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Abstract 

The Common tern (Sterna hirundo) is considered a sentinel wildlife species for 

monitoring mercury (Hg) and other contaminants within the St. Lawrence River 

Cornwall/Massena Areas of Concern (AOC). Here, I investigate the relationship between Hg 

bioaccumulation and diet using stable isotopes of carbon (δ13C) and nitrogen (δ15N) in adult and 

chick Common tern breast feathers from three colonies along a 160 km transect of the upper St. 

Lawrence River. The foraging range of the colony furthest downstream (EMC) includes both the 

Massena and Cornwall AOC’s while the two upstream colonies (213 and Ice) are more removed 

from known point sources of Hg. I also sampled winter- and summer-grown breast feathers to 

compare diet and Hg exposure on the terns’ breeding ground vs. the terns’ wintering grounds. Hg 

exposure in summer-grown feathers was significantly higher than Hg exposure in winter grown 

feathers. Stable carbon (δ13C) and nitrogen (δ15N) isotopes revealed a switch from a marine-based 

diet during the winter months to a freshwater-based diet on the breeding grounds. Among 

colonies in summer-grown and chick feathers, the only significant difference in total mercury 

(THg) exposure was found in chick feathers where Hg was significantly lower at 213 than Ice – 

both of which are upstream from the AOC’s.  However, THg was negatively correlated with δ13C 

in both winter and summer feathers, and the most parsimonious multi-regression model for winter 

and summer feathers indicated that δ13C explains 24 and 25% of the variation in Hg exposure, 

respectively. This suggests terns foraging offshore bioaccumulate more Hg than individuals 

foraging inshore or in freshwater (winter feathers), and that during the breeding period, terns 

foraging in pelagic habitats bioaccumulate more Hg than terns foraging in littoral habitats 

(summer feathers). For the upper St. Lawrence River, these results provide strong evidence that 

foraging habitat is more important than colony location in determining Hg exposure in a top 

trophic consumer. 
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Chapter 1 

Introduction 

1.1 Thesis Presentation 

 

The first chapter of this thesis provides a broad overview of mercury in the environment: 

its sources, fate, and effects on biota with a particular reference to seabirds. In addition, this 

chapter discusses the use of stable isotopes in food web ecotoxicology. The second chapter is 

written in manuscript format and includes my results on mercury and stable isotopes in Common 

terns (Sterna hirundo) breeding along the upper St. Lawrence River. The last chapter provides a 

conclusion and summary of the major objectives and findings.  

 

1.2  Problem Identification 

 

 

Mercury (Hg) is a global (Pacyna et al., 2006) and local (Driscoll et al., 2007) pollutant 

that readily bioaccumulates in food webs, causing a variety of harmful effects in both wildlife and 

humans (for reviews, see Burger and Gochfeld 1997; Scheuhammer et al., 2007; Wolfe et al., 

1998). Atmospheric deposition is a major route of entry for accumulation in biota, and parts of 

the landscape surrounding the Great Lakes Basin have been classified as biological mercury 

hotspots (Evers et al., 2007). In the St. Lawrence River at Massena, NY, USA and Cornwall, ON, 

Canada, an 80 km section of the river has been designated as an Area of Concern (AOC; 

Environment Canada, 1992) by the International Joint Commission since 1985 under the Great 

Lakes Water Quality Agreement because of historic point source loadings of Hg and poly-

chlorinated biphenyls (PCBs) into the environment. In this study, I evaluate the bioaccumulation 
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of Hg in the Common tern (Sterna hirundo), which is a threatened NY-state piscivorous 

waterbird (NYSDEC 2013) and sentinel species for the AOC, which nests near and upstream of 

the Cornwall AOC. In addition, I incorporate stable carbon (δ13C) and nitrogen (δ15N) isotopes to 

evaluate how foraging ecology – with respect to season, age class, and habitat selection – 

influence Hg exposure. 

1.3 Mercury in the Environment 

 

Mercury is a pervasive metal in the environment but is unique in that it has no beneficial 

purpose to living organisms and is highly toxic.  Its extraction from the earth by humans dates 

perhaps as far back as the Neolithic age (ca. 4000 – 3000 BCE) when it was used as a 

preservative for human bones in Italy and Spain (Parsons and Percival, 2005).  Major natural 

sources of Hg in the environment include volcanic eruptions, the geogenic weathering of rocks 

and minerals, forest fires, and the degassing of Hg from soils and waters (Rasmussen, 1994). 

Although naturally occurring, anthropogenic emissions of Hg have increased global background 

atmospheric concentrations 2 to 3 times (Pacyna et al., 2006, 2010). Furthermore, Vo et al., 

(2011) have shown Hg increases over the past hundred years in feathers from museum black-

footed albatross (Phoebastria nigripes) specimens.  Anthropogenic sources to the environment 

are predominantly from coal-fired utility boilers, waste incineration, artisanal gold amalgamation, 

chlor-alkali and pulp and paper industries, and other industrial activities (Lindqvist et al., 1991).  

Ultimately, atmospheric gaseous Hg (Hg0) is deposited in its oxidized form (Hg2+) as wet or dry 

deposition onto the Earth’s surface where much of it enters aquatic systems and becomes 

bioavailable to living organisms. High trophic level aquatic biota and piscivorous birds are 

particularly vulnerable to Hg toxicity because its concentration in tissues tends to increase 

significantly with trophic level, through a process termed biomagnification (Cabana and 

Rasmussen, 1994; Campbell et al., 2005, Watras et al., 1998). 
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1.3.1 Mercury species 

 

Mercury in the environment occurs predominantly in three forms: 1) elemental; Hg0, 2) 

ionic; Hg+ or Hg2+, and 3) methylated; CH3Hg+ or (CH3)2Hg+. The most abundant form occurring 

in the atmosphere is the gaseous inorganic Hg0 which circulates globally in air currents and has 

an atmospheric residence time between 0.5 to 1 year (Schroeder and Munthe, 1998).  However, 

oxidation of circulating Hg0 in the atmosphere produces Hg2+ that readily adsorbs to water 

molecules and/or dry particulates such as aerosols causing atmospheric fall-out that can occur far 

from point sources. Once deposited into terrestrial and aquatic ecosystems, Hg2+ can undergo a 

variety of complex biochemical reactions producing either the highly volatile Hg0 or 

methylmercury (CH3Hg+; hereafter MeHg), a form toxic to organisms that readily binds to 

proteins (Mason et al., 1995; Boudou and Ribeyre, 1997). 

 

1.3.2 Mercury bioavailability in aquatic environments 

 

Surface waters are generally supersaturated in dissolved Hg0 , but due to its high volatility 

Hg0 can quickly evade back into the atmosphere. This Hg0 balance between the atmosphere and 

aquatic environments is important for determining mercury availability for food web uptake 

(Amyot et al., 2000). Of the Hg0 not lost to the atmosphere, oxidation produces inorganic Hg2+, 

which is deposited and bound into sediments or complexed with humic acids in dissolved organic 

matter (DOM) or dissolved organic carbon (DOC). Hg2+ not bound or complexed to organic 

compounds can be photoreduced back to Hg0. This oxidation/reduction process is also important 

in determining mercury availability for food web transfer (Morel et al., 1998). The toxic MeHg is 

converted mostly from inorganic Hg2+ in sediments through a microbial mediated process.  This 
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process is driven largely by sulfur reducing bacteria (SRB) that are most abundant at the 

oxic/anoxic sediment boundary layer (Compeau and Bartha, 1985; Gilmour et al., 1992).  

Abiotic factors also influence methylation: principally pH, DOC availability, SO4
-2, and 

water temperature (Parkman and Meili, 1993; Weber, 1993; Celo et al., 2004). Yu et al. (2011) 

found that Hg concentrations in zooplankton and fish increased with decreasing pH levels in 

several lakes of the Adirondack region of New York, USA.  Additionally, Grieb et al., (1990) 

showed that Hg concentrations in fish decreased with increasing DOC concentrations in several 

Michigan lakes, possibly because Hg bioavailability is reduced through its complexation with 

DOC.  However, the role of DOC in promoting or inhibiting Hg bioavailability is complex; 

organic particulates can also inhibit photoreduction of Hg2+ to Hg0 and increase Hg retained in the 

aquatic environment for methylation (Amyot et al., 2000; Zhang and Lindberg, 2001).  

1.3.3 Mercury accumulation and biomagnification 

 

Inorganic Hg2+ and organic MeHg are both readily adsorbed by aquatic primary 

producers through both active uptake and passive diffusion (Pickhardt et al., 2005). Importantly, 

Hg2+ is more easily excreted whereas the more toxic MeHg is the principal form that is 

transferred from prey to consumer (Bloom, 1992).  The greatest bioconcentration (Hg 

concentration of an organism relative to the concentration in surrounding water) of MeHg occurs 

at the base of the food web in autotrophic organisms, where concentrations can be as high as 106 

times that of surrounding water (Watras et al., 1998). This may be a result of a smaller organismal 

volume to surface area ratio that increases relative contact with aqueous mercury. 

Biomagnification at successive trophic levels occurs because dietary intake of MeHg at each 

trophic level exceeds the rate of excretion and results in higher concentrations in top trophic 

consumers (Tsui and Wang, 2004). 

 



 

 

5 

1.4 Mercury in wildlife and its effects 

 

 Methylmercury can have a range of sub-lethal and lethal effects on wildlife including 

altered behavior, reproductive impairment, and endocrine or immune system disruption (Burgess, 

2005). The toxic effects of MeHg in wildlife have been documented using laboratory dose-

response experiments (Spalding et al., 2000; Wiener and Spry, 1996; Wiener et al., 2003) and 

through direct field observation (Evers et al., 2008; Wolfe et al., 1998; Scheuhammer et al., 

2007). All species of Hg are toxic but the methyl group associated with MeHg mimics the 

essential amino acid methionine and results in more efficient movement of MeHg across the 

blood-brain barrier where it can interfere with thiol metabolism causing inhibition or inactivation 

of proteins (Eisler 1987). In birds, acute responses to Hg toxicity include reduced parental care of 

young, altered foraging behavior, developmental impairment, asymmetrical feather development, 

and increased vulnerability to parasites (Evers et al., 1998; Meyer et al., 1998; Evers et al., 2008). 

In fish, MeHg concentration generally increases with age and size because the rate of intake 

exceeds the rate of growth with no efficient mechanism for excretion (Trudel and Rasmussen, 

2006; Ward et al., 2010). Consequently, top trophic fish can have MeHg concentrations 

exceeding thresholds for safe human consumption (UNEP, 2013). Perhaps the most famous 

example of human poisoning occurred in Minimata Bay, Japan, in the late 1950’s. Industrial Hg 

waste was released into the bay, contaminating seafood and resulting in the death or permanent 

neurological impairment of many local residents dependent on local seafood for sustenance 

(Harada, 1995).  

1.4.1 Piscivorous birds as sentinels of Hg pollution 

 

 In piscivorous birds, MeHg reaches potentially harmful concentrations through 

consumption of contaminated prey. However, feather molt and egg production provide important 

mechanisms for Hg excretion, and therefore Hg concentration generally does not increase with 
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age (Honda et al., 1986; Furness et al., 1987, 1990; Burger et al., 1994). Furthermore, it has been 

proposed that a MeHg detoxification mechanism exists in seabirds and perhaps evolved to cope 

with Hg naturally occurring in marine environments (Ikemoto et al., 2004; Scheuhammer et al., 

2007). 

  The use of feathers as bioindictors or monitors of Hg has become an increasingly popular 

tool because they can be sampled non-destructively. Feather Hg concentrations are also correlated 

with internal tissue Hg concentrations if grown over similar time-scales (Thompson et al., 1991; 

Eagles-Smith et al., 2009), and provided the moult schedule is known, feathers can provide Hg 

exposure information over temporal and spatial scales congruent with the time and location of 

feather growth (Furness et al., 1987; Nisbet et al., 2002; Ofukany, 2012; Thompson et al., 1998; 

Vo et al., 2011). Once the blood supply to feathers atrophies, the feather structure becomes 

metabolically inert and the Hg bound to keratin remains highly resistant to degradation from 

environmental elements (Applequist et al., 1984).  This is because of the high affinity between 

MeHg and the sulfhydryl-rich keratin protein in feathers (Hoffman and Curnow, 1979). In 

addition, nearly 100% of Hg circulating in the blood supply is MeHg, which is then used to 

synthesize feathers so that total mercury (THg) can be used as a surrogate of MeHg exposure 

(Bond and Diamond, 2009).  

 Generally, the body pool of Hg increases between moults and is stored in internal tissues or 

circulates in the blood supply until excretion. Typically, feathers grown at the onset of moult have 

the highest Hg concentrations while those grown later have less Hg because of the diminishing 

body pool (Furness et al., 1987). Braune and Gaskin (1987) showed that Bonaparte’s gulls (Larus 

philadelphia) excrete up to 93% of their Hg body burden during the autumn moult, essentially 

resetting the annual clock on Hg bioaccumulation. 
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1.5 Stable isotopes 

 

The use of naturally occurring stable nitrogen (δ15N) and carbon (δ13C) isotopes to 

analyze food web structure has blossomed in recent decades (for reviews see, Peterson and Fry, 

1987; Kelly, 2000; Newsome et al., 2010). In particular, studies on contaminant cycles (e.g. 

mercury) in aquatic food webs have employed stable δ15N and δ13C isotopes to link contaminant 

exposure with diet. This is because isotopic compositions of organisms change in predictable 

patterns within and across communities and so reflect both source and process information 

(Peterson and Fry, 1987). For carbon, the stable isotope ratio of 13C to 12C (expressed as δ13C) is 

used to determine the source of dietary carbon in a particular food web because it undergoes little 

trophic enrichment whereas the ratio of 15N to 14N (expressed as δ15N) exhibits a stepwise 

fractionation between 3 and 5‰ at each trophic step (Peterson and Fry, 1987).   

The major limitation of using stable isotopes in dietary studies is that they do not provide 

taxonomic resolution of captured and digested prey. Rather, they trace trophic transfer of dietary 

protein and carbon that have been assimilated. This method of analysis can be beneficial because 

it does not reflect injested prey (as conventional dietary studies do) but instead reveals nutrients 

used for tissue development. Furthermore, for studies of migratory species - such as birds that 

have known moult schedules - tissues synthesized at previous stages of the animals’ life history 

can be sampled on the breeding grounds with isotope signatures that reflect dietary information 

over various temporal and spatial scales (Hobson, 1999). 

1.5.1 Stable carbon isotopes 

 

Stable carbon isotope analysis has emerged as a powerful tool to describe source 

information in food web studies. Once carbon is fixed during primary production, it undergoes 

little fractionation with protein assimilation at successive trophic levels so that the δ13C value of a 
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consumer reflects the δ13C value of its prey (Hobson et al., 1994). Within aquatic habitats, 

increased boundary layers around primary producers in areas of low water turbulence decreases 

the rate of discrimination of the heavy isotope (13C) resulting in less negative δ13C values (Keeley 

and Sandquist, 1992). This difference will be reflected in consumers of that food web (DeNiro 

and Epstein, 1978). For example, France (1995a) showed that δ13C values of benthic algae in 

Canadian Shield lakes are 7‰ less negative than δ13C values of pelagic phytoplankton growing in 

more turbulent waters of the same lakes, and that a similar gradient exists between inshore and 

offshore marine phytoplankton (France, 1995b). Further, in marine environments the bulk carbon 

pool utilized in photosynthesis is derived primarily from bicarbonate (HCO3) which is 5 to 8‰ 

enriched (i.e. higher) relative to dissolved atmospheric CO2 used in freshwater biomes. This 

causes marine phytoplankton to be enriched relative to freshwater phytoplankton (Craig, 1953; 

France, 1995b).   

These differences between marine and freshwater environments have been exploited to 

assess contributions of marine versus freshwater prey in seabirds. For example, Bearhop et al. 

(1999) showed that cormorants (Phalacrocorax carbo) in England were feeding almost entirely 

on freshwater fisheries by comparing their δ13C values to captive cormorants that had either strict 

marine or freshwater diets.  

1.5.2 Stable nitrogen isotopes 

 

The stable nitrogen isotope ratio (δ15N) has a much greater fractionation factor than 

carbon because the lighter isotope (14N) is metabolized and excreted more quickly in urea or uric 

acid (Peterson and Fry, 1987). Fractionation factors for δ15N between diet and consumer tissues 

are 3 to 5‰ depending on the tissue used for analysis (DeNiro and Epstein, 1981; Minagawa and 

Wada, 1984; Kling et al., 1992). Hobson and Clark (1992) used captive Ring-billed gulls (Larus 

delawarensis) to show that the diet-feather fractionation factor for δ15N was +3.0‰.  Thus, δ15N 
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has become a common tool in food web studies to indicate trophic position which can then be 

linked with biomagnifying contaminants like mercury (Campbell et al., 2005; Campbell et al., 

2008; McIntyre and Beauchamp, 2007). For example, Campbell et al. (2005) showed a positive 

relationship between log THg and log MeHg and δ15N in a pelagic arctic food web indicating that 

seabirds species that fed high in the trophic food web (high δ15N values) had the highest THg and 

MeHg concentrations. 

1.6 Common terns breeding along the upper St. Lawrence River 

 

The Common tern is a small but elegant seabird in the Sternidae family of the order 

Charadriiformes. There are 44 tern species worldwide, with up to three species (Common, Black; 

Chlidonias niger, Caspian; Hydroprogne caspia) breeding along the St. Lawrence River. 

Common terns are piscivorous birds that plunge-dive to depths up to 50 cm to obtain prey. In 

marine environments they may form feeding flocks over schools of fish (Nisbet, 2002), but in the 

Great Lakes they tend to forage singly (Moore, 1993). They are a colonial nesting species, with 

nest densities reaching >1 nest/m2 (pers. observation) on nest sites within the St. Lawrence. They 

are circumpolar breeders found in north-temperate regions always within reach of marine or 

freshwater environments. Their wintering distribution is widespread, including the Central and 

South American coasts (North American populations), both coasts of Southern Africa and 

throughout Southeast Asia and Australia (Eurasian populations).  

The earliest record of terns breeding in the upper St. Lawrence dates back to 1850, 

though they may have nested in the area prior to that date (Quilliam, 1973). In recent decades 

flooding of natural habitat after construction of the St. Lawrence Seaway and nest-site 

competition with increasing Ring-billed gulls, Double crested cormorants (Phalacrocorax 

auritus), and Osprey (Pandion haliaetus) caused population declines on natural islands (Courtney 

and Blokpoel, 1983). Despite declines on natural islands, the seaway navigation markers have 
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become increasingly important nesting sites (Karwowski et al., 1995), and recent habitat 

enhancement projects in the St. Lawrence River have significantly increased the population over 

the past fifteen years (L. Harper, Riveredge Associates LLC; unpublished data). 

1.7 Study site – St. Lawrence River 

 

The upper St. Lawrence River is the only natural outflow from the Great Lakes and has 

an average discharge of 8,000 m3/s through the Moses-Saunders Power-dam at Massena, NY and 

Cornwall, ON (Patch and Busch, 1984). It is characterized by a complex bathymetry with depths 

ranging from <1 m to >60 m that results in a wide variety of littoral and pelagic habitat (Patch 

and Busch, 1984). Its mouth lies at the western end of Lake Ontario, between Cape Vincent, NY, 

and Kingston, ON, and is characterized by a sill less then 14 m deep that acts as a major sediment 

deposition zone for water draining into the river (Lum et al., 1991).  

The three study sites chosen for the study (Sect. 1.7.1) reflect the three limnologically 

distinct sections of the upper St. Lawrence River (Fig. 2). The upper section is known as the 

Thousand Islands (TI) archipelago and consists of over 1800 islands ranging in size from <0.5 

km2 to 124 km2. This section is predominantly influenced by Lake Ontario with relatively slow 

moving expanses of water and two main channels along the south and north shores.  The 

abundance of islands and bays provides substantial near-shore littoral habitat for macrophytes 

(e.g. Typha spp.) and wildlife. This section of the river is also popular for cottages and 

recreational activities and is most busy between May – September. The middle section, just 

downriver from the TI region is narrow and pelagic dominated, with an abrupt transition between 

the main stem and upland habitat. There are few islands, but human habitation and agriculture 

occur extensively along both the north, and south shores. The lower section, known as Lake St. 

Lawrence, is a reservoir with a control dam upriver at Iroquois, ON, and the Power-dam 

downstream at Messena, NY and Cornwall, ON. The amount of littoral habitat is intermediate 
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between the TI region and the middle corridor, and there are many submersed islands that were 

flooded after dam construction.   

Seasonal stratification is generally avoided because of strong currents throughout the year 

(Amyot et al. 2000).  The river travels approximately 1200 km to the Gulf of St. Lawrence in the 

Northwest Atlantic while traversing two countries (Canada and the U.S.), two provinces (Ontario 

and Quebec), and one state (NY). This geopolitical complexity introduces challenges to managing 

migratory wildlife – specifically in the international section bordering New York to the South and 

Ontario to the North. The result has been a paucity of biological research conducted along the 

international section (Twiss, 2007).  

1.7.1 Study colonies 

 

The three tern colonies chosen for this study span the 150 km length of the upper St. 

Lawrence River (for a detailed description of the sites, see Ch. 2; Methods). Radio telemetry data 

of terns in North America and Europe indicate that terns will forage up to 20 km from the colony 

(Nisbet, 2002). The three colonies were selected because they are >20 km apart, and thus dietary 

data between colonies is not confounded by the potential for overlapping foraging ranges. The 

upriver colony, navigation aid 213 (hereafter, 213; Figs. 1, 2), is a seaway navigation marker 

located in the Thousand Islands Archipelago, near Wellesley Island, NY. The second, midstream 

colony, Ice Boom C (hereafter, Ice; Figs. 1, 2), is 75 km downstream from 213 and is similar in 

structure but its function is to help trap winter ice with a steel rope that extends to the shoreline. 

The third colony, Eisenhower Mooring Cells (hereafter, EMC; Figs. 1, 2), is 50 km downstream 

of Ice, and is also similar in structure but serves as an emergency-mooring platform for ships 

entering the Eisenhower Lock at Massena, NY and Cornwall, ON. EMC is located at the 

upstream edge of the St. Lawrence AOC and terns from this site have been observed foraging 

within and outside the AOC.  
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1.8 Study objectives 

 

Foraging ecology is among the most important factors driving contaminant uptake in 

seabirds. This study presents a unique opportunity to link these factors in a comparative context 

among biogeographically similar colonies and summer and winter grounds.  I will test if adult and 

juvenile terns nesting near the AOC have higher Hg concentrations than two reference colonies 

upriver from the AOC. Because variation in diet can influence Hg biomagnification (Monteiro 

and Furness, 1995), I will test if there are any intra- or inter-colony differences in foraging 

ecologies revealed through analysis of stable δ13C and δ15N isotopes. Lastly, by sampling adult 

breast feathers twice (once immediately upon return from their winter grounds and once in late 

spring), I will test if terns accumulate the bulk of their Hg burden on breeding grounds – similar 

to Burger et al. (1992) and Nisbet et al. (2002). 

 

1.8.1 Predictions 

 

Mercury 

 

1) Adult terns will have higher Hg concentrations in summer feathers compared to winter feathers 

because biota in the Great Lakes Basin are known to have high Hg concentrations (e.g. Evers et 

al., 2008). 

 

2) Chicks will have lower Hg concentrations than adult summer feathers because of a biodilution 

effect during chick growth and depuration into growing feathers (e.g. Becker, 1993). 
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3) Adult summer and chick breast feathers from EMC will have higher Hg concentrations than 

terns foraging upstream from colonies 213 and Ice. 

 

Trophic Structure 

 

4) Winter feathers will be more enriched (i.e. higher) in δ13C values than both summer and chick 

feathers, indicative of a seasonal shift toward a marine-based diet in the winter. 

   

5) Colonies are biogeographically similar enough that δ13C and δ15N values will not vary among 

colonies in summer or chick breast feathers. 

 

6) Adult summer and chick breast feathers within each colony will have similar δ13C  values 

because chicks are fed by parents. However, values of δ15N will be lower in chicks than adult 

summer feathers because chicks often cannot ingest the larger prey items from parental deliveries. 

  

7) Among individuals, females will exhibit higher δ15N because males are known to deliver larger 

prey items to partners during courtship and incubation (e.g. Nisbet, 2002).
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Chapter 2 

Season, age class, and foraging ecology influence mercury exposure in 

common terns (Sterna hirundo) breeding along the                              

upper St. Lawrence River 

 

2.1 Introduction 

 

Mercury (Hg) is a globally distributed pollutant (Pacyna et al., 2006; Pacyna et al., 2010), 

and its toxicity to wildlife and humans has been well documented (Ratcliffe et al., 1996; U.S. 

EPA, 1997; Wolfe et al., 1998, Mergler et al., 2007; Scheuhammer et al., 2007). Despite recent 

efforts in North America to reduce Hg emissions and its prevalence in the environment, 

concentrations in wildlife have not declined proportionately, particularly in northeastern North 

America (Evers et al., 2008; Weseloh et al., 2011; Burger 2013). Aquatic environments are 

especially sensitive due to the propensity of the highly toxic form of Hg, methylmercury (MeHg), 

to biomagnify through aquatic food webs (Atwell et al., 1998; Campbell et al., 2008) and reach 

harmful concentrations in top trophic consumers such as piscivorous birds (Jarman et al., 1996; 

Burger and Gochfeld, 1997).  

Common terns (hereafter, terns) are a useful avian bioindicator of mercury in aquatic 

environments for a number of reasons: 1) They feed mainly on fish (high trophic level), 2) they 

forage locally near breeding sites, 3) their migratory nature allows for cross-habitat comparisons, 

4) their moult schedule is well documented so non-lethally sampled feathers can be used to 
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examine spatial and temporal patterns of Hg exposure. Terns are colonial seabirds that breed 

throughout the temperate regions of North America. Band returns from breeding individuals on 

the St. Lawrence River indicate that terns winter on both Central and South American coasts; as 

far south as Ecuador on the Pacific Coast, and Argentina on the Atlantic coast (Gaston et al., 

2008). Terns moult their body feathers in March-April prior to spring migration (Pyle, 2008), 

which was as short as nine days for terns equipped with geolocators migrating from Argentina to 

Massachusetts, USA (Nisbet et al., 2011). Peak nesting on the St. Lawrence occurs during the 

first week of June (Karwowski et al., 1995).  

The St. Lawrence River is the second largest river in North America. It is the 

international seaway that connects Lake Ontario and the rest of the Great Lakes to the Atlantic 

Ocean, and is the only natural outflow from the Great Lakes. It provides considerable economic 

and social benefits to the region through the shipping industry, recreational opportunities and 

commercial fisheries. Despite its regional and international importance, the upper section of the 

river just to the east of Lake Ontario is ecologically understudied (Twiss, 2007), perhaps owing to 

its crossing of state, provincial, and national boundaries resulting in a complex governance 

structure. However, further downstream is one of 43 Great Lakes Areas of Concern (AOC) at 

Massena, NY, USA and Cornwall, ON, Canada. The Cornwall-Massena AOC was established in 

1985 by the International Joint Commission for legacy point-sources discharging Hg and 

polychlorinated biphenyls (PCBs) directly into the river (Environment Canada, 1992). Thus, 

within that AOC, a number of studies have documented the distribution of Hg in sediments and 

its trophic transfer through local food webs (Bishop et al., 1995; Choy et al., 2008; Fowlie et al., 

2008; Ridal et al., 2010), but information on piscivorous birds is missing. This study presents a 
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unique opportunity to examine Hg exposure in a top trophic predator that breeds near and 

upstream of the AOC but that has generalized and opportunistic feeding habits.  

Stable carbon and nitrogen isotopes have been used widely in ecotoxicology studies to 

evaluate how trophic structure and feeding patterns influence the bioaccumulation and transfer 

routes of contaminants (Forero and Hobson, 2003; Campbell et al., 2005; Inger and Bearhop, 

2008; Lavoie et al., 2010). The ratio of heavy to light isotopes (15N to 14N expressed as δ15N for 

nitrogen; and 13C to 12C expressed as δ13C for carbon) fractionate in predictable patterns from 

prey to consumer and are used as dietary tracers to understand carbon flows (δ13C) and trophic 

relationships (δ15N) within and across food webs (DeNiro & Epstein, 1978; Peterson and Fry 

1987). For example, δ15N can be used to assess trophic position because the lighter isotope (14N) 

is preferentially excreted during metabolic processes resulting in a stepwise enrichment of δ15N of 

approximately 3-5‰ at each trophic level (Schoeninger and DeNiro, 1984; Peterson and Fry, 

1987; Hobson and Welch, 1992). Additionally, δ15N is used to track anthropogenic inputs of 

sewage or natural fertilizers in aquatic systems because their high δ15N values are reflected in 

autotrophic organisms (Constanzo et al., 2001). 

On the other hand, once carbon is fixed during primary production, the ratio of 13C to 12C  

(δ13C) exhibits little enrichment (between 0 and 1‰) at successive trophic levels so it can 

describe the source of carbon entering the base of food webs (Hobson and Clark, 1992). For 

example, in freshwater systems the larger boundary layer surrounding benthic primary producers 

decreases 13C discrimination resulting in a general δ13C enrichment of 5 to 7‰ on average 

relative to pelagic phytoplankton (Keely and Sandquist, 1992; France, 1995a; Hecky and 

Hesselin, 1995). Similarly in marine environments, a δ13C gradient exists between inshore and 

offshore primary producers because of differences in boundary layers (France 1995b). Overall, 
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marine primary production is δ13C enriched relative to freshwater primary production because 

marine autotrophic organisms rely on bicarbonate (HCO3
-) for photosynthesis whereas freshwater 

autotrophs utilize carbon dioxide (CO2; France 1995b). These characteristics of δ13C and δ15N 

have been used to determine to what proportion of different environments birds utilize, and their 

trophic relationships within specific food webs (Hobson, 1987; Hobson et al., 1994; Kelly, 2000).  

Feathers can be used to evaluate Hg exposure as Hg bonds readily with keratin. After 

cessation of growth, Hg bound in feathers is metabolically inert and resistant to degradation 

(Applequist et al., 1984). Generally, Hg concentration in feathers represents the concentration 

circulating in the body supply at the time of feather growth plus any Hg mobilized for excretion 

from internal tissues (Braune and Gaskin, 1987a, Braune and Gaskin, 1987b). Breast feathers are 

particularly useful because they best represent whole-bird Hg content (Furness et al., 1987) and 

the use of multiple feathers can help overcome problems of between-feather variation (Bond and 

Diamond 2008).  

In the present study I examine total Hg (THg) and stable isotope ratios in breeding 

Common terns (Sterna hirundo) and chicks from several colonies in the upper St. Lawrence 

River, USA (Fig. 1). Importantly, by sampling adult breast feathers twice (once at nest initiation 

and a second just prior to hatching) I was able to compare dietary and contaminant information 

from their wintering grounds (hereafter, winter feathers) to their breeding grounds (hereafter, 

summer feathers; Burger et al., 1992; Nisbet et al., 2002). Specifically, I made the following 

predictions: 1) Adult terns will have higher Hg concentrations in summer feathers compared to 

winter feathers because biota in the Great Lakes Basin are known to have high Hg concentrations 

(e.g. Evers et al., 2008); 2) Chicks will have lower Hg concentrations than adult summer feathers 

because of a biodilution effect during chick growth and depuration into growing feathers (e.g. 
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Becker, 1993); 3) Adult summer and chick breast feathers from EMC will have higher Hg 

concentrations than terns foraging upstream from colonies 213 and Ice; 4) Winter feathers will be 

more enriched (i.e. higher) in δ13C values than both summer and chick feathers, indicative of a 

seasonal shift toward a marine-based diet in the winter; 5) Colonies are biogeographically similar 

enough that δ13C and δ15N values will not vary among colonies in summer or chick breast 

feathers; 6) Adult summer and chick breast feathers within each colony will have similar δ13C  

values because chicks are fed by parents. However, values of δ15N will be lower in chicks than 

adult summer feathers because chicks often cannot ingest the larger prey items from parental 

deliveries; 7) Among individuals, females will exhibit higher δ15N than males because males are 

known to deliver larger prey items to partners during courtship and incubation (e.g. Nisbet 2002). 

2.2  Methods 

2.2.1 Sample collection 

 

Field work was conducted May-July in 2010 and 2011 on three tern colonies along the 

150 km upper portion of the St Lawrence River, between Fisher’s Landing and Massena, New 

York, USA (Figs. 1, 2).  Sites were chosen based on three criteria: 1) Distances between colonies 

exceeded likely maximum foraging range of 20 km for common terns (Nisbet, 2002); 2) Two 

colonies were sufficiently far enough upriver from the AOC colony not to be contaminated by the 

same industrial sources; and 3) The three colonies would provide broad spatial coverage of the 

150 km upper reach of the St. Lawrence River.   

All colonies are situated on artificial navigation aids operated by the St. Lawrence 

Seaway Development Corporation and are generally ~8 m steel-enclosed concrete pillars driven 

into the riverbed that serve as fixed navigation points for passing ships (Karwowski et al., 1992). 
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The concrete surfaces of the navigation markers are actively managed and enhanced by the 

addition of pea-sized gravel for nesting terns. Colony 213 (Seaway navigation marker 213) is 

furthest upstream (i.e. east) by Fisher’s Landing, NY, USA (44° 28N, 76° 01’W) and is 1-3 m 

above the water surface with a 5 m high steel scaffold holding a navigation signal and light. The 

second colony, Ice (Ice boom cell C), is located approximately 75 km downriver of 213 in the 

middle reach of the upper St. Lawrence (44° 74’N, 75° 42’W) and does not have a scaffold for 

navigation lights.  The third colony, EMC (Eisenhower Mooring Cells), is furthest downstream 

(approximately 50 km downstream of Ice) and is situated on the western edge of the Massena 

AOC (44° 97’N, 74° 88’W), thus we presume terns have a similar likelihood of foraging within, 

or upstream of the AOC. The EMC navigational aid is different from the other two in that it 

consists of three pillars (not one) with two large ship cleats in the center of each cell for mooring 

seaway vessels.  

The Queen’s University Animal Care Committee approved all sampling protocols and 

trap designs prior to sampling, and collections were taken with appropriate state and federal 

permits. In early May of 2010 and 2011, all colonies were monitored every few days for clutch 

initiation. Once individuals initiated incubation, bird-triggered drop traps were placed over nests 

for up to 30 minutes to minimize time spent in cages. Upon capture of adults, individuals were 

banded with aluminum U.S. Fish and Wildlife numeric bands and their nests were labeled with 

numeric stakes so that individuals could be identified during the second trap period. 

In 2010, approximately 10 breast feathers were taken from each breast, for a total of 20 

feathers per individual. These feathers were labeled ‘winter’ feathers because they were grown in 

the early spring on the terns’ winter grounds (Pyle, 2008). In 2011, approximately 15 feathers 

were taken from each breast to increase sample mass and to improve the investigators’ ability to 
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locate regrown feathers. Clutch size at time of capture was also recorded. In addition, out of 178 

birds sampled, a subset of n = 29 individuals had already been previously banded as chicks and 

therefore had known ages ranging from 3 – 18 yrs, which were noted. I re-trapped n = 8 

individuals with known ages during the collection of regrown feathers. 

Colonies were visited a second time 16 - 19 d later to re-trap individuals for the collection 

of regrown ‘summer’ feathers. After the initial May sampling period, sampled terns began to 

grow replacement feathers to replace the ones previously extracted. The regrown feathers can be 

easily identified as they are more brightly white, still in sheath, and have an intact blood supply. 

Regrown feathers were more easily extracted than fully-grown feathers and sterile cotton balls 

were used to stop any associated bleeding. After hatching, colonies were visited a third and final 

time in early July and pre-fledgling chicks were captured for breast feather collection. Chicks 

were weighed and classified as being between 13 - 19 d old, based on a chick-aging schematic 

developed at Penn State University (C. Wails et al., unpublished). Unfortunately, due to ethical 

obligations to minimize the stress of handling chicks on hot days and the disruptive impact of 

human presence on colonies, it was not possible to identify the parents for each sampled chick. 

All feathers were placed in Whirl-pak© sterile polyethylene plastic bags and put on ice before 

being stored at -20C° in the laboratory until further analysis. 

2.2.2 Lab Analysis – Sex 

 

A sub-sample of adult terns were sexed at Queen’s University using molecular methods 

as described in Zavalaga et al. (2009). DNA was extracted from feather pulp, cut from the 

proximal end of a feather shaft, using standard proteinase-K phenol/chloroform. Sex was 

determined by polymerase chain reaction (PCR) with 0.4 µl of primers 2550F and 2718R 
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developed by Fridolfsson and Ellegren (1999) in 5 µl reaction volumes with 1x Mulitplex Mix 

(Qiagen, Mississauga, Ontario) and 0.5 µl of template. Reactions were performed in a TGradient 

(Biometra, Montreal, PQ) thermocycler with the following profile: 15 minutes at 95°C, 35 cycles 

of 45 seconds at 94°C and 90 seconds at 47°C, 90 seconds at 72°C, and a final 3 minute extension 

at 72°C. Gel electrophoresis was used to visualize PCR products: males produce overlapping 

CHD-Z bands, while females produce two distinct bands: CHD-Z CHD-W.  

 

2.2.3 Lab analysis – Stable δ15N and δ13C isotopes 

 

Feathers were placed in acid-washed test tubes and were cleaned in a MilliQ water 

ultrasonic bath (VWR International, West Chester, Pennsylvania) four times for three minutes 

each with the water replaced in between baths. Samples were dried in the oven at 60°C for 24-48 

h. Using a Sartorius Analytical micro-balance with a precision of 0.001mg, between 0.2mg-

0.4mg of a randomly selected feather was cut from the proximal end of the shaft with acid-rinsed 

scissors and weighed into tin capsules for analysis at the Queen’s Facility for Isotope Research 

(Queen’s University). The tin capsules were combusted and oxidized in a Costech Elemental 

Analyzer (Costech Instruments, Milan, Italy) and delivered into a Finnigan MAT Delta Plus XL 

Isotope Ratio Mass Spectrometer. Isotope ratios are expressed in delta (δ) notation, where δX 

=[(Rsample-Rstandard) -1 x 1000, where X is the heavier isotope (e.g., 15N), Rsample is the ratio of 

heavy to light isotope in the sample, and Rstandard is the ratio of the heavy to light isotope in an 

internationally accepted standard; in this case Vienna-Peedee belemite (V-PDB) carbonate for 

δ13C, and atmospheric nitrogen (AIR) for δ15N. Carbon and nitrogen international standards 

(NBS21; graphite, and 8551; ammonium sulfate, respectively) were used to ensure analytical 

precision and machine calibration (IAEA, Vienna, Italy). Mean recoveries for NBS21 and 8551 
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were -27.7 ± 0.4 ‰ (n = 2; 99% recovery) and 53.9 ± 0.1 ‰ (n = 5; 100% recovery), 

respectively. Additional in-house reference standards were run with every 10 samples for both 

nitrogen and carbon isotopes. Results of in-house standards (presented as mean ± SD) were UC-1 

graphite (δ13C, n = 8; -25.8 ± 0.2‰), QC-1 graphite (δ13C, n = 3; -26.0 ± 0.4‰), red tilapia 

(Tilapia spp.) muscle (TIL-1, n = 5; δ15N: 7.0 ± 0.7‰, δ13C: -20.9 ± 0.2‰), defatted Atlantic 

Salmon (Salmo salar) muscle (SAL-1, n = 4; δ15N: 9.2 ± 0.3‰, δ13C: -18.6 ± 0.2‰), and 

homogenized Double-crested Cormorant (Phalacrocorax auritus) feathers (CORM-1, n = 10; 

δ15N: 14.6 ± 0.5‰, δ13C: -16.7 ± 0.2‰). Duplicate feather samples from the proximal end of 

previously cut feather samples were run with every 10 samples (n = 29) and produced a mean 

coefficient of variation of 2.7% for δ15N and 2.5% for δ13C.  

2.2.4 Lab analysis – Total mercury (THg) 

 

For THg analysis, the feather samples previously washed for stable isotope analysis were 

alternately washed with MilliQ ultrapure water and trace-metal grade (TMG) acetone six times 

and dried in the oven at 60°C for 24-48 h. Between 0.05g and 0.1g of feather from each sample 

was transferred to acid-washed Teflon digestion tubes with 2ml TMG nitric acid (HNO3) and 

1.25ml TMG hydrogen peroxide (H2O2) for digestion under the fume-hood. After four hours 

under the fume-hood, 1.75 MilliQ water was added and samples were transferred to a CEM 

MARS Xpress Microwave for complete digestion at 180°C for 15 minutes at full power (1600W). 

Digested samples were diluted with 5.0 mL of MilliQ water and preserved with 0.25mL BrCl 

solution.  Sample duplicates (n = 18) of feather samples were digested in separate Teflon tubes.  

Samples were analyzed in accordance with EPA method 1631 Revision E on a Tekran® 2600 

Automated Cold Vapor Atomic Fluorescence Spectrometry (CVAFS) with a detection limit of 
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0.1 pg/g. Analyses took placed in the low-particulate cleanroom at the Queen’s Aquatic 

Ecosystems Health Laboratory. Certified reference materials TORT-2 (lobster hepatopancreas) 

and DORM-3 (fish protein) obtained from National Research Council Canada, method blanks, 

sample duplicates, and matrix spikes were analyzed within each batch. Recoveries for TORT-2 

(n=5) ranged from 86% - 112% with a coefficient of variation (CV) of 11%, and recoveries of 

DORM-3 (n = 3) ranged from 85% -111% with a CV of 15%. Matrix spikes and duplicates 

(spiking digested feather samples (n = 10) with 3 to 5 times their concentration with an in-house 

Hg standard; Hg A), had a mean recovery of 95% ± 18%. Spike and spike duplicates had a mean 

relative percent difference (RPD) of 5.7% ± 6.6%. Method blanks (n = 27) were all below the 

detection limit of the machine. Sample duplicates had a mean CV of 13% ± 9%. Results are 

reported in ng/g fresh weight (f.w.). 

2.2.5 Data treatment  

 

The data did not meet the assumptions for parametric analysis so I selected non-

parametric tests to compare THg concentrations, δ15N and δ13C isotopes between colonies, 

season, and age class, except for the multiple linear regression model that had standardized 

parameter values (mean = 0; SD = 1) which met assumptions of normality. To correct for 

multiple comparisons, I used the Benjamini - Yekutieli correction to adjust the critical p-value 

threshold. Kruskal-Wallis tests were used to examine THg, δ15N and δ13C differences between 

adult winter and summer feathers and chick feathers. If differences were found, a Wilcoxon Each 

Pair test was used to determine specific differences. Similarly, to compare THg, δ15N and δ13C 

among colonies in adult summer feathers or chick feathers I used Kruskal-Wallis tests and, if 

differences were found, a Wilcoxon Each Pair was used. Sex differences in THg, δ15N and δ13C 
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for summer or winter feathers were compared using a Wilcoxon rank sums test. I used Levene’s 

test to evaluate homoscedasticity of THg concentrations, δ15N and δ13C values between adult 

winter and summer feathers and chick feathers, and among colonies for adult summer feathers 

and chick feathers.  

Spearman’s Rank Correlation was used to examine THg concentrations, δ15N, δ13C, and 

age for each set of feathers. To determine the best predictor of THg concentrations, I used a 

multiple linear regression model (MLR) with standardized parameter values (mean = 0, SD = 1; 

to remove the effect of scale) of δ15N and δ13C and ran all possible models with the final model 

being selected using minimum Akaike’s Information Criterion (AIC) values.   

In all cases, THg concentrations were log-10 transformed to improve linearity. However, 

arithmetic means ± SD of THg concentrations were used in tables to facilitate comparison with 

other studies.  Because of the non-normal distributions of THg concentrations within each group, 

in some cases the SD is greater than the mean, implying negative concentrations, but no negative 

THg concentrations were observed. Geometric means with proportional confidence intervals 

would provide a more accurate description of THg distribution, but are not listed because they are 

less convenient for comparison with other studies. Alpha was set at the conventional level of 

0.05. All analyses were done using JMP statistical analytical software (version 10.0). 

Data collected from 2010 and 2011 were pooled for all analyses to increase sample size 

and statistical power, and because inter-year trends in THg concentrations, δ15N, and δ13C 

followed similar patterns and did not show significant differences for most categories. Isotope 

values were not baseline corrected for winter or summer feathers; the former because wintering 

locations were unknown, and the latter because I do not have samples of appropriate prey 

organisms. To test for the effect of sex and age on THg and isotope values in winter and summer 
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grown feathers, I pooled individuals from all colonies to obtain meaningful sample sizes. 

Individuals from separate colonies were also pooled to compare differences in THg, δ15N and 

δ13C between adult winter and summer feathers, and chick feathers.  

2.3 Results 

2.3.1 Age and sex patterns 

 

In winter feathers, age (n = 29) was significantly correlated only with δ13C (n = 29; 

Spearman’s ρ = 0.43, p = 0.03, Fig. 3), but not log THg concentration or δ15N values. In summer 

feathers, age (n =8) was not correlated with any variables. Winter grown male feathers (n = 37) 

had a significantly higher mean δ15N value than female winter feathers (n=42; Wilcoxon rank 

sums; Χ2 = 5.27, p = 0.02, Table 1), but no significant sex differences were found for log THg 

concentration or δ13C value. Similarly, in summer feathers, there were no significant sex 

differences (males, n = 13; females, n = 18) in log THg concentration, δ13C, or δ15N values 

(Wilcoxon rank sums; p >0.05 in all cases, Table 1). 

2.3.2 Log THg concentrations in adults (winter and summer) and chick feathers 

 

There was no significant carryover of log THg concentration between winter and summer 

feathers (n = 45; Spearman’s ρ = 0.16, p = 0.29). Log THg concentration was significantly lower 

for adult winter (n = 133) and chick (n = 77) feathers than for all summer (n = 44) feathers 

(Wilcoxon Each Pair; Z = -8.98, p <0.0001; Z = -6.69, p <0.0001, respectively, Table 1). Chick 

log THg concentration was significantly less variable than for adult winter (Levene’s test; f = 

41.52, df = 1, 208, p  <0.0001), and summer feathers (Levene’s test; f = 28.01, df  = 1, 120, p  

<0.0001, Table 1). 
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2.3.3 Trophic structure – adults (winter, summer) and chick feathers  

 

The mean δ13C value of all winter feathers (n = 133) was significantly higher (e.g. less 

negative) than all adult summer (n = 44; Wilcoxon Each Pair; z = 8.72, p <0.0001) and chick 

feathers (n = 77; Wilcoxon Each Pair; z = -9.49, p <0.0001, Table 1). Further, the mean δ13C 

value in chick feathers was significantly higher than in all summer adult feathers (Wilcoxon Each 

Pair; z = 4.03, p  <0.0001; Table 1). The mean δ15N value in all adult winter feathers was also 

significantly greater than for summer (Wilcoxon Each Pair; z = 3.21, p = 0.0013) and chick 

feathers (Wilcoxon Each Pair; z = 1.65, p = 0.017; Table 1) but mean summer and chick δ15N 

values were not significantly different (Wilcoxon Each Pair; p >0.05, Table 1).  

Values of δ13C were significantly less variable within winter feathers than for summer 

feathers (Levene’s test; f = 13.07, df  = 1, 176, p = 0.004) and for chick feathers (Levene’s test; f 

= 4.22, df = 1, 208, p = 0.04; Table 1). Conversely, δ15N values were significantly more variable 

in winter than summer (Levene’s test; f = 18.96, df = 1, 176, p <0.0001) and chick feathers 

(Levene’s test; f = 46.48, df = 1, 208, p <0.0001, Table 1). 

 

2.3.4 Correlations - adults (winter, summer) and chick feathers 

 

Values of δ15N were positively correlated to δ13C values for winter (Spearman’s ρ = 0.20, 

p = 0.02, Table 2, Fig. 3), summer (Spearman’s ρ = 0.73, p <0.0001, Table 2, Fig. 4), and chick 
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feathers (Spearman’s ρ = 0.53, p <0.0001, Table 2). Log THg concentration and δ15N showed 

negative but non-significant correlations in winter, summer, and chick feathers (Spearman’s; p = 

>0.05 in all cases, Table 2, Fig. 5). Log THg concentration was significantly and negatively 

correlated with δ13C values in winter (Spearman’s ρ = -0.41, p <0.0001), summer (Spearman’s ρ 

= -0.49, p = 0.0007), and chick feathers (Spearman’s ρ = -0.30, p = 0.009, Table 2). 

 

2.3.5 THg concentrations - among colonies (summer adult and chick feathers) 

 

In adults, there was no significant difference in log THg concentration among colonies 

(Kruskal-Wallis; p >0.05, Table 1). Chick log THg concentration was significantly higher at 213 

(n=19) than Ice (n = 29; Kruskal-Wallis; Χ2 = 8.22, df = 2, p = 0.02; Wilcoxon Each Pair, p = 

0.004, Table 1).  However, log THg concentrations in chicks from EMC (n = 29) were not 

significantly different from those at Ice or 213 (Wilcoxon Each Pair, p >0.05 in both cases, Table 

1). There were no differences in the variance of log THg concentration between colonies in adult 

summer or chick feathers (Levene’s test; p >0.05 in both cases, Table 1).  

2.3.6  Trophic structure – among colonies (summer adult and chick feathers) 

 

Mean δ13C value for adults from 213 was significantly higher than Ice (Kruskal-Wallis; 

χ2 = 7.90, df = 2, p = 0.019; Wilcoxon Each Pair, p = 0.007, Table 1), but EMC mean δ13C value 

was not significantly different from either 213 or Ice (Wilcoxon Each pair, p >0.05 in both cases, 

Table 1). The variance in δ13C values was significantly less in adults from 213 than both Ice 

(Levene’s Test; f = 7.54, df = 1, 24, p = 0.01) and EMC (Levene’s Test; f = 8.77, df = 1, 26, p = 

0.007, Table 1). Mean δ15N value in adults from Ice were significantly lower (Kruskal-Wallis; Χ2 
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= 26.58, df = 2, p <0.0001) than either 213 (Wilcoxon Each Pair, p = 0.0023) or EMC (Wilcoxon 

Each Pair, p <0.0001), but EMC was significantly higher than 213 (Kruskal-Wallis; Χ2 = 26.58, 

df = 2, p <0.0001; Wilcoxon Each Pair, p = 0.0019, Table 1). The variance in adult summer δ15N 

values among all colonies was not significantly different (Levene’s Test, p >0.05 in all cases).  

In chicks, mean δ13C value at Ice was significantly lower than either 213 or EMC (Kruskal-

Wallis; Χ2 = 16.49, df= 2, p = 0.0003; Wilcoxon Each Pair, p <0.0001 (213), p = 0.007 (EMC), 

Table 1). Interestingly, similar to adults, δ13C values in chick feathers from 213 were significantly 

less variable than chicks from either Ice (Levene’s Test; f = 23.87, df = 1, 46, p <0.0001) or EMC 

(Levene’s Test; f = 10.99, df = 1, 46, p = 0.0018, Table 1).  

Chicks from Ice had a significantly lower mean δ15N value than 213 or EMC (Kruskal-

Wallis; Χ2 = 26.58, df = 2, p <0.0001; Wilcoxon Each Pair, p = 0.0023 (213), p <0.0001 (EMC), 

Table 1). In addition, chicks at 213 were significantly lower in mean δ15N value than EMC 

(Kruskal-Wallis; Χ2 = 26.58, df = 2, p <0.0001; Wilcoxon Each Pair, p = 0.0019, Table 1). The 

variance of δ15N values was significantly different at each colony; Ice was significantly more 

variable than 213 and EMC (Levene’s Test; f = 17.95, df = 1, 46, p = 0.0001, and f = 4.84, df = 1, 

56, p = 0.0319, respectively), and 213 was significantly less variable than EMC (Levene’s Test; f 

= 5.95, df = 1, 46, p = 0.0187, Table 1). 

2.3.7 Correlations – among colonies (summer adult and chick feathers) 

 

 In adult summer feathers, δ15N and δ13C values were positively and significantly 

correlated in all colonies; (213: Spearman’s ρ = 0.78, p = 0.01, Ice: Spearman’s ρ = 0.58, p = 

0.02, EMC: Spearman’s ρ = 0.82, p <0.0001, Table 2, Fig. 7a). Log THg concentration and δ13C 

values in summer adult feathers were significantly and negatively correlated only at EMC 
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(Spearman’s ρ = -0.66, p = 0.002, Table 2, Fig. 7b). Log THg concentration and δ15N values were 

not significantly correlated for any colony in adult summer feathers (Spearman’s; p >0.05 in all 

cases, Table 2, Fig. 7c).  

 In chick feathers, δ15N and δ13C were positively correlated at Ice (Spearman’s ρ = 0.54, p 

= 0.003) and EMC (Spearman’s ρ = 0.60, p = 0.0006), but not at colony 213 (Spearman’s ρ = -

0.097, p = 0.84, Table 2, Fig. 6d). Although Log THg concentrations and δ13C values were 

significantly negatively correlated in chicks when colonies were combined (Table 2), there were 

no significant Log THg concentrations and δ13C correlations for individual colonies (Spearman’s;  

p = >0.05 in all cases, Table 2, Fig 7e). Similarly, log THg concentrations were not significantly 

correlated with δ15N values in chicks for any colony (Spearman’s; ρ >0.05 in all cases, Table 2, 

Fig. 7f). 

2.3.8 Multi-linear regression models – adult (winter, summer) and chick feathers 

 

For both winter and summer adult feathers, the most parsimonious MLR model included 

only δ13C values, which explained 24 and 25% of the variation in THg concentrations, 

respectively (Table 3, Fig. 6).  Because THg concentrations in chick feathers were significantly 

different between colonies (see above), I also ran the model separately in chicks for each colony, 

but did not get any significant results. 

2.4 Discussion 

2.4.1 Age and sex 
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Age had no effect on tern THg concentrations or δ15N values in summer or winter 

feathers, similar to terns nesting on the Atlantic Coast at Buzzards Bay, Massachusetts (Nisbet et 

al., 2002). Although Hg in fish and other taxa generally increases with age or size (Ullrich et al., 

2001; Kidd et al., 2012), birds can excrete upwards of 90% of their body burden into growing 

feathers during molt (Braune and Gaskin, 1987; Monteiro and Furness, 2001). However, winter 

δ13C values were positively correlated with age, but this may have been caused by only 

individuals <12 yrs having δ13C values expected for a strict marine-based diet (≥ -16‰; Bearhop 

et al., 1999; Fig. 3), and a freshwater or mixed (freshwater, estuarine, and/or marine)  diet (≤-

16‰). Safina et al. (1988) suggested that older terns breeding on Long Island, NY, are better able 

to compete over schooling fish in pelagic marine environments and younger or less experienced 

individuals may minimize energy expenditures by foraging in more inshore or estuarine 

environments. 

In winter feathers, females had significantly lower δ15N values than males but there was 

no difference in THg concentrations or δ13C values (Table 1). The δ15N difference suggests that 

males either feed at a higher trophic position during the winter months or, alternatively, that 

males and females overwinter in different locations with different prey δ15N values (Wada et al., 

1987; Nisbet et al., 2002). However, a higher trophic position for males would potentially result 

in a higher THg concentration but that was not the case so it is less likely that they occupy 

different trophic positions. There was no significant difference in THg concentrations and δ15N 

values in summer feathers between males and females (Table 1), which was contrary to our 

hypothesis that during courtship and incubation, males would provision females with larger or 

higher trophic level prey (Taylor, 1979; Nisbet, 2002). However, in our study, male and female 

terns were not identified as partners making this interpretation less certain. Furthermore, there 
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was no difference in δ13C values between sexes in summer feathers suggesting that they forage 

similarly among habitat types on the St. Lawrence River (Table 1). Sex-dependent dietary 

specialization is generally more common in sexually dimorphic seabird species (Weimerskirch et 

al., 1993; Gonzales-Solis et al., 2000;2002) such as Herring gulls (Larus argentatus) and Great 

black-backed gulls (Larus marinus; Lavoie et al., 2012) and is less common in monomorphic 

species like the common tern.  

I hypothesized that female summer feathers would have lower THg concentrations than 

males because of the potential for mercury to be excreted into the developing embryo even if they 

fed at a higher trophic level (Robinson et al., 2012). In the present study, upon recapture of 

females there was always >1 egg in the nest but I found no difference in THg concentrations 

between sexes (Table 1). 

2.4.2 Trophic structure – winter 

 

The greater range and higher mean values of δ15N in winter feathers compared to summer 

feathers suggests that terns either forage on a wider variety of prey during the winter months  (i.e. 

greater prey diversity in marine environmensts) and/or have multiple wintering territories with 

different marine or freshwater baseline δ15N values (Table 1). Band returns from individuals 

banded on the upper St. Lawrence have been found on both Central and South American coasts 

(Gaston et al., 2008), supporting the idea that terns do not migrate together. It is also known that 

during the winter months, terns generally forage near or offshore in marine environments, 

depending on climate, weather conditions, or resource availability (Frank, 1992; Mauco and 

Favero, 2005). Adults wintering off the coast of Brazil generally consume fish between 3 to 15 

cm (Bugoni and Vooren, 2004), while in Argentina, depending on environmental conditions, 
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insects can account for up to 40% of their diet (Mauco and Favero, 2005). This variation could 

help explain the wide range of δ15N values in winter grown feathers.  

Terns foraging in marine environments would be expected to have δ13C values near -14‰ 

(Schoeninger and DeNiro, 1984; Cotin et al., 2011), because of the δ13C value of HC03 used in 

marine primary production. In fact, Bearhop et al. (1999) found that Cormorants (Phalacrocorax 

carbo) feeding exclusively on marine prey off the coast of England had δ13C values ≥-16‰, and 

the authors used this value as division between a strict marine diet versus one influenced by a 

mixed and/or freshwater diet. This is consistent with the mean δ13C value in winter feathers in our 

study (-15.6‰), which was approximately 6‰ greater than summer feathers, indicating a 

seasonal switch from freshwater to a marine winter environment for most individuals (Mizutani et 

al., 1990; Hobson et al., 1994; Table 1). Furthermore, tern winter feathers with the highest δ13C 

values  (≥-16‰; n = 107) have a much wider range of δ15N values than individuals with depleted 

δ13C values (≤-16‰; n = 25) which suggests two things: 1) increased prey diversity in marine 

environments, and 2) wintering locations utilized by terns have different baseline δ15N values, 

possibly because of alternative nitrogen sources (Fig. 4). 

2.4.3 THg – winter 

 

The most parsimonious model for explaining variation in THg concentrations in winter 

feathers included only δ13C (Table 3, Fig. 6). Winter feathers had significantly lower THg 

concentrations than either chicks or summer adult feathers (Table 1). This pattern is consistent 

with results from two similar studies on common terns in New York and Massachusetts (Burger 

et al., 1992; Nisbet et al., 2002). Importantly, mean THg concentration in winter feathers (857 

ng/g ± 1369 SD) was two to five times lower than those reported in tern winter feathers from both 
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aforementioned studies and from the Machias Seal Island tern colony in the North Atlantic (Bond 

and Diamond, 2009). 

In the present study, the negative correlation in winter feathers between THg 

concentrations and δ13C suggests that terns feeding offshore in pelagic areas were exposed to 

higher concentrations of Hg in their prey than individuals feeding inshore (Fig. 6). In coastal 

environments of the Pacific Northwest, seabirds that foraged offshore had lower δ13C values than 

species that foraged inshore (Hobson et al., 1994). In the Azores Islands, higher Hg 

concentrations in pelagic foraging seabirds were attributed to higher Hg in mesopelagic prey fish 

caused by increased Hg methylation below the thermocline (Monteiro et al., 1996). Mesopelagic 

prey can become available to terns by aquatic predators that drive prey fish to the surface 

(Shealer, 2002; Bugoni and Vooren, 2004). Indeed, Granadeiro et al. (2002) reported that the 

predominant prey fish selected by terns breeding on the Azores Islands were mesopelagic species 

that were driven to the surface.  

A similar negative correlation between Hg in body feathers and δ13C was seen in Great 

skuas (Stercorarius skua) from the North Atlantic (Bearhop et al., 2000a) and in several seabird 

species from the Aleutian Islands (Ricca et al., 2008).  However, Nisbet et al. (2002) found higher 

THg concentrations in terns foraging inshore around Buzzards Bay, Massachusetts, compared to 

offshore, but attributed their results to local and/or anthropogenic factors enhancing formation of 

bioavailable Hg compounds near shore. 

Interestingly, there was no significant correlation between Hg and δ15N in winter feathers 

(Fig. 4). Mercury is well-known to biomagnify in aquatic food webs (Campbell et al., 2008; Kidd 

et al., 2012) and several studies have shown seabird Hg concentrations to increase with increasing 

δ15N (Bearhop et al., 2000a; Bond and Diamond, 2009; Ramos et al., 2009); however, other 



 

 

 

34 

studies have reported no relationship in seabirds (Nisbet, 2002; Bearhop et al., 2000b).  This 

might be explained by the diversity of winter habitats occupied by terns with variable baseline 

δ15N values and Hg concentrations.  

2.4.4 Trophic structure – summer 

 

Values of δ15N and δ13C were strongly correlated in adult summer and chick feathers at 

all colonies (Table 2, Fig. 7a, 7b). Several possible explanations could account for this 

relationship including: 1) More complex food webs in littoral environments with a greater 

number of trophic levels; 2) Higher anthropogenic inputs of sewage or artificial fertilizers into 

near-shore littoral areas; or 3) Terns are able to depredate higher trophic level fish in littoral 

environments. The latter hypothesis would also imply greater THg concentrations, which was not 

the case (Fig. 7e, 7f). Several studies have reported more complex food web interactions in 

littoral versus pelagic habitats (Solomon et al. 2009, Chételat et al. 2011) that could account for 

prey fish of the same species having higher δ15N values in littoral zones. Conversely, 

anthropogenic run-off containing sewage or fertilizers can elevate baseline δ15N values in near 

shore or littoral habitats that are reflected as higher δ15N values in prey fish. However, in the 

upper St. Lawrence River, much of the littoral habitat utilized by terns is along shorelines of 

small islands that experience limited and seasonal human habitation. A shallow water column 

could lead to larger prey being more accessible in littoral habitats for terns that plunge dive up to 

50 cm to obtain prey, but this may be the least likely explanation as THg concentration was not 

higher in terns inferred to be foraging in littoral areas (Fig. 7c, 7d).  

Values of δ15N in adult summer feathers were not significantly different from chicks 

suggesting that they occupy similar trophic positions (Table 1). Nisbet et al. (2002) also reported 
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no difference in mean δ15N values between chicks and adults, despite the fact that adults are 

known to consume more insects and smaller fish than they feed their young. Trophic segregation 

among age classes was reported for Thick-billed murres (Uria lomvia) and Black-legged 

kittiwakes (Rissa tridactyla) from Lancaster Sound, Canada (Hobson, 1993) and to a lesser 

degree in Leach’s storm-petrels (Oceanodroma leucorhoa) in Newfoundland, Canada. Often, 

chicks occupy higher trophic levels than adults presumably because of the higher energetic costs 

associated with chick development (Hedd and Montevecchi, 2006).  

Other studies evaluating diet using δ13C and δ15N values in terns have found variable 

results. Using pectoral muscle from post-breeding terns breeding on Great Slave Lake, Hobson et 

al. (2000) found that δ13C and δ15N values were -21.9 ± 0.5‰ and 10.7 ± 0.3‰ (mean ± SD), 

respectively. The δ13C values are similar to those obtained in summer feathers in our study (Table 

1), indicative of δ13C values expected for freshwater carbon sources. However, δ15N values were 

much lower for terns on Great Slave Lake even when allowing for metabolic differences in δ15N 

fractionation between feathers and muscle (Hobson  & Clark, 1992). This could be indicative of 

terns feeding on a lower trophic level in the Great Slave lake as opposed to the St. Lawrence 

River, or more likely that δ15N values are higher at the base of the St. Lawrence food web, 

possibly from sewage and/or artificial fertilizers that are generally enriched in the heavy nitrogen 

isotope. Terns breeding in Buzzards Bay had δ13C values in summer feathers more similar to 

winter feathers rather than summer feathers in the present study (Table 1), suggestive of their 

marine habitat in Massachusetts. Values of δ15N in Buzzards Bay terns were slightly higher but 

also more similar to winter feathers, possibly due to their marine-based diet, higher trophic 

position, and/or to higher anthropogenic inputs in Buzzards Bay. 
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2.4.5 THg – Summer 

 

Among colonies, THg concentrations in chicks were significantly lower at 213 than at 

Ice, but EMC was not significantly different than either 213 or Ice (Table 1). Adults showed no 

significant differences among colonies but, importantly, THg concentrations in chicks and adults 

followed the same general pattern: lowest concentrations were found upstream (213), highest 

concentrations in the middle portion (Ice), and decreasing again downriver at EMC (Table 1). 

This was contrary to our hypothesis that EMC would have the highest Hg concentrations due to 

its proximity to the AOC (Environment Canada, 1992). However, the two adults with the highest 

THg concentrations in summer feathers (23,761 and 25,433 ng/g) were from EMC, which 

suggests that some individuals may forage in specific areas of the AOC where Hg transfer into 

the food web is highest (Ridal et al., 2010).  

The spatial variation in Hg along the upper St. Lawrence may be caused by 

heterogeneous habitat characteristics or a number of biophysical or anthropogenic processes. 

Bioavailability of MeHg in freshwater environments is predominantly controlled by the rate of 

methylation, amount of inorganic Hg loading to the system, efficiency of food web uptake and 

transfer (Wiener and Spry, 1996; Ridal et al., 2010), general watershed characteristics (Driscoll et 

al., 2007), and physicochemical factors including pH and dissolved organic carbon (DOC; 

Miskimmin et al., 1992). Throughout the upper St. Lawrence River, THg concentrations in 

surface waters of the main stem remain constant (0.14 – 0.15 ng/L) and are thought to be a 

reflection of inputs from Lake Ontario (Amyot et al., 2000). This suggests that factors other than 
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Lake Ontario inputs are driving Hg dynamics in terns breeding along the upper St. Lawrence 

River.  

The Ice colony is located in the middle stretch of the upper St. Lawrence River (Fig. 2) 

where its corridor narrows considerably and is characterized predominantly by high water 

turbulence (Twiss et al., 2010) and a deep pelagic zone with limited shoreline (approx. 2,000 

acres littoral habitat on the U.S. side; Patch and Bush, 1984). Colony 213 is upstream in the 

Thousand Islands archipelago (Fig. 2) and is characterized by abundant shoreline littoral habitat 

totaling just over 9,000 acres (U.S. side; Patch and Busch, 1984). Downstream of Ice, near EMC, 

the river begins to widen again (Fig. 2), albeit to a lesser extent than the Thousand Islands and 

encompasses just over 6,400 acres of littoral habitat  (U.S. side; Patch and Busch, 1984). These 

differences in available littoral habitat are reflected in mean δ13C values for each colony: Ice 

adults and chicks have the most depleted mean δ13C value, whereas 213 is most enriched and 

EMC is intermediate (Table 1). Furthermore, adults and chicks from 213 had less variation in 

their δ13C values, which were suggest a greater dependence on littoral habitats and agrees with 

increased availability of littoral vs. pelagic habit for this section of the St. Lawrence River (Fig. 

2).  

Within freshwater systems, consumers relying on pelagic food webs have more depleted 

δ13C values than littoral consumers (France, 1995; Hobson, 1999), indicating that terns breeding 

on Ice rely on pelagic prey species to a greater extent. Further, the most parsimonious model for 

predicting mercury in adult summer feathers included only δ13C and therefore habitat type may be 

more important than proximity to the AOC in explaining THg concentrations in terns.  

In a study spanning several lakes of Canada and Northeastern USA, Chételat et al. (2011) 

proposed that littoral macroinvertebrate MeHg uptake is lowered by the consumption of energy 
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sources including terrestrial organic particulate and detrital matter from phytoplankton, 

periphyton and macrophytes that do not accumulate MeHg produced within the water column. In 

addition, several studies (e.g. Power et al., 2002; Gorski et al., 2003; Stewart et al., 2008) found 

elevated MeHg burdens in pelagic feeding fish relative to littoral feeders. Campbell et al. (2000) 

used δ13C to show that organochlorines bioaccumulate to higher concentrations in pelagic than in 

littoral food webs. Consequently, Hg in top trophic consumers may be more a function of Hg 

entering the base of the food web, rather then relative trophic position (Chasar et al., 2009, 

Stewart et al., 2008). Diurnal migration of zooplankton in pelagic environments can also increase 

zooplankton contact with the hypolimnetic zone where aqueous Hg concentrates (Clarisse et al., 

2009). However, the upper St. Lawrence River does not regularly stratify and depth profiles of 

elemental Hg are homogenous because of regular mixing that inhibits the likelihood of 

nonphotochemical methylation at depth (Amyot et al., 2000). 

Alternatively, the higher THg concentrations in terns from Ice could result from the 

bioconcentration of Hg in the middle corridor of the upper St. Lawrence River. Generally, Hg 

concentrations in zooplankton decrease with increasing zooplankton densities because of the 

biodilution of available Hg. This in turn reduces Hg concentrations in prey fish (Chen and Folt, 

2005). By extension, Hg concentrations in zooplankton and fish should increase with decreasing 

plankton densities because available Hg is bioconcentrated in less overall biomass. Twiss et al. 

(2010) found that phytoplankton (measured as chlorophyll-a) and zooplankton biomass begin to 

decrease downstream of colony 213 where the St. Lawrence River begins to narrow considerably, 

and that they reach their lowest concentrations near Ice before increasing again just upriver from 

EMC. This decreased plankton biomass near Ice could be bioconcentrating Hg in biota within the 

middle corridor of the upper St. Lawrence River. 
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Lastly, it is possible that inorganic Hg bound with dissolved organic matter (DOM) is 

being exported from the Oswegatchie River and deposited into the St. Lawrence just upstream of 

Ice.  The Oswegatchie River originates in the Adirondack National Park, a known hotspot for Hg 

bioaccumulation in wildlife due to the sensitivity of the landscape and high rates of atmospheric 

acid and Hg deposition (Driscoll et al., 1994; Evers et al., 2007). The headwaters of these two 

rivers are in the southwestern portion of the park where Yu et al. (2011) found concentrations of 

Hg in aquatic biota to be highest in a region-wide study. Several studies showed that Hg in small 

tributaries can be readily transported from smaller watersheds into the main stem of larger rivers 

(St. Louise et al., 1994; Hurley et al., 1995; Paller et al., 2004). Because inorganic Hg can form 

complexes with humic acids in DOM, the two are often positively correlated (Driscoll et al., 

1995; Shanley et al., 2002). M. Twiss, (Clarkson University; unpublished data) found that DOM 

can peak in the upper St. Lawrence River near the mouth of the Oswegatchie River during the 

breeding season. Additionally, although DOC controls on Hg bioavailability are complex 

(Ravichandran, 2004), under appropriate physicochemical conditions high DOC can reduce 

photoreduction of ionic Hg and photodegradation of MeHg that in turn promotes methylation and 

bioavailability of Hg (Driscoll et al., 2007). Therefore, Hg inputs from the Oswegatchie River 

may further explain why I did not see the expected colony differences in THg concentrations. 

2.4.6 THg within the AOC 

 

Although Hg concentrations in adult terns at EMC were not significantly different from 

213 or Ice, food web dynamics and Hg biomagnification in this section of the River are complex 

(Ridal et al., 2010) and mercury concentrations throughout the AOC are highly variable in 

sediments (Pelletier and Lepage, 2003), and fish (Choy et al., 2008; Fowlie et al., 2008). There 
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are specific depositional zones that are hotspots for mercury in sediments (Richman and Dreier, 

2001) yet fish in these zones do not consistently have higher Hg concentrations (Ridal et al., 

2010). Furthermore, Hg sediment concentrations drop off quickly outside specific zones, but it is 

possible that the adults with the highest THg concentrations at EMC forage in zones where Hg 

concentrations in fish are highest (Choy et al., 2008). However, in the Great Lakes and St. 

Lawrence River, terns forage singly so it is likely that enough individuals are foraging away from 

the AOC Hg hotspots that colony viability is not threatened by legacy Hg sources more so than 

colonies upstream. 

 

2.4.7 Chick THg and trophic structure 

 

Prior to fledging, chicks are fed exclusively by their parents and contaminant 

concentrations in feathers reflect concentrations in the local environment. Hg concentrations in 

down feathers are influenced by maternal Hg transfer (Becker et al., 1993; Burger, 1993). 

Depending on the exact time of sample collection, Hg concentration can be difficult to interpret 

because of rapid increases in body mass and Hg depuration into growing feathers resulting in Hg 

growth biodilution (Spalding et al., 2000; Goodale et al., 2008). I was uncertain of exact chick 

age at the time of capture but, based on a tern chick aging schematic (C. Wails et al., 

unpublished), I estimated ages to be between 13 and 19 days old. Mean chick THg concentrations 

(1,600 ng/g) were lower than those reported in chick breast feathers for Bird Island (4,200 ± 

3,100 ng/g; Nisbet et al., 2002), similar to a comparison of adult summer feathers. Interestingly, 

in our study and Nisbet et al. (2002), THg concentration in chicks was intermediate between adult 

winter and summer feather concentrations. 



 

 

 

41 

During the breeding period, adults will consume more insects and smaller fish than they 

feed their young (Nisbet, 2002); typically prey fish for young are between 5-6 cm (Wagner and 

Safina, 1989). However, δ15N values in adult summer feathers were not significantly different 

from chicks suggesting they occupy similar trophic positions, similar to results at Bird Island 

(Nisbet et al., 2002). Interestingly, δ13C values for chicks were significantly more enriched than 

adult summer feathers, suggesting that adults may preferentially select prey from littoral areas 

when provisioning chicks (Table 1). Age-class differences in δ13C or δ15N were documented in 

other seabird species (Hobson, 1993; Hedd and Montevecchi, 2006), perhaps to meet higher 

energetic costs associated with juvenile development (Massias and Becker, 1990).  

 

2.4.8 Significance of THg concentrations  

 

 Reproductive impairment in birds exposed to Hg may occur when feather concentrations 

are as low as 5,000 ng/g f.w. (Eisler, 1987; Burger and Gochfeld, 2000). Burgess and Meyer 

(2008) reported that feather concentrations of 40,000 ng/g f.w. were correlated with a 41% 

reduction in fledging success of Common loons (Gavia immer). Depew et al. (2012) reported that 

THg concentrations in prey fish of adult loons exceeding 100 ng/g w.w. (wet weight) caused 

behavioral abnormalities. Within the St. Lawrence AOC, Choy et al. (2008) reported mean THg 

concentrations of Spottail shiners (Notropis hudsonius) to be 69 ± 6.5 ng/g w.w. which is lower 

than the THg concentrations reported by Depew et al. (2012), but specific dietary Hg thresholds 

that could negatively impact terns are unknown.  

Total mercury concentrations in adult terns in this study ranged from 800 to 25,000 ng/g. 

Mean THg concentrations for adult summer feathers (7,000 ± 5,900 ng/g) were on average lower 

than concentrations reported in Burger et al. (1992) for terns nesting on Long Island, NY (8,300 ± 
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1,100 ng/g) and Bird Island, Massachusetts (11,800 ± 1,500 ng/g), but were similar to 

concentrations reported for Bird Island ten years later (6,700 ± 5,400 ng/g; Nisbet et al., 2002). In 

general, seabirds are thought to have MeHg detoxification mechanisms, perhaps as an adaptation 

to Hg that is naturally found in marine environments (Thompson and Furness, 1989a; 1989b). 

 In summary, I found that terns foraging in more pelagic zones of the St. Lawrence River 

had the highest Hg concentrations, suggesting that foraging habitat may be more important than 

colony location in explaining Hg exposure in terns along the St. Lawrence River. Similarly, terns 

foraging offshore during the winter months are also exposed to higher THg concentrations. 

Lastly, reproduction is one of the most sensitive endpoints of Hg toxicity in birds (Heinz, 1979; 

Hoffman and Heinz, 1998). Terns from our study and others (Burger et al., 1992; Nisbet et al., 

2002) are exposed to the highest Hg concentrations during the breeding period as opposed to the 

wintering period. Because terns are income breeders (relying predominantly on locally derived 

nutrients for reproduction; Hobson et al., 2000; Bond and Diamond, 2010), egg and chick 

development may be impaired based on Hg concentrations observed here. Further investigation is 

required to assess Hg toxicity endpoints. 
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Table 1.  Arithmetic mean ± SD Total mercury (THg) concentrations (ng/g, f.w.), δ15N, and δ13C 
in Common tern (Sterna hirundo) breast feathers collected in 2010 and 2011 from the upper St. 
Lawrence River, New York, USA. Winter feathers were grown during the winter quarters 
whereas summer feathers were grown during the breeding season. Significant differences within 
each group (separated by solid lines) are indicated by different letters. Different means (Wilcoxon 
or Kruskal-Wallis; a,b,c), and variances (Levene’s test; d,e,f) are noted. 

 

Grouping 
Season 

 Age 

Class 

Sex or 

colony 
n THg δ15N δ13C 

Total 

sampled 
Winter Adult 

 
133 857 ±1369 a, d 15.8 ± 3.1 a, d -15.6 ± 2.3 a, d 

 Summer Adult 
 

45 6984 ± 5876 b, d 14.0 ± 1.6 b, e -21.8 ± 3.2 b, e 

 Summer Chick 
 

77 1591 ± 577 c, e 14.5 ± 1.4 b, e -19.7 ± 2.8 c, e 

By Sex Winter Adult F 42 1015 ± 1652 a, d 15.4 ± 3.2 a, d -15.8 ± 2.6 a, d 

 
  

M 37 584 ± 1081 a, d 17.1 ± 3.1 b, d -15.4 ± 2.1 a, d 

By Sex Summer Adult F 18 7224 ± 7246 a, d 14.1 ± 1.7 a, d -21.8 ± 3.4 a, d 

 
  

M 13 7224 ± 5225 a, d 14.3 ± 1.2 a, d -20.7 ± 3.1 a, d 

By 

colonies 
Summer Adult 213 9 4788 ± 2749 a, d 14.3 ± 0.9 a, d -19.5 ± 0.9 a, d 

 
  

Ice 17 8096 ± 5430 a, d 13.3 ± 1.6 a, d -23.0 ± 3.1 b, e 

 
  

EMC 19 7029 ± 7158 a, d 14.5 ± 1.7 a, d -21.8 ± 3.5 ab, e 

By 

colonies 
Summer Chick 213 19 1289 ± 483 a, d 14.7 ±0.5 a, d -18.2 ± 0.6 a, d 

 

  

Ice 29 1786 ± 615 b, d 13.6 ±1.5 b, e -21.4 ± 3.4 b, e 

 
    EMC 29 1594 ± 523 ab, d  15.3 ±1.0 c, f -19.1  ± 2.2 a, f 
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Table 2. Correlations among Log THg concentration (ng/g, f.w.), δ15N, and δ13C from adult 
(winter and summer) and chick Common tern (Sterna hirundo) feathers. Correlations are grouped 
by season, age class and colony. Spearman Rank correlation coefficients are given, *p ≤0.05, **p 
≤0.01. 

 

Key group Colony Variables Log THg δ15N δ13C 

Summer Combined Log THg  - 0.32* - 0.49** 

  δ15N      0.73** 

  δ13C    

Winter Combined Log THg  - 0.15 - 0.41** 

  δ15N     0.20* 

  δ13C    

Chicks Combined Log THg  - 0.10 - 0.30** 

  δ15N     0.53** 

  δ13C    

Adult 213 Log THg  - 0.18 - 0.48 

Summer  δ15N     0.78* 

  δ13C    

 Ice Log THg   0.05 - 0.13 

  δ15N     0.58* 

  δ13C    

 EMC Log THg  - 0.38 - 0.66** 

  δ15N      0.82** 

  δ13C    

Chicks 213 Log THg   0.07 - 0.49 

  δ15N   - 0.05 

  δ13C    

 Ice Log THg  - 0.004 - 0.21 

  δ15N   0.54** 

  δ13C    

 EMC Log THg  - 0.009 -0.10 

  δ15N   0.60** 

  δ13C   1.00 
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Table 3.  Multiple regression analysis results of adult Common tern (Sterna hirundo) winter and 
summer feathers with partial standardized regression coefficients (β); the most parsimonious 
model was selected using minimum Akaike information criterion (AIC) values. Colonies are 
combined by season. No model was significant in explaining Hg variation in chicks. (NA = 
variables not included in the most parsimonious model with p >0.05).  
 

Dependent 

variable 

Independent 

variable 

β’ Std. 

Error 

df t F R2 p 

Winter THg δ13C -0.49 0.08  6.51   <0.001 

 δ15N       NA 

 δ13C * δ15N       NA 

 Total   132  42.39 0.24 <0.001 

Summer THg δ13C -0.50 0.13  3.83   <0.001 

 δ15N       NA 

 δ13C * δ15N       NA 

 Total   44  14.67 0.25 <0.001 
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Figure 1.   Map of the international section of the upper St. Lawrence River, spanning U.S.A. and 
Canada. Three common tern (Sterna hirundo) colonies were selected for the study, from upstream 
to downstream: Navigation marker 213 (213), Ice Boom C (Ice), and the Eisenhower Mooring 
Cells (EMC). 
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Figure 2.  Map of individual study sites for Common terns (Sterna hirundo) with colony 
locations in black circles (Map reproduced from Twiss et al., 2010). Colony 213 is in the 
Thousand Islands Region, Ice is in the central narrow corridor, and EMC, is furthest downstream, 
near the Eisenhower Lock and Moses-Saunders Power dam.  
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Figure 3.  Relationship between δ13C and age in adult Common tern (Sterna hirundo) winter 
grown breast feathers (n = 29) collected in 2010 and 2011 on the St. Lawrence River, NY, USA. 
The δ13C value -16‰ (from Bearhop et al., 1999) was selected as the division between a strict 
marine-based diet and a mixed/freshwater diet. 
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Figure 4.  Relationship between δ15N and δ13C of adult Common tern (Sterna hirundo) winter  (n 
= 133) and summer (n = 45) feathers collected in 2010 and 2011 on the upper St. Lawrence 
River, NY, USA. The δ13C value -16‰ (from Bearhop et al., 1999) was selected as the division 
between a strict marine-based diet and a mixed/freshwater diet. 
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Figure 5.  Relationship between Log THg concentrations (ng/g, f.w.) and δ15N of adult Common 
tern (Sterna hirundo) winter  (n = 133) and summer (n = 45) feathers collected in 2010 and 2011 
on the upper St. Lawrence River, NY, USA. 
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Figure 6.  Relationship between Log THg (ng/g, f.w.) and δ13C for adult Common tern (Sterna 
hirundo) breast feathers collected in 2010 and 2011 from the upper St. Lawrence River, NY, 
USA. The results of the MLR model indicated that δ13C was the only variable explaining 
variation in Log THg concentration for adult winter (n = 133, p <0.0001), summer (n = 45, p 
=0.0004) feathers. The δ13C value -16‰ (from Bearhop et al., 1999) was selected as the division 
between a strict marine-based diet and a mixed/freshwater diet. 
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Figure 7. Common tern (Sterna hirundo) adult summer (left column) and chick (right column) 
feathers collected in 2010 and 2011 from colonies 213 (n), Ice (Δ), and EMC (O), on the upper 
the St. Lawrence River, NY, USA. Graphs A and B show δ15N versus δ13C; graphs C and D show 
Log THg concentration (ng/g, f.w.) versus δ13C; and graphs E and F show Log THg concentration 
(ng/g, f.w.) versus δ15N
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Chapter 3 

Conclusions 

 

3.1 General conclusions 

 

In this study, the main objective was to characterize Hg in terns breeding throughout the 

upper St. Lawrence River, and to compare these data with tern Hg concentrations accumulated 

during the winter months. Secondly, because diet is the primary route of Hg exposure, I used 

dietary tracers of δ13C and δ15N to link mercury exposure to foraging ecology. Lastly, our results 

provide a basis for comparison with other studies that have evaluated Hg in terns from other 

breeding sites around the world.  

Seabirds are important bioindicators and biomonitors of environmental pollution (Furness 

and Camphuysen, 1997; Burger and Gochfeld, 2004). In fact, the Great Lakes Herring Gull 

Monitoring Program (Weseloh et al., 2011) is the world’s longest running contaminant study  

(1974 – present) and speaks directly to the importance of continuing to monitor and evaluate 

contaminants in the Great Lakes/St. Lawrence Basin.  In this study, Common terns were a useful 

bioindicator for evaluating Hg bioaccumulation in seabirds breeding near and upstream of the St. 

Lawrence AOC. 

The principal sources of Hg discharge to the St. Lawrence AOC were Domtar Fine 

Papers, ICI Forest Products, Courtaulds Films, and Courtaulds Fibres (Environment Canada, 

1992). Despite the closure of these plants between 1989 and 1994, fish within the AOC still 

exhibit Hg burdens exceeding OME fish consumption guidelines (Fowlie et al., 2008). 
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Interestingly, Fowlie et al. (2008) found that Hg concentrations in fish within the AOC were 

highly variable so that it may be misleading to prescribe a ‘one-size-fits-all’ management strategy 

for fish consumption within the AOC. Similarly, in terns, I found striking variation in Hg 

concentrations for individuals breeding near the AOC, but their feeding territories are much larger 

than the fish species reported by Fowlie et al. (2008). Thus, the Hg concentrations reported for 

terns in the present study are essentially integrations of Hg in prey fish for a 10 – 20 km radius 

around each colony.  While this coarse resolution can be difficult to interpret, it offers the benefit 

of being able to compare Hg exposure in wildlife with large foraging territories across a complex 

river system and, because terns are top trophic predators, they should reflect maximum Hg 

concentrations within the St. Lawrence River food web. Therefore, these results provide an 

assessment of Hg in piscivorous birds for three major sections of the upper St. Lawrence River 

that is complementary to recent studies evaluating site-specific Hg concentrations in sediments, 

plankton, and fish (e.g. Choy et al., 2008; Fowlie et al., 2008; Ridal et al., 2010).  

3.1.1 Summary of results 

 

Mecury across season, colony, and life history stage 

 

 

1. Prediction:  Adult terns will have higher Hg concentrations in summer feathers compared 

to winter feathers because biota in the Great Lakes Basin are known to have high Hg 

concentrations. 

 

Result:  Common terns bioaccumulate significantly more Hg on the breeding grounds 

compared to the wintering grounds, as predicted. This difference is substantial; Hg in 
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summer feathers was almost two orders of magnitude higher than in winter-grown 

feathers. 

 

2. Prediction:  Chicks will have lower Hg concentrations than adult summer feathers 

because of a biodilution effect during chick growth and depuration into growing feathers.  

 

Result: Tern chicks had Hg concentrations intermediate between adult summer and 

winter feathers. This also suggests higher contamination in prey on the breeding grounds 

because Hg in chick feathers is exclusively derived from Hg in prey delivered to chicks 

from their parents. Lastly, lower Hg concentrations in chicks than adult summer feathers 

indicates that Hg concentrations in chicks are essentially diluted during this rapid growth 

stage and because of depuration into growing feathers (e.g. Becker, 1993). 

 

3. Prediction:  Adult summer and chick breast feathers from EMC will have higher Hg 

concentrations than terns foraging upstream from colonies 213 and Ice. 

 

Result:  Total mercury was not highest at EMC in chicks or adults, as we predicted given 

its proximity to the AOC. In fact, THg concentrations were highest at Ice, upstream of the 

AOC and historic Hg point sources. In both chicks and adults, Hg concentrations at EMC 

were intermediate between 213 and Ice but not significantly different from either. The 

THg pattern observed along the upper St. Lawrence River appears to be driven more by 

foraging habitat and habitat availability surrounding each colony. In addition, the higher 

THg concentrations observed at Ice may be caused by: 1) The bioconcentration of Hg in 
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the middle corridor where plankton densities are low; 2) A more efficient trophic transfer 

of Hg in pelagic environments, or; 3) Hg bound to DOC in the Oswegatchie River may 

be exported in to the St. Lawrence River, just upstream of Ice. 

  

Trophic Structure 

 

4. Prediction:  Winter feathers will be more enriched (i.e. higher) in δ13C values than both 

summer and chick feathers, indicative of a seasonal shift toward a marine-based diet in 

the winter.  

 

Result:  Values of δ13C in winter feathers were more enriched (i.e. higher) than summer 

and chick feathers. This indicates a shift from a marine-based diet during the winter 

months to a freshwater-based diet in the summer months. Few studies on marine birds 

have reported a similar shift in foraging ecology between seasons.  However, several δ13C 

values for several individuals in winter feathers were < -16‰, indicating that they fed on 

a mixed and/or freshwater based diet during the winter months as well. 

 

5. Prediction:  Colonies are biogeographically similar enough that δ13C and δ15N values will 

not vary among colonies in summer or chick breast feathers.  

 

Result: Values of δ13C were more depleted (i.e. lower) in chicks and adults from the 

middle colony, Ice, indicating that terns from Ice forage in a more pelagic-based habitat. 

This colony is located along the narrow middle corridor of the upper St. Lawrence River, 
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which is pelagic dominated with few islands, and consequently, limited shoreline or 

littoral habitat. Values of δ15N were not significantly different in adults among colonies, 

but were significantly lower in chicks from Ice, suggestive of a lower relative trophic 

position for tern prey in a pelagic-dominated habitat.  

 

6. Prediction: Adult summer and chick breast feathers within each colony will have similar 

δ13C  values because chicks are fed by parents. However, values of δ15N will be lower in 

chicks than adult summer feathers because chicks often cannot ingest the larger prey 

items from parental deliveries.  

 

Result:  Chicks consistently had higher δ13C values than parents overall, and at each 

colony.  This suggests that adults may preferentially provision chicks with prey items 

from more littoral-based habitats. This is important given that THg concentration 

decreases with increasing δ13C values. However, there was no difference in overall δ15N 

values between chicks and parents, indicating that they feed on prey of similar relative 

trophic positions. 

 

7. Prediction:  Among individuals, females will exhibit higher δ15N than males because 

males are known to deliver larger prey items to partners during courtship and incubation 

(e.g. Nisbet 2002).  
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Result:  In winter feathers, males had a significantly higher mean δ15N value, but because 

wintering locations are unknown, this may only suggest that males and females winter in 

different locations. 

 

Results of significant correlations for which I made no predictions 

 

8. In winter grown feathers, δ15N values were much more variable. This may be explained 

by a number of hypotheses: Terns from the upper St. Lawrence overwinter in different 

locations (i.e. they have distinct migratory patterns), they forage on a wider variety of 

prey during the winter months, and/or wintering grounds include marine and freshwater 

habitats. 

 

9. In winter, summer, and chick feathers, THg concentrations were negatively correlated to 

δ13C. This suggests that prey from inshore environments are more contaminated than 

offshore prey (winter feathers) and that during the breeding period, terns foraging on 

pelagic prey bioaccumulate more Hg than terns foraging on littoral prey (summer and 

chick feathers).  

 

10. In winter, summer, and chick feathers, δ13C was positively related to δ15N. This suggests 

that compared to pelagic food webs, littoral food webs are either more complex with 

more trophic interactions that terns feed higher in the food web in littoral areas, or littoral 

areas receive increased nutrient runoff from sources such as sewage and/or fertilizers. 

 



 

 

 

59 

11. There was a significant positive correlation between age and values of δ13C in winter 

feathers. Further, young individuals tended to forage in both marine and 

mixed/freshwater habitats, whereas older adults forage predominantly offshore. Inshore 

feeding habits in younger terns may be a response to being less competitive over 

schooling fish in pelagic marine environments. 

 

12. The multiple linear regression model indicated that δ13C was the best predictor for 

explaining THg concentration in winter and summer grown feathers, but no model was 

able to explain the variation in chick THg concentration. 

 

3.1.2 Implications and future research 

 

Overall, terns are at higher risk to Hg bioaccumulation during the breeding period, the most 

sensitive life-history stage for Hg toxicity endpoints (Burgess, 2005). Furthermore, Hg is driven 

mostly by foraging habitat. During the breeding period terns foraging in pelagic habitats 

bioaccumulate more Hg than individuals that forage in littoral areas, and the paucity of littoral 

habitat near Ice may explain the higher concentrations in chicks at that colony (Fig. 2). 

Surprisingly, these results suggest that terns breeding near the AOC are not at higher risk to 

Hg bioaccumulation than colonies upstream. Thus, when considering management strategies for 

terns and other top trophic predators in the St. Lawrence, consideration of habitat type availability 

may be just as important as their proximity to the St. Lawrence AOC. The winter feather Hg 

concentrations reported in the present study are similar to those of other tern colonies along the 

Atlantic coast of North America, but the high Hg concentrations in summer feathers should be 
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cause for further investigation. The Hg concentrations in tern feathers from the St. Lawrence 

River are intermediate between the Hg values reported to cause adverse effects in birds (see 

Burger and Gochfeld, 2007; and Evers et al., 2007). However, metabolic and physiologic 

responses to Hg toxicity is different across species. Without measuring toxicity endpoints, it is 

difficult to interpret these results from a risk-evaluation standpoint. Furthermore, recent habitat 

enhancement efforts, principally by Dr. Lee Harper (Riveredge Associates, LLC) have been 

markedly successful and productivity (measured as chicks fledged/nest) for tern colonies from the 

upper St. Lawrence is 1.6 – higher than most tern colonies in the Great Lakes Basin (L. Harper; 

personal communication). Thus, it may be difficult to quantify the effects of contaminant loading 

in terns, given the success of the habitat enhancement projects. Furthermore, other important 

contaminants of concern for terns in the St. Lawrence include PCBs and a suite of emerging 

contaminants (e.g. flame retardants, estrogens, and other pharmaceutical wastes), for which we 

know very little in respect to their effects in wildlife.  Future studies on terns in the St. Lawrence 

River may benefit greatly by studying these contaminants, in addition to the Hg problem.  

Unfortunately, a taxonomic evaluation of tern prey species was beyond the scope of this 

project and future research on contaminants in piscivorous waterbirds of the upper St. Lawrence 

would be greatly improved by incorporating a detailed assessment of prey items. This is of 

particular relevance given the constant invasion of exotic invasive species that continue to alter 

food web and contaminant dynamics.  Furthermore, a more detailed assessment of Hg export into 

the St. Lawrence from tributaries could determine their Hg contributions to the upper St. 

Lawrence River. 
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