon were above the World Health 

Organization recommended limit (0.2 ppm).  Moreover, like in Lake Simcoe, some 

individual fish had Hg concentrations greater than the international marketing limit 

(Nipigon: 3/80 fish = 3.7%; Simcoe: 18/230 fish = 7.8%, most before 1989).  Thus 

monitoring records indicate that contamination in Lake Nipigon is high enough to be of 

some concern. However, the slower growth rates of fish in cold-water Lake Nipigon may 

be resulting in higher Hg concentrations through growth biodilution, compared to fast-

growing fish in warmer waters (Simoneau et al. 2005). 

 

Combining the museum and modern datasets with the government monitoring datasets: 

It is not always easy to make simple, direct comparisons of Hg datasets, even if 

the datasets appear superficially similar. Datasets may be collected through different 

means and with different research goals, as was the case for the government monitoring 

data and museum and modern fish collections in our study. Even within Ontario 

monitoring datasets, for Lake Simcoe (Gewurtz et al. 2011) or Lake Ontario (French et 

al. 2006) fish Hg, different fish species may exhibit seemingly contradictory Hg trends to 

one another because of different food web effects experienced by each species. However, 

with some care, certain comparisons of datasets can be made in order to build a general 

picture of long-term Hg patterns. 
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Our analyses of Lake Simcoe revealed that the fish food web has undergone an 

overall Hg reduction over time, evident both in the declining Hg concentrations in 

monitoring records since the 1970s (Fig. 1) and the lower Hg concentrations at a given 

15N value in 2007 fish than preserved 1950s-60s fish (Fig. 3). Gewurtz et al. (2011) also 

showed overall decreases in Hg concentrations of Lake Simcoe lake trout, lake herring, 

smallmouth bass and yellow perch in monitoring records since the 1970s. However, they 

showed no clear patterns in largemouth bass, walleye or northern pike Hg concentrations, 

and lake whitefish Hg concentrations increased over time (Gewurtz et al. 2011). They 

attributed variable Hg responses of fish species to the differential effects of food web 

processes acting on the fish (Gewurtz et al. 2011). We found little evidence of species-

variable Hg patterns in Lake Simcoe; the Hg reductions in our modern fish occurred 

regardless of species. However, we did find considerable variation in modern lake 

whitefish Hg concentrations at similar 15N values (Fig. 3).  

Hg reduction was also evident in our Lake Champlain analyses (Figs. 1, 4). 

Unlike Lake Simcoe, where museum collections restricted our historical analysis to the 

1950s-60s, we were able to show that Lake Champlain fish Hg concentrations in 1929-30 

were generally higher for a given 15N value than in the modern period (Fig. 4). We 

hypothesize that similar patterns would be seen in Lake Simcoe if older samples could be 

located. Kamman and Engstrom (2002) showed that atmospheric Hg deposition in 

sediments of small Vermont lakes near Lake Champlain was highest between the early 

20th century and approximately the 1970s, and decreased thereafter. This lends support to 

our observation that Hg reductions are evident in Lake Champlain monitoring data 

between 1993 and 2004 (Fig. 1). 
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 Our Lake Champlain and Lake Simcoe results are consistent with literature from 

the wider Great Lakes region. In an analysis of fish Hg in the Great Lakes since the 

1970s, Bhavsar et al. (2010) reported a general decline in Hg concentrations. Chalmers et 

al. (2011) found similar Hg reductions in fish throughout the US since 1969. Sediment 

coring studies in the Great Lakes showed the greatest period of Hg deposition to be 

between the 1920s and 1970s, with specific peaks depending on the lake and locality 

(Pirrone et al. 1998, Marvin et al. 2004).  The timing of Hg reductions to fish and 

sediments parallels the introduction of Hg emission control legislation in Canada and the 

United States beginning in the 1970s.  

Although we report evidence of fish Hg declines in both Lakes Champlain and 

Simcoe, we note that the monitoring data revealed higher lake trout Hg concentrations in 

recent decades in Lake Champlain than in Lake Simcoe (Fig. 1). A number of factors 

related to food web length and biogeochemistry variables affecting the uptake and 

biomagnification of mercury may help explain why the Lake Champlain Hg reduction is, 

apparently, slower. First of all, the high species richness and high degree of bentho-

pelagic coupling (Chapter 3) in Lake Champlain likely have resulted in a great number of 

food sources for top predator fish and a longer long food chain (i.e. 15N range) leading 

to top predator species compared to the other study lakes. This should lead to greater Hg 

biomagnification (Mason et al. 2000).  Another factor to consider is Lake Champlain’s 

unusually large watershed area to lake surface area ratio, which could increase the Hg 

deposition in the lake (Lorey and Driscoll 1999).   

Our findings indicate that the fish in Lake Nipigon have more elevated mercury 

concentrations than might be expected for a relatively remote northern lake.  Long-
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distance atmospheric Hg transport from distant anthropogenic sources has been 

implicated as a cause of Hg contamination in many northern lakes (Trip and Allan 2000), 

including Isle Royale in neighbouring Lake Superior (Vucetich et al. 2009). However, 

northern Ontario has not been completely immune to local Hg problems, including 

discharges from chlor-alkali production, pulp and paper production, and gold mining, all 

of which can release Hg into the environment (Johnels et al. 1967, Shroeder and Munthe 

1998, Wong et al. 1999). Two chlor-alkali plants along the north shore of Lake Superior 

were in operation for several years in the mid-20th century, and gold mining occurred 

relatively nearby, such as at the well-known mining sites near Marathon and Wawa, 

Ontario (Trip and Allan 2000).  Gold extraction methods in the region changed from Hg 

amalgamation to cyanide in the 1930s, but Hg continued to be emitted as an impurity in 

gold ore (Kerfoot et al. 2004). Another potential source of Hg to Lake Nipigon is the 

extensive dam construction in rivers around the lake. Chief of these construction projects 

was the Ogoki river diversion in 1943, which more than doubled the size of the lake 

watershed (Swainson 2001b). From the combined effects of this and other dams built 

between 1925 and 1950, the lake’s water level rose by 62 cm (Swainson 2001b). 

Flooding can increase Hg fluxes to lakes and fish for several years, as was shown in a 

reservoir in the Experimental Lakes Area over a nine year period (St. Louis et al. 2004). 

High Hg in Lake Nipigon may also arise from natural geological sources.  These 

would be particularly relevant if anthropogenic Hg inputs to the region have decreased as 

in other parts of the continent.  Naturally high Hg concentrations along the north side of 

Lake Superior, approximately 70 km downstream from Lake Nipigon, have been 

attributed to the Proterozoic and Precambrian geology present (Marvin et al. 2004).  This 



 96

phenomenon may extend to Lake Nipigon as well, where Precambrian rock dominates 

(LNBSS 2004).  

The different trends in Lake Nipigon compared to the other two study lakes 

highlight a recurring issue in Hg studies, namely that local fish Hg trends are not always 

consistent with broader regional trends. For example, Rasmussen et al. (2007) found that 

walleye Hg generally increased in southern Wisconsin lakes from 1982-2005, despite 

decreases in northern Wisconsin, possibly due to changes in water chemistry that 

promote Hg methylation.  Similarly, in a study of northern pike Hg on Isle Royale (Lake 

Superior), northern pike Hg concentrations declined markedly since the 1990s in lakes 

with higher baseline Hg concentrations, while concentrations remained unchanged in less 

contaminated reference lakes (Drevnick et al. 2007).  It is clear that Hg patterns can vary 

considerably among lakes over relatively small distances due to local conditions in the 

lakes. This can sometimes mask overall regional Hg trends. 

This study highlights the usefulness of retrospective analyses in contaminant 

research.  But it also demonstrates that such analyses are limited by decisions made by 

past researchers, in terms of when they donated or collected samples and the species and 

localities chosen.  A revealing example is the coordinated research projects on Lake 

Nipigon carried out at the University of Toronto in the 1920s.  The intense research led to 

large museum collections of Lake Nipigon fish from that period.  In contrast, Lake 

Simcoe – which is located <100 km from the downtown University of Toronto campus – 

is poorly represented in museum collections until several decades later.  Museum 

collections are also biased toward smaller species, probably because of ease of collection 

and the minimal storage space needed.  For this reason, top predators were most limited 
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in our study, even though they were of greatest interest because of Hg biomagnification.  

In our experience, collections from recent years were often less extensive than from 

certain historical “focal points”.  We therefore encourage present day researchers to 

donate whole fish to museum ichthyology collections where possible and feasible for 

curators.   

This study is among the few to provide direct, long-term evidence of fish Hg 

patterns in North America extending past the 1970s initiation of most government fish 

contaminant monitoring programs.  We did not find evidence of significant changes in 

food web biomagnification factors in any lake, despite complex histories of food web 

change.  As with the wider geographic region, fish Hg concentrations in Lakes Simcoe 

and Champlain have decreased throughout the 20th century.  In contrast, the more remote 

lake, Lake Nipigon, had higher lake trout Hg concentrations than expected.  While we 

could not statistically differentiate between Hg levels in 1921-25 and 2007 Lake Nipigon 

food webs, there was some evidence that fish Hg concentrations at a given 15N value 

were greater in 2007, making further research in that lake imperative. This study provides 

a framework with which retrospective analyses can be performed in the future. 

 



 98

Table 1. Fish species abbreviations and common names used throughout paper. 
 
Abbreviation Common name Latin name 
B Bloater Coregonus hoyi 
BB Brown bullhead Ameiurus nebulosus 
BC Blackfin cisco (Nipigon var.) Coregonus nigripinnis regalis 
BU Burbot Lota lota 
ES Emerald shiner Notropis atherinoides 
LH Lake herring Coregonus artedi 
LT Lake trout Salvelinus namaycush 
LW Lake whitefish Coregonus clupeaformis 
NC Nipigon cisco Coregonus Nipigon 
PS Pumpkinseed Lepomis macrochirus 
RB Rock bass Ambloplites rupestris 
RS Rainbow smelt Osmerus mordax 
SJ Shortjaw cisco Coregonus zenithicus 
SL Sea lamprey Petromyzon marinus 
W Walleye Sander vitreus 
WP White perch Morone Americana 
YP Yellow perch Perca flavescens 
 



 99

Table 2. General characteristics of the study lakes. Mean temperature, total phosphorus 
and Secchi depths refer to the open water portion of the lakes. All numbers are 
approximate. 
 

 Lake Nipigon Lake Simcoe Lake Champlain 

Location Northern Ontario 
49° 50’ N,  
88° 30’ W 

South-central 
Ontario 
44° 25’ N, 
79° 20’ W 

Northern 
Vermont/New York 
44° 30’ N, 
73° 20’ W 

Surface area (km2) 4848 744 1130 

Mean / max depth (m) 46 / 166 15 / 41 19.5 / 122 

Mean summer epilimnetic 
temperatureA (°C) 

13 20 22 

Total P (g/L) < 0.1 7-15 14 

pH 6.4 – 8.2 8.0 – 8.5 7.5 – 8.4 

Secchi depth (m)  7.5 7 4-5 

Watershed:lake area ratio 5.1 : 1 3.8 : 1 18.9 : 1 

Major watershed landscape 
type (with permanent human 
population) 

Boreal forest 
(<5,000) 

Mixed 
agricultural, 
urban, & 
temperate forest 
(>350,000B) 

Mixed agricultural, 
urban, temperate 
forest (>570,000) 

Max advisable lake trout 
consumption per month 

8 meals of  
55+ cm fish  

4 meals of  
55+ cm fish  

1 meal of 25+ inch 
(63.5+ cm) fish  

 

A All three lakes ice over in winter. 
B This figure does not include the significant population of the Greater Toronto Area just    
  south of the Lake Simcoe watershed. 
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Table 3. Sample sizes and standard length ranges of fish in historical and modern 
datasets. Standard lengths are the distance from the tip of the snout to the beginning of 
the caudal fin. Lengths marked with ? were not available as they were not on the museum 
documentation tag and the fish was not measureable (e.g., tail missing or bent severely 
and could not be straightened out). Fish species that were not present in a lake historically 
are marked N/A.  
 
 

       Historical        Modern 
Lake Species n Length range  

(mm) 
n Length range 

(mm) 
Bloater 3 116-205 4 209-216 
Blackfin cisco 6 141-332 5 258-378 
Burbot 1 292 2 464-471 
Lake herring 3 80-220 4 221-257 
Lake trout 2 310 4 614-824 
Lake whitefish 6 247-343 5 311-405 
Rainbow smelt N/A N/A 4 150-184 
Shortjaw cisco 6 184-266 2 270-384 
Walleye 3 185-294 3 315-444 

Nipigon 

Yellow perch 4 44-115 3 149-204 
Lake herring 6 163-178 5 249-360 
Lake trout 1 624 5 284-652 
Lake whitefish 1 ? 5 317-564 
Pumpkinseed 2 102 2 45-98 
Rainbow smelt 1 182 5 121-142 

Simcoe 

Yellow perch 8 138-285 6 140-175 
Brown bullhead 5 93-265 6 90-275 
Emerald shiner 2 70-75 3 35-40 
Lake trout N/A N/A 4 160-500 
Pumpkinseed 5 57-185 4 50-100 
Rock bass 3 140-180 3 120-170 
Rainbow smelt 4 112-247 5 90-155 
Sea lamprey 1 210 2 370-455 
Walleye 5 157-410 4 259-314 
White perch N/A N/A 5 120-210 

Champlain 

Yellow perch 4 75-140 3 65-130 
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Table 4. Summary statistics of lake trout Hg monitoring records that were used. The 
loglength and logHg columns indicate the raw (non-length-standardized) mean values 
and standard deviations (SD) in each sampling year. The logHg-loglength regressions 
were calculated from the loglength and logHg values of all fish in a year. The Lake 
Nipigon 1987 data are presented after the removal of an outlier.  
 
   loglength logHg logHg - loglength 

regression 
Lake Year n Mean SD Mean SD Slope y-int p 
Nipigon 1986 36 1.83 0.04 -0.58 0.12 1.74 -3.77 <0.0001
 1987 20 1.85 0.07 -0.6 0.36 1.26 -2.86 0.0018 
 1999 24 1.85 0.05 -0.55 0.14 2.06 -4.37 <0.0001
Simcoe 1970 20 1.86 0.05 -0.44 0.17 2.28 -4.67 0.0010 
 1975 28 1.81 0.05 -0.58 0.17 2.43 -4.98 <0.0001
 1977 20 1.82 0.08 -0.38 0.24 2.74 -5.36 <0.0001
 1978 23 1.83 0.05 -0.32 0.13 2.12 -4.20 <0.0001
 1983 30 1.70 0.15 -0.72 0.35 2.31 -4.64 <0.0001
 1989 15 1.82 0.05 -0.52 0.1 1.65 -3.53 <0.0001
 1994 20 1.85 0.07 -0.54 0.13 1.56 -3.41 <0.0001
 1999 20 1.81 0.04 -0.66 0.13 1.95 -4.20 0.0050 
 2003 34 1.81 0.05 -0.76 0.19 3.20 -6.55 <0.0001
 2004 20 1.81 0.09 -0.68 0.29 2.79 -5.73 <0.0001
Champlain 1987 4 1.82 0.07 -0.21 0.19 2.34 -4.45 0.087 
 1993 21 1.82 0.03 -0.21 0.07 1.01 -2.05 0.068 
 2004 21 1.81 0.03 -0.27 0.1 0.79 -1.71 0.29 
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Fig. 1. Annual lake trout logHg values at a fish length of 64.8 cm, from OME and 
VTDEC monitoring records. The logHg values were calculated by substituting regression 
slopes and y-intercepts from Table 3 into Equation 2 (see text). after substituting. 
Triangles – Lake Nipigon; Squares – Lake Simcoe; Circles – Lake Champlain. Unlogged 
Hg equivalents are shown on the second y-axis.
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Fig. 2. Hg food web trends in Lake Nipigon. Points represent individual fish, coded by 
species (see Table 4 for codes). Data from 1921-25 (black) are adjusted for preservation 
effects and baseline differences. Data from 2006-7 (grey) are unadjusted. A single 
regression line for all data is shown. There were also significant regressions for the two 
periods individually, as reported in text, but these were not statistically distinguishable 
from the single combined regression.   
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Fig. 3. Hg food web trends in Lake Simcoe. Points represent individual fish, coded by 
species (see Table 4 for codes). Data from 1950s-60s (black) are adjusted for preservation 
effects and baseline differences. Data from 2007 (grey) are unadjusted. The 2007 data 
were correlated, but there were no significant regressions for either period. Trend lines 
are drawn here for each period to show how the data area distributed. 
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Fig. 4. Hg food web trends in Lake Champlain. Points represent individual fish, coded by 
species (see Table 4 for codes). Data from 1929-30 (black) are adjusted for preservation 
effects and baseline differences. Data from 2006 (grey) are unadjusted. A significant 
regression line (grey-solid) is shown for the 2006 data. The 1929-30 data were correlated, 
but there was no significant regression for that period. A trend lines (black-dashed) is 
drawn for 1929-30 to show how the data area distributed. 
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Chapter 5 ______________________________________ 

Conclusion 

 

5.1: Thesis overview 

Large lakes hold critical importance to the world, as habitats for large numbers of 

endemic biota, as places of social and economic value, and as reservoirs of freshwater 

(Beeton 2002).  Yet they also face a multitude of anthropogenic threats that have the 

potential to alter native food webs and, by extension, the trophic pathways through which 

biomagnifying contaminants like Hg move.  In many ways, Lakes Nipigon, Simcoe and 

Champlain are representative of the range of anthropogenic disturbances common 

throughout North America during the 20th century.  All are inhabited by non-native 

species whose populations have become large enough to significantly alter food webs.  

Lakes Simcoe and Champlain have also faced eutrophication, causing, for example, a 

reduction in Lake Simcoe’s cold water fish population (LSSAC 2008).  Fishing pressure 

for top- and mid-trophic level species is intense in all three lakes, and has resulted in 

several fisheries being closed in Lake Nipigon (LNBSS 2004).  Fish Hg contamination is 

greatest in Lakes Simcoe and Champlain, but even remote Lake Nipigon has fish 

consumption advisories in place. 

It is difficult to disentangle the effects of complex disturbances like these because 

there is limited knowledge of historical, pre-disturbance conditions.  This project was 

undertaken to assess the utility of emerging chemical tracer techniques for retrospective 

ecological analyses, and to use those techniques where possible to reconstruct historical 

trophic and Hg conditions in Lakes Nipigon, Simcoe and Champlain.  The second chapter 
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of the thesis presents the long-term effects on tissue chemistry of preservation processes 

used on archived ichthyology collections.  In the third chapter, these analytical insights 

are applied to compare historical and modern fish food web structures of the study lakes 

using stable isotope analyses.  The fourth chapter relates food web change in the lakes to 

historical and modern Hg concentrations to determine whether Hg biomagnification rates 

have been altered.  The present chapter reviews the overall results and their significance. 

 

5.2: Preservation effects 

Previous research into preservation effects on fish Hg concentrations was very 

limited and had inconsistent results, although evidence from Barber et al. (1984) and Hill 

et al. (2010) suggested the possibility for reliable retrospective Hg analyses.  More 

literature existed on preservation effects on fish stable isotope composition, but this too 

was not always easy to interpret because of major methodological differences among 

chemicals used, length of preservation, species chosen for preservation, and tissues 

analyzed.  Indeed, it was concluded that only three stable isotope papers (Bosley and 

Wainright 1999; Arrington and Winemiller 2002; Edwards et al. 2002) followed similar 

preservation protocols to those commonly used by natural history museums, namely the 

combination of short-term formalin immersion and long-term ethanol immersion steps.   

In this project, methodological ambiguity was avoided by studying muscle tissue 

from a single fish species over a 24-month period – far longer than most existing studies 

– using a preservation protocol similar to that used by museums.  The fish species chosen 

was walleye, a common fish in Lakes Nipigon, Simcoe and Champlain that has an 

elevated risk of Hg accumulation due to its piscivorous diet.  The preservation 
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experiment was the first that combined stable isotope analyses with a suite of elemental 

analyses.  Most elements studied, including the methylated, biomagnifying form of Hg, 

were previously absent from the preservation literature.   

The results showed unambiguously that it is possible to account for preservation 

effects on stable N and C isotope compositions and on the concentrations of many other 

elements.  Changes in 15N and 13C of +0.4 ‰ and -0.9 ‰, respectively, were observed 

after 24 months.  These shifts were small by any qualitative measure. The 15N shift was 

similar to the typical analytical error in a stable isotope analysis, and accounted for only 

12 % of an “average” trophic level, assuming a 3.4 ‰ trophic fractionation estimated 

from many food web studies (Post 2002).  Variability in 15N and 13C was greatest early 

in the preservation process and approached an asymptote during the second year, 

suggesting that longer-term preservation in museums does not further alter isotopic 

composition.  Ironically, literature-derived average preservation effects for 15N and 13C 

(e.g. Vander Zanden et al. 2003) were similar to those measured in this project despite the 

numerous methodological differences.  This does not undermine the importance of 

appropriate study design in a preservation experiment, but it does lend strong support to 

the idea that preservation has consistent effects on fish stable isotope composition. 

Chapter 2 also shows consistency in many of the multi-elemental analyses 

performed.  Most elements, including Ca, Cd, Cr, Cu, Fe, Hg, Mn, Mo, Na, Ni, S, Sb, Se, 

Sr, Ti, V, W, and Zn, showed a characteristic increase in concentration in the first months 

of preservation.  Hg concentrations followed similar trends to many other elements, 

increasing immediately following preservation and ending with a 5 % increase after 12 



 109

months.  Preservation effects on Hg were lower than the asymptotic 18 % THg increase 

reported by Hill et al. (2010), but followed the same general pattern of that study.   

 

5.3: Hg and food webs of the study lakes 

With the clearer understanding of the mechanisms and results of the preservation 

process that this project provided, it was possible to use archived ichthyology collections 

to study long-term food web and Hg change in Lakes Nipigon, Simcoe and Champlain.  

Several authors have used preservation effect values in the literature to adjust their 

isotopic or Hg values of archived fish so that they are more comparable to real-world 

values (e.g. Vander Zanden et al. 2003; Schmidt et al. 2009).  This approach has yielded 

useful research, but it is preferable to avoid data adjustments where possible.  In the first 

place, data adjustments are necessarily based on averaged values and carry a number of 

assumptions about the species and preservation processes involved.  Moreover, the use of 

one type of adjustment opens the door to other corrections, such as for changes in lake 

nutrient baselines, shifts in atmospheric stable isotope compositions, variations in fish 

size and lipid content, and many other possible confounding factors.  It was not possible 

to avoid data adjustments for preservation effects and nutrient baselines in the Hg 

trophodynamic analyses (Chapter 4), because this was the only way to estimate actual Hg 

concentrations in historical fish.  However, data adjustments were avoided in the food 

web analyses (Chapter 3) through the use of stable isotope metrics.  In this case, 

comparisons were made of relative differences in stable isotope composition among fish 

between time periods, rather than absolute values of 15N and 13C for each fish. 
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Most fish species in all three study lakes had similar trophic orientations to each 

other in historical and modern food webs, and most trophic changes were less than 2 ‰.  

But the combination of small trophic shifts sometimes produced major changes in overall 

food web isotope dimensions, as measured by the “total area” metric (TA – the area of 

the stable isotope food web polygons).  TA can be seen as an estimate of trophic 

diversity, as it reflects the range of feeding options within a food web (Layman et al. 

2007a).  Thus the decrease in Lake Nipigon’s TA in the modern period suggested a 

reduction in trophic diversity since historical times.   

There was evidence in Lake Nipigon of indirect effects of the non-native rainbow 

smelt on lake trout, through dietary competition with the lake trout’s native coregonine 

prey.  Theoretically, the lake trout trophic reduction should result in decreased lake trout 

Hg concentrations due to decreased Hg biomagnification.  But 1920s lake trout had 

similar or even higher Hg concentrations compared to modern lake trout, a pattern that 

generally held among other species.  Given that Hg biomagnification rates in 1920s and 

2006-7 food webs were not significantly different, the implication is that absolute Hg 

content in the Lake Nipigon food web may have increased since the 1920s.  This process 

probably occurred during the height of North American Hg contamination in the 1960s-

70s, since government lake trout monitoring records showed relatively consistent Hg 

concentrations in the 1980s and 1990s.  The cause of Lake Nipigon Hg contamination is 

believed to be long-distance atmospheric Hg transport, as observed in other northern 

lakes (Trip and Allan 2000) and relatively nearby Isle Royale (Vucetich et al. 2009).  

However, chlor-alkali plants, pulp and paper mills, mining operations, and dam 

construction may also have contributed Hg.  Finally, geological Hg sources cannot be 
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ignored in this lake, where Precambrian rock – known to have naturally high Hg 

concentrations – is abundant. 

Trophic and Hg contamination patterns in Lakes Champlain and Simcoe were 

different, having greater food web TAs than historically.  It was noteworthy that the 

magnitude of this change in Lake Champlain was the smallest of the three study lakes, 

despite the re-introduction of salmonids into Lake Champlain in the later 20th century.  

Lake Champlain also revealed a high degree of pelagic-littoral coupling, with wide 

ranges in many fish species’ diets and considerable isotopic overlap species that made it 

difficult to determine the cause of TA expansion.  In Lake Simcoe, the modern 

pumpkinseed and yellow perch shifted to higher 13C values and increased the overall 

13C range of the modern food web.  Likely causes of this phenomenon were 

eutrophication from high agricultural and urban nutrient inputs, and a near-shore 

phosphorus shunt that may have developed in the years following the dreissenid invasion 

of the lake.   

Historical Hg concentrations in fish from Lakes Simcoe and Champlain were 

consistent with the general Hg declines observed throughout the Great Lakes region since 

the 1970s, believed to be due to Hg abatement efforts that began in that period (Marvin et 

al. 2004; Schuster et al. 2002; Bhavsar et al. 2010).  Analyses of archived fish showed 

that the 1929-30 and 1950s-60s food webs of Lakes Champlain and Simcoe, respectively, 

had lower Hg concentrations at a given fish 15N value than the modern food webs.  Lake 

trout Hg monitoring records for Lake Simcoe indicated a concentration peak in the late 

1970s with reductions thereafter.  Records for Lake Champlain, while not as old, were 

also suggestive of decreased fish Hg concentrations since at least the 1990s.  The 
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observed patterns suggested a marked decline in Hg inputs at the base of the Lake 

Simcoe and Champlain food webs in recent decades.  The decline was especially 

remarkable in Lake Simcoe, where most fish species in the modern food web had an 

increased trophic position compared to historically, a factor that should promote Hg 

biomagnification.   

Significant Hg biomagnification was found in the 1921-25 and 2006-7 Lake 

Nipigon food web, and in the 2006 Lake Champlain food web. The slopes of the logHg 

vs. 15N, which reflected food web biomagnification factors, were similar to those found 

in arctic, temperate and tropical lakes around the world (Atwell et al. 1998; Power et al. 

2002; Campbell et al. 2005a, 2008; Sharma et al. 2008).   

 

5.4: Future directions 

 Fisheries and contaminants research in Lakes Nipigon, Simcoe and Champlain is 

generally less intensive than in the nearby Great Lakes.  This creates a number of needs 

for future work.  In Lake Simcoe, it was difficult to extend the analyses of this project 

further back than the 1950s.  It therefore remains unclear whether the fish Hg peak 

observed in the late 1970s was the true peak, or whether the process of Hg reduction 

began earlier as seems to have occurred in Lake Champlain.  The near-absence of lake 

trout from the historical Lake Simcoe analyses also complicated understanding of the 

lake’s changing food web.  Lake Nipigon research gaps are more numerous; even the 

lake’s bathymetry is still poorly known.  While this lake is often considered to be less 

impacted than more southern lakes, it has clearly been impacted by non-native species, 

and this project has shown that fish Hg contamination is higher than might be expected.  
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A more detailed understanding therefore is needed of the transport and fate of Hg to and 

within the lake.   

 With respect to the ecologies of large lakes in general, the results of this and other 

studies suggest an underlying consistency of Hg biomagnification patterns.  This 

observation comes mostly from temperate and arctic lakes of North America; it requires 

more data from less studied large lakes in Asia and southern Africa.  A finding of similar 

biomagnification rates following food web change in these regions could be a useful 

framework for reconstructions of historical fish Hg concentrations where museum 

specimens are unavailable.   

 Retrospective analyses such as those performed in this project are limited by the 

intricacies of museum collections.  For instance, the choice of Lakes Nipigon, Simcoe 

and Champlain for study was in part determined by the availability of museum samples 

from relevant time periods in those lakes.  It also sometimes proved difficult to capture 

modern fish of the same sizes as the historical ones in the museums. Consequently, 

sample numbers were sometimes too small for sufficient statistical power; in those cases, 

only qualitative comparisons were possible.  This situation can be improved in the future 

with greater funding for long-term sample archives, but also greater awareness and 

interest by field workers to donate samples to museums.  Research can also be aided by 

greater sharing of sample records among institutions and researchers.  This latter issue is 

currently being addressed by the growth of online databases such as the Global 

Biodiversity Information Facility and Canadian Biodiversity Information Facility.  

Museum participation in these initiatives should be encouraged, because today it is 

neither universal nor complete.  
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 Retrospective studies can also benefit from deeper investigations of the 

mechanisms of preservation effects on archived tissue, and the creation of new 

quantitative tools that can account for those effects.  This project has generated new ideas 

about the causes of elemental changes during preservation.  These should be further 

developed with multi-species experimental designs that mimic real-world preservation 

protocols.   
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5.5: Summary of key conclusions  

1. Preserved fish can be used for analyses of historical trophic and contaminant 

patterns. In a preservation experiment using walleye muscle, changes after 24 

months of preservation to 15N and 13C were +0.4 ‰ and -0.9 ‰, respectively. 

The change in Hg after 12 months was +5 %.  

2. Stable isotope total area in Lake Nipigon decreased between the 1920s and 2007.  

It increased in Lake Simcoe between the 1950s-60s and 2007 due to greater 13C 

values among pumpkinseed and yellow perch.  It also increased in Lake 

Champlain between 1929-30 and 2006, possibly due to the great increase in non-

native species present. 

3. The modern Lake Nipigon food web had similar-to-higher Hg concentrations than 

historically. In Lakes Simcoe and Champlain, Hg concentrations decreased over 

time, similar to patterns in other lakes of the region.  But all lakes had at least 

some fish above the WHO recommended health limit of 0.2 ppm. 

4. Significant Hg vs. 15N regressions were calculated for the 1920s and 2006-7 

Lake Nipigon food web, and for the 2006 Lake Champlain food web.  The food 

web biomagnification factors determined from these regressions fell within the 

range of values from other lakes globally. 
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Appendix_______________________________________ 

Museum records for archived fish  

 

The follow two tables are presented for the sake of cross-referencing with future studies.  

Museum codes are: ROM (Royal Ontario Museum), UMMZ (University of Michigan 

Museum of Zoology),  NYSM (New York State Museum).  Acc # refers to the museums’ 

internal accession numbers. Letters following some accession numbers were assigned by 

me to differentiate among multiple fish from a single museum container. 

 

Table A1. Records of fish used in thesis. 

Museum Lake Accession 
# 

Species Year of 
Origin 

NYSM Champlain 38727a Brown Bullhead 1929 
NYSM Champlain 38727b Brown Bullhead 1929 
NYSM Champlain 38750a Brown Bullhead 1929 
NYSM Champlain 27217b Emerald Shiner 1929 
NYSM Champlain 27226a Emerald Shiner 1929 
NYSM Champlain 34959a Pumpkinseed 1929 
NYSM Champlain 35025a Pumpkinseed 1929 
NYSM Champlain 13252a Rainbow Smelt 1929 
NYSM Champlain 13252b Rainbow Smelt 1929 
NYSM Champlain 39025a Rock Bass 1929 
NYSM Champlain 39025c Rock Bass 1929 
NYSM Champlain 12243 sea lamprey 1929 
NYSM Champlain 15283a Walleye 1929 
NYSM Champlain 37554 Walleye 1929 
NYSM Champlain 37556 Walleye 1929 
NYSM Champlain 37186a Yellow Perch 1929 
NYSM Champlain 37212e Yellow Perch 1929 
NYSM Champlain 37253b Yellow Perch 1929 
ROM Champlain 6874 Brown Bullhead 1930 
ROM Champlain 6834 Brown Bullhead 1930 
ROM Champlain 07450a Emerald Shiner 1930 
ROM Champlain 07450b Emerald Shiner 1930 
ROM Champlain 6863 Pumpkinseed 1930 
ROM Champlain 6865 Pumpkinseed 1930 
ROM Champlain 6866 Pumpkinseed 1930 
ROM Champlain 07444a Rainbow Smelt 1930 
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Museum Lake Accession 
# 

Species Year of 
Origin 

ROM Champlain 07444b Rainbow Smelt 1930 
ROM Champlain 7211 Rock Bass 1930 
ROM Champlain 7212 Rock Bass 1930 
ROM Champlain 6899 Walleye 1930 
ROM Champlain 6900 Walleye 1930 
ROM Champlain 6859 Walleye 1930 
ROM Champlain 7446 Yellow Perch 1930 
ROM Nipigon 841 Bloater 1923 
ROM Nipigon 1308a Deepwater sculpin  1922 
ROM Nipigon 1308b Deepwater sculpin  1922 
ROM Nipigon 1308c Deepwater sculpin  1922 
ROM Nipigon 1667 Lake Trout 1925 
ROM Nipigon 1280 Walleye 1924 
ROM Nipigon 12709a Yellow Perch 1921 
ROM Nipigon 12709b Yellow Perch 1921 
ROM Nipigon 12709c Yellow Perch 1921 
ROM Simcoe 15801 Lake herring 1952 
ROM Simcoe 15806 Lake herring 1952 
ROM Simcoe 15808 Lake herring 1952 
ROM Simcoe 25361a Lake herring 1952 
ROM Simcoe 25361b Lake herring 1952 
ROM Simcoe 25361c Lake herring 1952 
ROM Simcoe 15640 Lake Trout 1952 
ROM Simcoe 15641 Lake Whitefish 1952 
ROM Simcoe 23594 Lake Whitefish 1959 
ROM Simcoe 25360 Lake Whitefish 1952 
ROM Simcoe 17160 Pumpkinseed 1952 
ROM Simcoe 17161 Pumpkinseed 1952 
ROM Simcoe 26516a Pumpkinseed 1967 
ROM Simcoe 26516b Pumpkinseed 1967 
ROM Simcoe 21715 Rainbow Smelt 1962 
ROM Simcoe 17173 Yellow Perch 1952 
ROM Simcoe 17174 Yellow Perch 1952 
ROM Simcoe 17175 Yellow Perch 1952 
ROM Simcoe 17177 Yellow Perch 1952 
ROM Simcoe 17178 Yellow Perch 1952 
ROM Simcoe 26514a Yellow Perch 1967 
ROM Simcoe 26514d Yellow Perch 1967 
ROM Simcoe 26514e Yellow Perch 1967 
UMMZ Nipigon 57235 Blackfin cisco 1922 
UMMZ Nipigon 57239 Blackfin cisco 1922 
UMMZ Nipigon 57243 Blackfin cisco 1922 
UMMZ Nipigon 57413 Blackfin cisco 1922 
UMMZ Nipigon 57462 Blackfin cisco 1922 
UMMZ Nipigon 57556 Blackfin cisco 1922 
UMMZ Nipigon 52868a Bloater 1922 
UMMZ Nipigon 54346 Bloater 1923 

UMMZ Nipigon 57437 Bloater 1922 
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Museum Lake Accession 
# 

Species Year of 
Origin 

UMMZ Nipigon 57310 Burbot 1922 
UMMZ Nipigon 54344b Lake Herring  
UMMZ Nipigon 57206 Lake Herring 1922 
UMMZ Nipigon 57209 Lake Herring 1922 
UMMZ Nipigon 57213 Lake Herring 1922 
UMMZ Nipigon 57299 Lake Trout 1922 
UMMZ Nipigon 57307 Lake Trout 1922 
UMMZ Nipigon 52888 Lake Whitefish  
UMMZ Nipigon 57251 Lake Whitefish 1922 
UMMZ Nipigon 57255 Lake Whitefish 1922 
UMMZ Nipigon 57282 Lake Whitefish 1922 
UMMZ Nipigon 57481 Lake Whitefish 1922 
UMMZ Nipigon 57508 Lake Whitefish 1922 
UMMZ Nipigon 57216 Nipigon cisco 1922 
UMMZ Nipigon 57222 Nipigon cisco 1922 
UMMZ Nipigon 57276 Nipigon cisco 1922 
UMMZ Nipigon 57564 Nipigon cisco 1922 
UMMZ Nipigon 57649 Nipigon cisco 1922 
UMMZ Nipigon 57264 Shortjaw cisco    1922 
UMMZ Nipigon 57305 Shortjaw cisco    1922 
UMMZ Nipigon 57327 Shortjaw cisco    1922 
UMMZ Nipigon 57559 Shortjaw cisco    1922 
UMMZ Nipigon 57591 Shortjaw cisco    1922 
UMMZ Nipigon 57636 Shortjaw cisco    1922 
UMMZ Nipigon 57292 Walleye 1922 
UMMZ Nipigon 57303 Walleye 1922 
UMMZ Nipigon 56545 Yellow Perch 1922 

 

 

Table A2. Records of fish analyzed for stable isotopes, but not used in thesis. 

Museum Lake Accession 
# 

Species Year of 
Origin 

ROM Nipigon 760a Ninespine stickleback  1922 
ROM Nipigon 760b Ninespine stickleback  1922 
ROM Nipigon 282a Slimy Sculpin 1922 
ROM Nipigon 1327 Smallmouth bass 1921 
ROM Nipigon 00227a Spottail Shiner 1922 
ROM Nipigon 00227b Spottail Shiner 1922 
ROM Simcoe 21763 Lake Trout 1960 
ROM Simcoe 6583 Lake Whitefish 1928 
ROM Simcoe 6584 Lake Whitefish 1928 
ROM Simcoe 6587 Lake Whitefish 1928 
ROM Simcoe 8114c Pumpkinseed 1924 
ROM Simcoe 8114d Pumpkinseed 1924 

ROM Simcoe 17154 Rock Bass 1952 
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Museum Lake Accession 
# 

Species Year of 
Origin 

ROM Simcoe 17156 Rock Bass 1952 

ROM Simcoe 17159 Rock Bass 1952 
ROM Simcoe 26510a Spottail Shiner 1967 
ROM Simcoe 26510b Spottail Shiner 1967 
ROM Simcoe 17166 White sucker 1952 
ROM Simcoe 17168 White sucker 1952 
ROM Simcoe 3520 White sucker  
UMMZ Nipigon 72106 Iowa darter 1923 
UMMZ Nipigon 126464 Johnny darter   1924 
UMMZ Nipigon 87863 Johnny darter   1924 
UMMZ Nipigon 101619 Lake sturgeon     
UMMZ Nipigon 101620 Lake sturgeon     
UMMZ Nipigon 57459 Lake Whitefish 1922 
UMMZ Nipigon 56542 Logperch 1922 
UMMZ Nipigon 56547 Longnose dace   1922 
UMMZ Nipigon 72114b Longnose dace    
UMMZ Nipigon 56551 Ninespine stickleback  1922 
UMMZ Nipigon 57267 Shortnose cisco   1922 
UMMZ Nipigon 57309 Shortnose cisco   1922 
UMMZ Nipigon 57312 Shortnose cisco   1922 
UMMZ Nipigon 57494 Shortnose cisco   1922 
UMMZ Nipigon 57533 Shortnose cisco   1922 
UMMZ Nipigon 57585 Shortnose cisco   1922 
UMMZ Nipigon 56554 Spoonhead sculpin   1922 
UMMZ Nipigon 56548 Spottail Shiner 1922 
UMMZ Nipigon 56550 Trout-Perch 1922 

 

 


