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Abstract 

Mercury contamination in Arctic aquatic biota has been monitored for decades. Little 

information exists on mercury concentrations and drivers in terrestrial Arctic carnivores. I 

assessed spatial patterns of mercury concentrations in wolverine (Gulo gulo) and the 

relationship with environmental and dietary factors across the western Canadian Arctic. 

Environmental variables were measured at two scales: collection location and around a 

150 km buffer. This buffer size was selected from correlation analysis between hydrogen 

stable isotopes in precipitation and hair from 80 individuals. Mean mercury 

concentrations in wolverines varied geographically in decreasing order Northwest 

Territories > Nunavut > Yukon.  Regression models illustrated that nitrogen stable 

isotope ratios (diet), soil organic carbon, % cover of wet area, % of perennial snow-ice, 

and distance to the Arctic coast explained best this variation. Diet was the main driver of 

mercury concentrations in wolverines with contributions from landscape characteristics 

near Arctic coastal areas.  
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Chapter  1: Introduction 

Methylmercury (MeHg), the organic form of mercury (Hg), is a neurotoxin that has been 

linked to adverse hormonal changes, reproduction and motor skill impairment in fish, 

birds and mammals (Ackerman et al., 2016; Dietz et al., 2013; Evers, 2018). In humans, 

Hg exposure can have negative neurological effects, including crossing the placental 

barrier and affecting the neural system in children (Myers & Davidson, 1998). Mercury 

contamination has been extensively studied in aquatic ecosystems (Branfireun et al., 

2020; Driscoll et al., 2007), but environmental controls on Hg bioaccumulation in 

terrestrial ecosystems and wildlife remain poorly understood, particularly in the Arctic. 

For example, information is needed on the mechanisms and factors driving inorganic Hg 

methylation in terrestrial substrates, the routes of Hg exposure in Arctic food webs and 

the environmental factors controlling Hg concentrations in Arctic terrestrial wildlife 

(Gamberg et al., 2015).   

Mercury has a complex biochemical cycle within the atmosphere, freshwater 

water, marine and terrestrial environments (Obrist et al., 2018). Mercury fluxes and 

transformations between these compartments, as well as emission sources, have been 

studied to assess and mitigate Hg exposure to wildlife and humans (Obrist et al., 2018; 

Outridge et al., 2018). In the Arctic, Hg contamination has been investigated since the 

early 1970s (Braune et al., 1999) and research has demonstrated that the presence of Hg 

in Arctic biota is due to both natural and anthropogenic sources (AMAP, 2011a; Dietz et 

al., 2009). The first studies of Hg in Arctic biota focused on freshwater fish (Braune et 

al., 1999) because of its consumption by humans and possible health effects. Although 
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extensive research has been conducted on Hg in ecosystems in the Arctic, less attention 

has been given to terrestrial environments, as well as its interaction with food webs and 

human health in comparison to freshwater and marine ecosystems (Gamberg et al., 2015). 

In freshwater environments, including lakes, rivers and wetlands, some contributing 

environmental factors to Hg methylation are temperature, redox conditions, low pH, 

organic carbon, and sulphate (Eagles-smith et al., 2016; Obrist et al., 2018). These factors 

have shown a correlation with Hg concentrations in wildlife at different spatial scales. 

Methylmercury biomagnifies through food chains, with strong evidence that dietary 

intake is the main source of mercury exposure in top predators (AMAP, 2011a; Depew et 

al., 2013; Little et al., 2015; Rimmer et al., 2010; Tsui et al., 2019; Yates et al., 2014).  

The wolverine (Gulo gulo) is a wide-ranging carnivore that is distributed 

throughout Arctic regions as well as sub-Arctic and boreal areas in North America 

(Copeland et al., 2010; COSEWIC, 2014).  In Canada, the wolverine population is listed 

as Special Concern (COSEWIC, 2014). Low densities, large spatial requirements, low 

reproductive rate and decline of prey species may contribute to wolverine’s vulnerability 

to human disturbance and trapping (Cardinal, 2004; Heinemeyer et al., 2019; Slough, 

2007). Wolverines can be considered an indicator of ecosystem health, considering their 

dependence on extensive connected biomes, their few predators or competitors, their 

support in maintaining stable ungulate populations and their scavenging on large 

carcasses killed by other carnivores (COSEWIC, 2014; Species at Risk Committee, 

2014).  
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Wolverines are important to the culture and mythology of First Nations in 

northern Canada and trapping is permitted over most of their range due to the economic 

value of their fur (Bonamy et al., 2020; Cardinal, 2004; Slough, 2007; Species at Risk 

Committee, 2014).  Owing to the elusiveness of the species it is often difficult to monitor 

its biology, health, and population characteristics.  Carcass collection programs exist in 

the northern territories of Canada that have facilitated the studying of wolverines through 

carcasses made available from fur trappers (Cardinal, 2004; Jung & Kukka, 2013; 

Species at Risk Committee, 2014). This research was motivated by collaborative efforts 

between Environment and Climate Change Canada (ECCC), territorial and provincial 

wildlife biologists and local trappers through carcass collection programs. This 

collaboration provided the opportunity to obtain tissues of a large number of wolverines 

through northern Canada.  

The main research objectives were to assess and model the spatial patterns of total 

mercury (THg) bioaccumulation in wolverine across the Canadian Arctic, and to identify 

landscape, climate and dietary factors associated with those patterns. The thesis includes 

two main phases. First, hydrogen isotopes ratios (δD) in wolverine hair were used as an 

aid to decide the appropriate spatial scale for the analysis of environmental influences on 

wolverine THg concentration. The second phase of the study focused on determining 

THg concentration in wolverine from a wide range of environmental conditions in 

northern Canada and evaluating the main factors that influence these THg concentrations. 

The following questions were posed and contributed to the broader research objectives: 
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• Can δD be used as a tracer of wolverine habitat preference (origin and movement) 

across the terrestrial Canadian Arctic? 

• Is there spatial variation in THg bioaccumulation in wolverines across the 

terrestrial Canadian Arctic? 

• What are the landscape and climate factors affecting THg concentration in 

wolverines? 

• Is there an influence of diet (using carbon and nitrogen stable isotopes ratios) on 

THg concentration in wolverines? 

• Are there biological influences (age, sex) on THg concentration in wolverines 

across the study area? 

This study will generate baseline information on mercury concentrations in 

wolverines in the Canadian Arctic and identify key factors associated with the underlying 

observed patterns, including mercury deposition rates, climatic conditions, and landscape 

characteristics. Additionally, the results will support trend monitoring of Hg 

contamination in Arctic terrestrial ecosystems. 
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Chapter  2: Literature Review 

2.1 Mercury contamination in terrestrial ecosystems and wildlife 

The atmosphere is a dominant pathway for the global dispersion and transport of Hg to 

terrestrial environments. Mercury in the atmosphere exists as gaseous elemental mercury 

(Hg0), gaseous oxidized mercury [Hg(II)] and Hg(II) particulate mercury [Hg(p)] (Bishop 

et al., 2020; Zhang et al., 2019). Total gaseous mercury (TGM) refers to the sum of Hg0 

and Hg(II), while reactive mercury (RM) indicates the sum of Hg(II) and Hg(p) (Zhang et 

al., 2019). Different Hg species are removed from the atmosphere to terrestrial 

ecosystems by both wet and dry deposition (Obrist et al., 2018). 

Dry deposition consists of Hg0 and RM that attach directly to surfaces and 

particles in the atmosphere (Bishop et al., 2020; Zhang et al., 2019). Deposition of Hg0 

represents the largest flux, mainly through vegetation, of atmospheric Hg to terrestrial 

ecosystems (i.e., direct uptake through leaves’ stomata) (Jiskra et al., 2019; Obrist et al., 

2018; Outridge et al., 2018). Mercury in litterfall (uptake of Hg by foliage and transfer to 

soils after leaf shedding) represents an indirect measure of dry deposition (Bishop et al., 

2020; Obrist et al., 2018; Wright et al., 2016). 

Wet deposition is mainly composed of RM, which is water-soluble and can be 

easily scavenged by water droplets (Bishop et al., 2020). Precipitation is the main form of 

wet deposition, with important contributions from non-precipitation sources (e.g., cloud, 

fog, dew, and frost) (Zhang et al., 2019).  Reactive Hg can also be deposited by 

throughfall (Bishop et al., 2020; Obrist et al., 2018). Throughfall includes wet-deposited 
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Hg above the canopy and a portion of dry-deposited Hg washed off from the canopy 

(Wright et al., 2016; Zhang et al., 2019). 

Once deposited, Hg follows complex biochemical processes that determine its 

environmental fate. For example, Hg can be transported to oceans or rivers, re-emitted to 

the atmosphere or enter the food webs of ecosystems (AMAP, 2011b; Mason, 2009; 

Obrist et al., 2018). Mercury pathways in terrestrial ecosystems remain understudied, 

with little data available when compared to aquatic environments. 

Methylmercury production occurs primarily in freshwater environments 

facilitated by microbial metabolism and the presence of inorganic RM. However, MeHg 

production has also been found in marine and estuarine environments and forest floors 

with no connection to freshwater ecosystems (Obrist et al., 2018; Tsui et al., 2019). 

Methylmercury represents a health risk to wildlife and humans because of its toxicity and 

biomagnification and bioaccumulation characteristics. Many of the processes involved in 

MeHg production and its uptake into terrestrial food webs remain unknown, which may 

influence human and wildlife exposure (Outridge et al., 2018). Other data gaps regarding 

Hg contamination in terrestrial ecosystems are the environmental factors that drive 

inorganic RM to MeHg and its bioaccumulation, the dominant sites of MeHg production, 

and the processes governing Hg transport (Outridge et al., 2018; Tsui et al., 2019). 

Continuing research on Hg in terrestrial ecosystems is warranted, especially in less 

studied areas, such as the Arctic. 
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2.1.1 Mercury contamination in terrestrial Arctic environments 

Inorganic Hg forms in the atmosphere can be easily transported through air to remote 

pristine areas (e.g., the Arctic) where it can be deposited to aquatic and terrestrial 

ecosystems and enter food webs (AMAP, 2011b; Kalinchuk et al., 2018; Lehnherr, 

2014b). In Arctic regions, RM deposition to snow and ice is enhanced during polar spring 

by Atmospheric Mercury Depletion Events (AMDEs), which occur near sea ice sites 

(Bishop et al., 2020; Kirk et al., 2012; Steffen et al., 2015). During AMDEs, photo-

oxidation of Hg0 to Hg(II), which can also bond with aerosol to form Hg(p), is driven by 

reactive halogens (Steffen et al., 2015). Although most of the Hg(II) deposited in the 

snowpack is photo-reduced and emitted back to the atmosphere as Hg0 within days, a 

fraction of the Hg can be retained in the snowpack  (Kirk et al., 2012; Lehnherr, 2014a; 

Steffen et al., 2015). Since AMDEs add bioavailable Hg to snow and tundra soils, it can 

be a significant path of atmospheric Hg transfer to the Arctic biota (Poissant et al., 2008). 

More data are needed on the Hg cycling and methylation in Arctic snow, ice, glaciers, 

and permafrost soils (Gamberg et al., 2015). 

A typical Arctic terrestrial food web is relatively simple, consisting of lichens, a 

few herbivore species, and one or two main predators (Poissant et al., 2008). Common 

Arctic herbivores include caribou (Rangifer tarandus), muskoxen (Ovibos moschatus), 

arctic hare (Lepus arcticus) and ptarmigan (Lagopus spp.) (Braune et al., 1999). Weasel 

(Mustela erminea), arctic fox (Vulpes lagopus), wolverine, and wolf (Canis lupus) are 

some of the main predators on Arctic terrestrial food webs (Braune et al., 1999). 

Compared to marine wildlife, terrestrial wildlife in the Arctic typically has low Hg levels 
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(Braune et al., 1999; Gamberg et al., 2015). However, the data available on Hg in 

terrestrial food webs in the Arctic to support such a comparison are limited, except for 

caribou (Duffy et al., 2005; Gamberg et al., 2015; Lokken et al., 2009; Pacyna et al., 

2018). 

Since most Canadian Arctic Indigenous peoples’ diets include caribou, 

contamination pathways of lichens and caribou have been studied because of an elevated 

accumulation of total mercury (MeHg + inorganic Hg). Total mercury concentrations in 

Arctic vegetation have been reported higher in tundra than forest and higher in non-

vascular plants (e.g., terrestrial lichens and mosses) than vascular plants, which may have 

implications for mercury transfer to herbivores (Gamberg et al., 2015; Olson et al., 2019). 

Another study in the high Arctic in Canada found increasing THg and MeHg 

concentrations in lichens from inland to the coast (St. Pierre et al., 2015). These findings 

become relevant because caribou MeHg burdens can be influenced by feeding areas 

(e.g., near the coast), and thus affect people (and wildlife) that consume caribou as part of 

their diet. 

Total Hg concentration levels in various species of caribou in the Arctic have 

shown varying trends. Gamberg et al. (2015) and Poissant et al. (2008) compared studies 

on Hg concentration in various caribou herds across Canada. Mean THg levels in caribou 

kidney ranged from 0.3 mg/g dry weight (dw) in the woodland Klaza herd to 10.45 mg/g 

dw in the Northwest Territories Bluenose herd. The differences in THg among caribou 

herds could be affected by atmospheric deposition patterns, differences in abiotic Hg 

processes, methylmercury production in terrestrial environments, the varied proportion of 
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lichen in the diet, seasonal diet, and biological factors such as sex, size and reproductive 

stages (Duffy et al., 2005; Gamberg et al., 2015; Lokken et al., 2009; Poissant et al., 

2008).  

Other terrestrial animals that have been studied for Hg concentrations are the 

arctic hare, red-backed vole (Myodes rutilus), arctic fox, ermine (M. erminea), snow 

bunting (Plectrophenax nivalis) and willow ptarmigan (L. lagopus) (Bocharova et al., 

2013; Gamberg et al., 2015; Hoekstra et al., 2003). Most of these species had relatively 

low Hg concentrations likely at least in part because of their lower trophic position. 

Mercury concentrations tend to increase in Arctic aquatic top predators due to 

biomagnification (Brown et al., 2016; Clayden et al., 2015; Dietz et al., 2019).  However, 

these patterns of biomagnification were lacking in top trophic level consumers in the 

terrestrial Arctic, such as wolf and arctic fox (Gamberg et al., 2015). This disparity could 

be due to food availability and varying feeding habits (Dehn et al., 2006; Hallanger et al., 

2019). For example, Dehn et al. (2006) found that arctic fox had a lower THg 

concentration when compared to marine predators such as seal and polar bear (Ursus 

maritimus). Arctic foxes and wolves that travel long distances and feed on marine 

mammal carcasses have exhibited higher Hg concentrations relative to those with 

terrestrial dominated diet (Bocharova et al., 2013; Hallanger et al., 2019; Harding, 2004; 

Hoekstra et al., 2003; McGrew et al., 2014). These findings demonstrate that Arctic 

terrestrial food webs can be exposed to Hg from marine resources, which typically have 

higher Hg concentrations than terrestrial food sources. Other Arctic terrestrial consumers 

may be studied as sensitive indicator species to assess trends in terrestrial environment 
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contamination and ecosystem health (Muir et al., 1999; Wang et al., 2019), such as the 

wolverine.  

2.1.2 Wolverine as an indicator of Hg contamination in Arctic environments 

The wolverine is the largest terrestrial member of the weasel family (Mustelidae) 

(Harding, 2004). Its distribution includes circumpolar regions of the Northern 

Hemisphere in Europe, Asia and North America (CBFA Secretariat, 2014). In North 

America, wolverines appear in the tundra, alpine, subalpine and boreal forest ecosystems 

(CBFA Secretariat, 2014; COSEWIC, 2014; McKelvey et al., 2011). The wolverine is 

categorized as a species of Special Concern by the Committee on the Status of 

Endangered Wildlife in Canada (COSEWIC, 2014; Slough, 2007).  

Wolverines are carnivorous, mostly scavengers but they also prey on mammals 

and birds (including their eggs) as well as eat plant roots and berries occasionally 

(Cardinal, 2004; CBFA Secretariat, 2014; Species at Risk Committee, 2014). Diets of 

wolverine vary seasonally, annually and regionally depending on food availability 

(COSEWIC, 2014; Lofroth et al., 2007; Species at Risk Committee, 2014). Wolverines 

have been characterized as ungulate-dependent carnivores, especially from caribou, 

moose (Alces alces) and muskoxen (Species at Risk Committee, 2014). Dalerum et al. 

(2009b) observed that the wolverine diet is dominated by caribou and moose (85% to 

100% dw) in Alaska, caribou being the higher percentage of prey. Cardinal (2004) also 

reported caribou as the main carrion species consumed by wolverines in Canada. In 

various regions from Nunavut (NU) and the Northwest Territories (NT), caribou remains 

were also found in the stomachs of wolverines in varying percentages (from 12% in the 
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South Slave Region, NT to 62% in Kitikmeot Region, NU) (Species at Risk Committee, 

2014). In the North Mountain and Boreal ecological areas, Cardinal (2004) listed rabbit 

and ptarmigan as other important food sources while snowshoe hare (Lepus americanus) 

is also relevant in British Columbia (BC) and the Yukon (YT), Canada (Jung & Kukka, 

2013; Lofroth et al., 2007; Species at Risk Committee, 2014). 

Wolverine is often considered terrestrial in habitat and prey selection, and rarely 

has been observed near the coast (Dalerum et al., 2009b; Harding, 2004; Hoekstra et al., 

2003). Dalerum et al. (2009a) detected a terrestrial herbivore diet and did not find any 

marine protein as part of the wolverine diet in Alaska. However, Indigenous knowledge 

holders have reported wolverines feeding or searching for young seal and gull or gull’s 

eggs near the coast during the spring and summer in Canada (Cardinal, 2004). Local 

hunters in Inuvik, NT have recently reported wolverine scavenging seal carcasses on sea 

ice (Steve Baryluk, Government of the Northwest Territories, personal communication, 

February 10, 2020). Thus, wolverine use of coastal habitats and feeding habits may not 

be well documented and these findings suggest that diet may vary among different 

habitats and regions. 

Wolverine reproductive dens and habitat use are limited to areas that retain snow 

during the spring (Copeland et al., 2010; McKelvey et al., 2011). This dependency on 

persistent snow cover for successful reproduction leaves the species vulnerable to 

decreasing habitat and population connectivity due to global climate change (CBFA 

Secretariat, 2014; McKelvey et al., 2011). Additionally, the range in habitat types utilized 
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by wolverines has been linked closely to food supply and human avoidance rather than 

topography or vegetation type (CBFA Secretariat, 2014).  

Another main characteristic of wolverines is that they disperse and travel long 

distances (especially sub-adult males). They have a low-density population, slow rate of 

population growth and variable home range sizes depending on the age and sex of the 

individual (CBFA Secretariat, 2014; Ray et al., 2018). CBFA Secretariat (2014) reports 

home ranges from 73 to 3,513 km2 while Inman et al. (2012b) mentioned an average of 

303 km2 for adult females and 797 km2 for adult males in the Greater Yellowstone 

Ecosystem. In BC, wolverine males had a mean home range of 1005 km2 and females a 

mean of 310 km2 (Harding, 2004). Heinemeyer et al. (2019) reported average home 

ranges of 1273 km2 for males and 289 km2 for females in the U.S.A states of Idaho, 

Wyoming and Montana. The maximum home range reported by the authors was 2158 

and 420 km2 for males and females respectively. A lack of home range overlap between 

same-sex adults has also been reported (Inman et al., 2012b). 

Little information is available on Hg concentrations in wolverine. Hoekstra et 

al. (2003) reported a mean THg concentration of 0.13 𝜇g/g wet weight (ww) in wolverine 

liver (n=12) obtained from carcasses from NU, Canada for the period 1998-1999. In BC, 

the mean THg level of wolverine liver (n=11) was 0.053 𝜇g/g ww (Harding, 2004). These 

values are below toxic concentrations reported for non-marine mammals (20-30 𝜇/g ww) 

(Dietz et al., 2013; Evers et al., 2007; Shore et al., 2011). The above-mentioned studies in 

wolverine had a relatively small sample size and geographic range, and only one study 

was for an Arctic location. The research in this thesis will examine the most 
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comprehensive dataset on Hg bioaccumulation in wolverine in the world, focusing on 

animals from across the Western Canadian Arctic. 

Spatial assessment of Hg accumulation in wildlife is a key component for 

identifying habitats and locations of risk and their main environmental drivers (Chételat 

et al., 2020). Previous investigation in temperate and boreal ecosystems (mostly aquatic 

environments) has identified “hot spots” and environmental drivers related to Hg 

concentration in certain wildlife species (Ackerman et al., 2016; Evers et al., 2007). 

However, Hg biochemical cycling and fate are affected by complex processes in the 

environment (Branfireun et al., 2020; Chételat et al., 2015). Additionally, ecological, and 

physiological processes can influence Hg concentrations among species in the same 

region or within a species in different regions (Chételat et al., 2020). Thus, evaluating 

new species that are representative of different ecological niches in different regions 

(e.g., Arctic ecosystems) will aid the understanding of environmental controls on Hg 

bioaccumulation. 

2.2 Stable isotopes and their use in ecology and environmental science 

Naturally occurring stable isotopes have been extensively used to identify environmental 

patterns and mechanisms from single organisms up to ecosystem levels (Michener & 

Lajtha, 2007). Isotope studies in biology, ecology and environmental chemistry can range 

from analyzing global elements cycles, tracing food webs, following ecosystem nutrient 

cycling, determining contaminant exposure and sources, inferring processes, identifying 

and tracing migratory connectivity, dispersal movement patterns, and geographic origins, 
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among others (Caut et al., 2009; Hobson, 1999; Rubenstein & Hobson, 2004; Sulzman, 

2007). 

2.2.1 Characteristics of stable isotopes and notation 

Isotopes are atoms with the same number of protons (Z) and electrons but a different 

number of neutrons (N) in their nuclei (Hoefs, 2015; Sulzman, 2007). This difference 

gives them unique atomic masses, resulting in different behaviour in physical and 

biogeochemical processes (Hoefs, 2015; Rubenstein & Hobson, 2004; Sulzman, 2007). 

Isotopes are considered stable when they have a similar neutron-to-proton ratio (e.g., N/Z 

≤ 1.5), thus they are energetically stable and do not decay (Hoefs, 2015; Sulzman, 2007). 

Radioactive (unstable) isotopes decay and have different half-lives (Hoefs, 2015; West et 

al., 2010). 

Based on their elemental atomic mass, isotopes can be divided into light (e.g., 

carbon, nitrogen, hydrogen, oxygen and sulphur; CNHOS) and heavy (e.g., strontium, 

lead and iron) (Rubenstein & Hobson, 2004; Sulzman, 2007). The most common isotopes 

in ecological research are the lighter elements, CNHOS, which form an important part of 

the biosphere (plant and animal tissues), hydrosphere and atmosphere (Hobson, 1999; 

Michener & Lajtha, 2007; Wassenaar, 2019). Each of the CNHOS elements has more 

than one stable isotope (West et al., 2010). For example, isotopes of carbon (12C, 13C), 

oxygen (16O, 17O, 18O) and hydrogen (1H, 2H) (Wassenaar, 2019; West et al., 2010). In 

this case, superscripts indicate the atomic mass (sum of Z and N), for instance, 12C refers 

to the carbon stable isotope that has six protons and six neutrons in its nucleus (Hoefs, 

2015; Sulzman, 2007). 
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The CNHOS elements have a “light” and abundant stable isotope (e.g., 12C) and 

one (or more) rare (or “heavy”) stable isotopes (e.g., 13C) (Sulzman, 2007; Wassenaar, 

2019). The ratios of the heavy to light isotope vary in natural materials (e.g., leaves, 

minerals, keratin, water), although in exceedingly small quantities; these ratios can be of 

great use to scientists (Wassenaar, 2019) and allow for the application of stable isotopes 

in environmental studies. 

Because the measured isotope ratios in sample materials are usually quite small, 

the isotopic composition is commonly reported as isotopic differences (or delta notation; 

δ) relative to internationally accepted standards and expressed as parts per thousand (‰, 

or per mil) (Sulzman, 2007; Wassenaar, 2019; West et al., 2010). The common notation 

to express isotopic composition is:   

𝛿(‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 103 

 where R is the ratio of heavy to light isotope of the sample and standard (e.g., ratio of 

13C to 12C) (Hoefs, 2015; Sulzman, 2007; West et al., 2010). A positive 𝛿 denotes a 

sample with more of the heavy isotope relative to the standard while a negative 𝛿 

represents a sample with less of the heavy isotope than the standard (Gat, 1996; Sulzman, 

2007). As an example, the international measurement standards of hydrogen stable 

isotopes are usually reported relative to the Vienna Standard Mean Ocean Water 

(VSMOW), where δ2H = 0 (Gonfiantini, 1981; Hoefs, 2015; IAEA, 2017). For other 

stable isotope standards, see Gonfiantini (1981), Hoefs (2015) and Sulzman (2007). 
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2.2.2 Feeding ecology and mercury accumulation 

Stable isotope ratios of carbon (𝛿13C) have been used to identify the origin of carbon 

utilized by consumers and can provide insight into contaminant exposure via different 

diet sources (Brown et al., 2016; Hobson, 2007; McGrew et al., 2014). Since 𝛿13C 

changes little (about 0.1-0.4‰) through food webs, it can be used to identify the sources 

of the carbon (Caut et al., 2009; Chételat et al., 2021). For instance, carbon ratios fixed by 

terrestrial and marine plants are usually different (Caut et al., 2009). Thus, 𝛿13C can be 

used to discriminate if the consumer uses terrestrial or marine resources. For example, in 

Svalbard, Norway, THg levels in arctic fox increased with 𝛿13C values indicating a more 

marine diet than individuals feeding on a terrestrial diet (Hallanger et al., 2019). 

Stable isotope ratios of nitrogen (𝛿15N) increase generally 3-4‰ per trophic level 

(Minagawa & Wada, 1984) and have been used to estimate organism trophic position 

(TP) (Brown et al., 2016; Chételat et al., 2021; Dehn et al., 2006). Since Hg biomagnifies 

through food webs, higher 𝛿15N usually relates to higher Hg concentrations in biota 

(Clayden et al., 2015; Dehn et al., 2006; McGrew et al., 2014). 

Mercury exposure in animals is mainly through their diet. It has been 

demonstrated that factors such as food web length and TP have an impact on MeHg 

variation in certain species (Brown et al., 2016; Chételat et al., 2021; Tsui et al., 2019). 

Thus, 𝛿13C and 𝛿15N can help to understand diet sources and interpret contaminant 

trends, such as Hg, in biota. Carbon and nitrogen stable isotope analysis will be used to 

investigate Hg exposure in wolverines. 
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2.2.3 Hydrogen isotopes for tracking movement in terrestrial ecosystems 

Hydrogen stable isotope ratios have been widely used to understand migratory 

connectivity, dispersal movements, and geographic origins of various species, such as 

bats, birds, insects, fish, and marine mammals (Hobson, 1999, 2019; Rubenstein & 

Hobson, 2004). Deuterium (D) is another name for 2H, thus hydrogen stable isotope 

ratios are also expressed as 𝛿D (Hoefs, 2015). Ratios of D in metabolically inert 

keratinous tissues (e.g., hair, feathers, claws, and horns) of wildlife can provide 

information on animal movements and origin because the hydrogen isotope signature 

(reflecting food and water intake) is related to broad-scale geographic patterns of δD in 

precipitation (δDp). 

The mean annual δD of water in lakes, rivers and precipitation vary with latitude, 

elevation, precipitation amount, temperature, distance to coast, and relative humidity 

(Bowen et al., 2005; Hobson, 2007; Rubenstein & Hobson, 2004; Yurtsever & Gat, 

1981). There is a general decrease (depletion) of δDp with increasing latitude due to 

temperature gradients, which can affect water condensation (Dansgaard, 1964). Similarly, 

δDp is depleted with altitude (Yurtsever & Gat, 1981). The continental effect refers to the 

decrease of δDp as air masses move from the coast to inland locations (Aggarwal et al., 

2010). Hydrogen isotopes at higher altitudes also undergo seasonal effects, where 

summer precipitation tends to be more enriched in δD than in winter (Hobson, 2007). 

Lastly, an increasing amount of rain has a depletion effect on δD, and this effect is less 

pronounced at higher latitudes (Dansgaard, 1964). 
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Isoscapes (“isotope landscapes”) are maps developed to represent the spatio-

temporal distribution of isotope ratio variation in natural systems (West et al., 2010). 

Global and regional isoscapes have been developed for δD as part of the analysis of the 

hydrologic cycle, particularly precipitation (Aggarwal et al., 2010; Bowen, 2010; Meehan 

et al., 2004; Terzer et al., 2013). Some isoscapes have been extensively used to study 

animal movements and origin in various taxa (Bowen et al., 2005; Britzke et al., 2009; 

Cryan et al., 2004; Hobson, 2007, 2019; Lott & Smith, 2006). Many of these studies 

included birds and small mammals and have shown a strong relationship between δD in 

keratinous tissue (δDt) and δDp. Several studies relied on correlation and regression 

models using δDt from reference samples of known-origin animals and assessed the 

relationship with the estimated δDp (Bowen et al., 2005; Britzke et al., 2009; Cryan et al., 

2004; Koehler & Hobson, 2019; Lott & Smith, 2006; Pietsch et al., 2011). Some of these 

studies mapped the potential origin and movement of animals based on the distribution of 

predicted δDp values (Bowen et al., 2005; Lott & Smith, 2006). 

The δDp and keratinous δDt values are strongly correlated for some terrestrial 

species (particularly birds) but there have been fewer studies on terrestrial mammalian 

carnivores, especially in Arctic regions (Bowen et al., 2005; Britzke et al., 2009; Cryan et 

al., 2014; Hobson, 2007, 2019; Koehler et al., 2019; Koehler & Hobson, 2019; Voigt & 

Lehnert, 2019; Wunder et al., 2005). This thesis evaluated the feasibility of using 

hydrogen isotope ratios from wolverine hair (δDh) to assess if δDp provides useful 

information on wolverine habitat use and movement in addition to the coarse collection 

location of the animals.  
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Chapter  3: Methods 

3.1 Wolverine tissue samples 

Wolverine muscle and hair samples from carcasses and hair snags were obtained from 

Canada’s three northern territories and BC (Figure 1). The datasets were made possible 

via biomonitoring programs through a collaboration between Environment Canada’s 

National Wildlife Research Centre (NWRC; Ottawa, Ontario), territorial wildlife 

biologists and local trappers. The carcass collections programs were conducted in the 

Yukon (Tom Jung and Piia Kukka, Department of Environment), the Northwest 

Territories (Steve Baryluk and Marsha Branigan, Environment and Natural Resources) 

and Nunavut (Malik Awan, Department of Environment). In addition, hair samples were 

obtained via hair snags from a wolverine study in BC (Garth Mowat, British Columbia 

Government). 

Where possible, collection date, location name, latitude, longitude, sex, and age 

were recorded. The precision of collection location may have varied for different animals. 

In certain areas, the location coordinates may refer to a more general area (e.g., trap 

lines). The trapping seasons for hair samples ranged from 2007-2008 to 2017-2018 and 

from 2005-2006 to 2017-2018 for muscle. Animals >2 years old were classified as adults 

and ≤ 2 years old as subadults, based on the reported ages of reproductive maturity for 

male and female wolverines (Inman et al., 2012a; Kukka et al., 2017; Persson et al., 

2006).  
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Figure 1. Locations of wolverine collection sites in Canada. Triangles represent the 

muscle samples (n=419) and the circles the hair samples (n=80). The biomes correspond 

to the North American ecological regions, levels I and II (CEC, 2021). A: Artic 

Cordillera, B: North American Deserts, C: Tundra, D: Taiga, E: Hudson Plains, F: 

Northern Forests, G: Northwestern Forested Mountains, H: Marine West Coast Forests, I: 

Great Plains. Biome G was subdivided in G.1: Boreal Cordillera and G.2: Western 

Cordillera. 
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Wolverine hair was analyzed for δD. Hair samples were obtained from 80 

wolverines (31 females, 49 males). The hair collection locations were in the YT (n=28), 

NU (n=14), NT (n=27) and BC (n=11) (Figure 1). Hair was pre-washed with a 2:1 

chloroform: methanol solution to remove oils consistent with the method of Blight et al. 

(2015). The analysis for δD was performed on an Isotope Ratio Mass Spectrometer at the 

Ján Veizer Stable Isotope Laboratory of the University of Ottawa, Canada. The H results 

were reported for non-exchangeable H, in 𝛿 notation, in per-mil units (‰) and 

normalized on the standard VSMOW scale. The analytic error reported is +/- 2‰, which 

according to Wunder & Norris (2019) is common in other studies. The average H 

exchange percent for all the wolverine samples was 5.2% using the methods of Meier‐

Augenstein et al. (2011). 

Total Hg concentration was measured in the hind muscle of the wolverine. A total 

of 419 samples (147 females, 271 males) were obtained from the carcass collection 

programs. Most of the muscle samples were from across the YT (316). Smaller sample 

sizes were available for the NT (59) and NU (44) (Figure 1). Freeze-dried and 

homogenized muscle samples were analyzed on a dw basis with a Direct Mercury 

Analyzer (Milestone Inc, Italy) at the NWRC.  Quality control procedures included blank 

measurements of Hg (<0.07 ng/g) and duplicate THg samples (mean relative standard 

deviation 4.4%, n = 144).  The following certified reference materials were used for 

quality assurance purposes, IAEA-436 (mean recovery 99.3%, n = 47) and TORT-3 

(mean recovery 102.4%, n = 157).  Muscle samples from the three territories were also 

analyzed for 𝛿15N and 𝛿13C at the Cornell Stable Isotope Laboratory (Cornell University, 
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Ithaca, NY). Nitrogen and carbon isotopic values were provided by William Harrower, 

University of British Columbia (personal communication, July 6, 2021). 

3.2 Geographic information data 

This research integrates remote sensing and geographic information systems (GIS) to 

investigate and characterize landscape and climate factors that may influence Hg 

concentrations in wolverine. An information-theoretic approach was used to identify and 

select the main landscape and climate variables that may influence Hg concentration in 

wolverine. In that sense, variables were chosen based on scientific knowledge of factors 

that could influence THg concentration in terrestrial wildlife and ecosystems. Table 1 

describes the landscape and climate variables identified in the literature and selected for 

statistical analysis. 

Net mercury deposition and wet deposition for the year 2015 (μg/m2) in Canada 

were estimated with the Global Environmental Multi-scale, Modelling Air quality and 

Chemistry model (GEM-MACH-Hg) (Fraser et al., 2018) and provided by ECCC (A. 

Dastoor & A. Ryjkov, personal communication, Feb 15, 2021). See Appendix A for a 

description of the Hg deposition raster files. Raster datasets of the remaining ecosystem 

and climate factors were acquired from open data sources (Appendix A; Table A.1). 

The distance to the Arctic coast (DistCoast) was estimated using vector line 

features representing the Arctic coastline (Appendix A.1). The Euclidean distance from 

the coastline to the wolverine collection location was calculated to evaluate the marine 

influence on Hg concentrations. Re-projecting, sub-setting, summarizing and pre-

processing steps of raster and vector datasets were performed with the software R (R 
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Core Team, 2020) using the packages Simple Features for R (sf), Geographic Data 

Analysis and Modeling (raster), Fast Extraction from Raster Datasets using Polygons 

(exactextractr) and R Bindings for Calling the ‘Earth Engine’ API (rgee) (Aybar, 2021; 

Aybar et al., 2020; Baston, 2021; Hijmans, 2021; Pebesma, 2021). The Spatial Analyst’s 

Tabulate Area tool in ArcGIS Pro 2.8.2 (Esri Inc., 2021) was used to summarize the 

landcover classes for each wolverine. Appendix A (Table A.1) describes the GIS data and 

distributing sources used to obtain these factors.  

Table 1. Landscape and climate factors that were considered for statistical analysis. 

Factors Rationale Sources 

Net and wet 

Hg deposition 

Positive relationship of atmospheric Hg deposition with Hg 

concentration in wildlife. 
Chételat et al. (2018) 

Precipitation 

- Atmospheric deposition of Hg is largely through 

precipitation  

- Complex relationship between precipitation and Hg 

- Precipitation is one of the major controls of soil Hg 

mobilization 

Bishop et al. (2020); Obrist 

et al. (2018) 

Temperature 

- Temperature appeared to be important for predicting Hg 

concentrations (in aquatic environments)  

- Warmer Arctic temperatures potentially release Hg 

within the snowpack, and ice and enhance 

methylmercury production 

Gamberg et al. (2015); 

Richardson (2016) 

Landcover 

- Some types of vegetation cover may be more sensitive to 

Hg loadings in terrestrial ecosystems because of the role 

of vegetation in the uptake of Hg from air  

- THg concentrations have been reported higher in Arctic 

tundra than forests and higher in non-vascular plants 

(e.g., terrestrial lichens and mosses) than vascular plants 

- Water-logged terrestrial soils are potential production 

sites of MeHg in the Arctic. 

Gamberg et al. (2015); 

Olson et al. (2019); Zhou 

& Obrist (2021) 

Elevation 

- Deposition of Hg has shown a relationship with elevation 

gradients, usually associated with vegetation type 

- Elevation could indirectly affect temperature and 

precipitation between lowlands and uplands 

- Wolverine's habitat is affected by elevation in the 

southern limit of its distribution 

McKelvey et al. (2011); 

Obrist et al. (2018); Wright 

et al. (2016); Zhang et al. 

(2019) 
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Factors Rationale Sources 

Distance to the 

Arctic coast 

- May influence dietary exposure to Hg concentrations 

- Higher Hg concentrations have been observed in Arctic 

terrestrial mammals with marine influence in their diet. 

Bocharova et al. (2013); 

McGrew et al. (2014) 

Soil Organic 

Carbon 

- Organic matter in wet sedge tundra has been identified as 

a potential site for MeHg production during the spring 

melt 

- Soil organic matter content is one of the major controls of 

soil Hg mobilization 

Bishop et al. (2020); 

Gamberg et al. (2015); 

Obrist et al. (2018) 

Soil pH 
Low pH caused by organic acids in wetlands can inhibit 

demethylation 
Priyadarshini (2018) 

 

3.3 δD to estimate wolverine habitat preference (origin and movement) 

As noted earlier the collection location precision for individual wolverines varies across 

the study area. Thus, the relationship between δDh and δDp was explored to help 

determine the appropriate spatial scale for the analysis of landscape and climate variables 

for the Hg analyses. Specifically, δDp was averaged over circular buffer areas 

surrounding the wolverine collection site, of varying sizes (radii) to identify a scale that 

optimized correlations between δDp and δDh. 

Isotopic signals from drinking water and prey consumption are most likely to be 

integrated during the time of tissue growth (Hobson, 1999, 2019; Rubenstein & Hobson, 

2004). Information about the turnover rate and hair growth in wolverine was not available 

but moulting periods have been reported. Naughton (2012) mentions a single annual 

moult in wolverine from late spring to early summer or autumn. Another source reports 

two moulting periods, early spring and autumn (The Wolverine Foundation Editors, 

2012). Other members of the Mustelidae family have been shown to moult twice a year 



25 

 

(spring and autumn), while other species probably undergo only a spring moult (Baggini 

et al., 2006; Kuhn, 2009; Zagrebelny, 1998). Growth hair in weasels, for example, is 

stimulated or inhibited by the hours of daylight and temperature; and moulting periods 

can vary among individuals, places and years (Baggini et al., 2006). In the Arctic, during 

the shortening days of autumn, the old coats are replaced within days while in mild 

climates the moulting process may take over a month or six weeks (Baggini et al., 2006). 

Similarly, if spring conditions are colder or later than average, the shedding of the old fur 

can be delayed. For these reasons two different isoscapes of δDp were tested: mean 

annual (δDma) and amount-weighted growing season (δDgs), to assess if either of these 

shows a stronger association with the δDh. Growing season was defined according to 

those months with average temperatures > 0°C (Terzer et al., 2013). 

The global mean annual and growing season precipitation isoscapes were obtained from 

the regionalized cluster-based water isotope prediction (RCWIP) modelling (IAEA, 2013; 

Terzer et al., 2013) based on the Global Network for Isotopes in Precipitation (GNIP) 

data (www.iaea.org/water). The grids had a 10 arcmin spatial resolution (≈ 9.2 km at 

60°N latitude) and were reprojected to North America Albers equal-area conic projection 

because some of the wolverines are neighbouring the Alaska border. Circular buffers 

with varying radii (in km) around the wolverine collection location were used to 

summarize pixel values from the δDma and δDgs isoscapes. The buffer radii tested were: 

6, 10, 20, 30, 50, 100, 150, 200, 300, 400, and 500 km, and were selected with 

consideration of documented wolverine movements including average home ranges and 

distance travelled. 

http://www-naweb.iaea.org/napc/ih/IHS_resources_rcwip.html
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Spearman’s correlation (𝜌) was calculated to evaluate the relationship between 

δDh and δDma and δDgs at collection location and mean pixel values for each buffer size. 

Preliminary results using the δDh (Peraza et al., 2021) suggested that δD isoscapes may 

provide only coarse information on habitat use due to low discrimination power 

associated with small δD gradients of precipitation within the Arctic. Those results also 

suggested other factors were driving the δDh signatures in wolverine. Hence, elevation in 

meters, precipitation accumulation (prcp) in mm and temperature in °C (Tmax and Tmin) 

were additionally collected for the collection location and around the buffers sizes to 

account for other wolverine habitat characteristics. See Appendix A for datasets used 

(Table A.1). 

Multiple linear regressions (MLR) for 𝛿Dh were performed to identify 

environmental influences on wolverine habitat use. These variables are δDma, DistCoast, 

minimum elevation, maximum elevation, mean elevation, range elevation, mean prcp, 

mean Tmax, mean Tmin, latitude and longitude. Covariates for biome type (tundra, taiga and 

boreal), sex and age-class were also included in the initial models. Stepwise backward 

variable selection was applied in R. 4.0.2. (R Core Team, 2020) following the best 

practices recommended by Crawley (2013). Matrix correlations were conducted to 

identify highly correlated variables. The number of potential variables was reduced based 

on 𝜌 > 0.9 and parameters to be found important in tested models. All remaining 

variables were entered into the initial model and the parameters with a p-value > 0.05 

were eliminated; variance inflation factor (VIF) and AIC were also considered. After 

removing the least significant term, a variable with VIF > 10 was dropped, combined 
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with a forward stepwise approach to verify that the most important variables were 

included.  The diagnostic plots and regression assumptions were checked, and outliers 

and leverage points were removed. The relative contribution of the variables from the 

final model was calculated using the R package relaimpo (Grömping, 2006). 

3.4 Total mercury analyses 

Using the environmental and climate factors identified in Table 1, 18 potential 

explanatory variables for Hg in wolverine muscle were calculated around a 150 km 

buffer for each collection location. The buffer size was chosen based on the results of the 

isotopic scaling analysis described previously.  The potential environmental variables 

collected are: mean net and wet Hg deposition (HgDep and HgWet), mean prcp, mean 

Tmax, mean Tmin, mean elevation, DistCoast, mean SOC, mean subsoil pH (spH60), mean 

topsoil pH (spH10) and percentage of landcover types (forest %, shrubland %, grassland 

%, barren land %, wetland %, water %, wet area %, and snow-ice %). Table A.2 explains 

each potential model parameter calculation as well as the GIS layers used. Covariates for 

biome type, sex and age class were also included. Estimates of 𝛿15N and 𝛿13C in 

wolverine muscle were also added as potential predictor variables to assess the influence 

of dietary sources on spatial patterns of wolverine THg concentrations. 

Spearman correlations were calculated and MLR were performed using backward 

stepwise selection similar to the process followed in the section above. Total Hg was 

natural-log transformed. Residuals were checked for linear regression assumptions and 

assessed for normality.  Outliers and leverage points were removed.  The relative 

contribution of the regressors of the final model was calculated (Grömping, 2006).  



28 

 

Chapter  4: Results 

4.1 δD in wolverine hair 

The measured 𝛿Dh values for wolverine hair varied from -145.8 to -91.41‰ (Table 2). 

There was no difference between male and female 𝛿Dh values (Mann-Whitney-Wilcoxon 

U = 768.5, p = 0.93; Figure 2). Age was available for 68 (85%) of the 80 wolverines, 26 

were subadults and 42 adults (Table 2). Stable isotopic values of H in wolverine hair 

were significantly different between age classes (U= 374, p = 0.03; Figure 2), with lower 

values in subadults than in adults. 

Table 2. Stable isotope ratios of hydrogen (𝛿Dh) measured in wolverine hair across boreal 

and Arctic ecosystems in Canada, by sex and age. 

 Female Male 

δDh (‰) 
Adult, 

N = 16 
Subadult, 

N = 8 
Unknown, 

N = 7 
Adult, 

N = 26 
Subadult, 

N = 18 
Unknown, 

N = 5 

Mean 

(SD) 
-121.60 

(8.20) 
-125.39 

(7.64) 
-105.80 

(10.41) 
-119.19 

(12.01) 
-124.53 

(10.88) 
-104.32 

(2.05) 

Range 
-136.49, 

-107.31 

-136.30, 

-112.36 

-128.30, 

-97.50 

-145.80, 

-98.80 

-140.70, 

-91.41 

-106.72, 

-101.90 

 

A Kruskal-Wallis test showed significant differences in δDh values of wolverines 

between the four territories/province (H(3) = 31.12, p < 0.001; Figure 2). Thus, 

Wilcoxon’s pairwise rank-sum tests were carried out to compare all pairs of groups. 

There was strong evidence (p < 0.01, using Hochberg’s post hoc adjustment method) of a 

difference in 𝛿Dh between BC and all the other territories, and between the NT and the 
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YT. The differences between NU and the NT, and between NU and the YT were not 

significant.  

 

Figure 2. Boxplots showing variation in hair 𝛿D values of wolverines across boreal and 

Arctic ecosystems in Canada (N= 80). Adult (> 2 year old) and subadult (≤ 2 year old). 

ns: p> 0.05, ⋆: p≤ 0.05, ⋆⋆: p≤ 0.01, ⋆⋆⋆: p≤ 0.001, ⋆⋆⋆⋆: p≤ 0.0001. 

 

Figure 3 shows the two isoscapes (δDma and δDgs) used to summarize and 

quantify their relationship with 𝛿Dh in wolverine. At the point scale (collection location),  
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𝛿Dh and δDgs precipitation were significantly correlated (𝜌 = 0.32, p < 0.01; Figure 4; 

Table 3).  The correlation strength and significance were similar for δDgs measurements 

at buffer sizes from 6 km to 200 km. For example, at the 150 km buffer size the 

correlation coefficient did not vary compared to the collection location (𝜌 = 0.32, p < 

0.01; Table 3). On the other hand, the correlation between 𝛿Dh and 𝛿Dma varied at 

different scales, at the collection location the association was not significant (𝜌 = 0.22, p 

= 0.052; Table 3) but became significant and stronger when summarizing values around 

larger buffers from the wolverine collection location (Figure 5). The 150 and 200 km 

buffer radius showed the strongest correlations between δDh and δDma (𝜌 = 0.65 and 0.65 

respectively, p ≤ 0.001) (Table 3; Figure 5). The δDma isoscape was selected for further 

analysis due to the stronger correlation with δDh at increasing buffer radii. The offset 

between δDh of wolverine and collection location δDma was ~ 42.6‰ ± 14.5, and at the 

150 km buffer scale the difference was ~22.77‰ ± 17.8.  

Exploratory MLR showed a stronger relationship between δDh and δDma using the 

150 km buffer radius; thus, this buffer size was used to summarize the climate and 

physiographic variables around the collection location of the wolverines. Table 3 shows 

the Spearman correlation coefficients between 𝛿Dh and the climate and physiographic 

data at the collection location and the 150 km buffer. At collection location, Tmax and 

longitude also showed a significant relationship with δDh. There was no significant 

correlation between δDh, and the climate and physiographic data collected at the 150 km 

buffer. 
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Figure 3. Hydrogen isotope isoscapes of mean annual (𝛿Dma) and weighted growing 

season (𝛿Dgs) precipitation from the RCWIP model (IAEA, 2013). Legend is 𝛿D in ‰. 

Circles represent 𝛿D in wolverine’s hair; values were scaled to the same legend for 𝛿D in 

precipitation. 
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Figure 4. Hydrogen isotopic ratios in wolverine hair (𝛿Dh) and growing season 

precipitation (𝛿Dgs) at collection locations across boreal and Arctic ecosystems in 

Canada. 

 

Figure 5. Spearman correlation coefficients (ρ) between hydrogen isotopic ratios in 

wolverine hair (𝛿Dh) and mean annual precipitation (𝛿Dma) around varying buffer radius 

from the collection location. 
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Table 3. Spearman correlation coefficients (𝜌) between 𝛿Dh in wolverine (n = 80) and H 

isotopic composition of growing season precipitation (𝛿Dgs), mean annual precipitation 

(𝛿Dma) and climate and physiographic variables. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.1 Multiple linear regression 

Multiple linear regression models were performed at two scales, the collection location 

and 150 km buffer, to determine if climate and physiographic variables could provide 

additional insight into wolverine habitat use. Prior to the MLR analysis, all variables 

 Collection location 150 km buffer 

Variable ρ p-value ρ p-value 

δDgs 0.32 0.003 0.32 0.004 

δDma 0.22 0.052 0.63 ≤ 0.001 

Prcp 0.09 0.427 0.01 0.943 

Tmax -0.24 0.031 0.03 0.789 

Tmin -0.17 0.137 0.15 0.179 

Long 0.46 ≤ 0.001     

Lat -0.03 0.79     

Elevation -0.09 0.442     

DistCoast -0.05 0.652     

Max Elevation     -0.12 0.294 

Min Elevation     0.06 0.568 

Mean Elevation     -0.12 0.277 

Range Elevation     -0.11 0.322 
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were checked for signs of multicollinearity. See Appendix B (Figure B.1 and B.2) for the 

correlation matrices of all the variables in Table 2. At the collection location, there was 

strong covariance between Tmax and Tmin (𝜌= 0.94), and between latitude and DistCoast (𝜌 

= -0.91). Hence, for the MLR maximal model at collection location, Tmin, and latitude 

were removed. Around the 150 km buffer there was a strong correlation between 

maximum elevation and range elevation (𝜌= 0.99; Figure B.2), between mean Tmax and 

mean Tmin (𝜌= 0.92), and between latitude and mean prcp (𝜌 = 0.95). Further, for the 

MLR at the 150 km buffer, range elevation, Tmax, and mean prcp were removed from the 

maximal model.  

The best fit model to explain 𝛿Dh in wolverines based on collection location 

measurements included two variables: 𝛿Dma, and Tmax.  Six outliers and leverage points 

were removed from BC (3), the NT (1) and NU (2), after checking for regression 

assumptions using diagnostic plots of model residuals.  The model accounted for 

approximately 55% of the variation in 𝛿Dh of wolverine. Overall, 𝛿Dma in precipitation 

explained most of the variance in 𝛿Dh (around 28%, based on independent R2) (Table 4). 

The positive direction of the beta coefficient shows that 𝛿Dh increased with increasing 

𝛿Dma. Maximum temperature contributed around 26% of the 𝛿Dh variation in wolverines 

(Table 4). The negative beta coefficient for this variable indicates decreasing 𝛿Dh in 

wolverines with increasing values of Tmax. 

Based on the 150 km buffer, the best fit model explained ≈ 63% of the variation 

in 𝛿Dh of wolverine and included three variables: 𝛿Dma, latitude and maximum elevation 

(Table 4).  Six outliers and leverage points were removed from the YT (4), the NT (1) 
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and NU (1). When measured around the 150 km buffer 𝛿Dma was the most important 

variable as well (independent R2= 0.33), with a positive effect (beta coefficient) on the 

variation in 𝛿Dh. Including latitude (independent R2 = 0.23) and maximum elevation 

(independent R2 = 0.07) to the 150 km buffer model provided a combined 30% increase 

in explained variability in 𝛿Dh. The negative beta coefficients for maximum elevation 

and latitude point to decreasing 𝛿Dh in wolverines with increasing values of these 

explanatory variables. 
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Table 4. Factors that affect 𝛿Dh in wolverine at collection location and the 150 km buffer. 

 

  Collection location   150 km buffer  

Variable Beta Estimates SE1 t-val p-val VIF1 Independent R2 Beta Estimates SE1 t-val p-val VIF1 Independent R2 

(Intercept) 0.000 -13.8 12.7 -1.09 0.3   0.000 6.05 13.1 0.462 0.6   

               

δDma 0.697 0.573 0.073 7.88 <0.001 1.2 0.28 0.503 0.267 0.040 6.68 <0.001 1.1 0.33 

Tmax -0.681 -1.46 0.190 -7.70 <0.001 1.2 0.26        

Lat        -0.707 -1.24 0.188 -6.60 <0.001 2.2 0.23 

Max Elev        -0.481 -0.005 0.001 -4.57 <0.001 2.1 0.07 

R²  0.55       0.63      
Adjusted R²  0.53       0.61      
Residual SE  7.48       6.99      
F-statistic  42.6       39.6      
p-val.  <0.001       <0.001      
AIC  513       504      
N  74       74      

 1SE = Standard Error, VIF = Variance Inflation Factor  
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4.2 THg in wolverine muscle 

Total Hg concentration in wolverine muscle varied widely within the study area, ranging 

from 0.01 to 5.72 𝜇g/g dw (Table 5; Figure 6). Average THg concentrations varied up to 

three-fold between territories. The highest average concentrations were measured in the 

NT (mean= 0.94 ± 1 𝜇g/g dw, median= 0.62). Wolverines in the YT had the lowest THg 

concentrations in muscle (mean= 0.22 ± 0.26 𝜇g/g dw, median= 0.13). 

 

Figure 6. Total Hg concentration (𝜇g/g dw) in wolverine muscle across the western 

Canadian Arctic. 

 

A Kruskal-Wallis test (H(2) = 123.15, p < 0.001) followed by a Wilcoxon’s 

pairwise rank-sum test (p < 0.01, using Hochberg’s post hoc adjustment method) 
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demonstrated significant differences in THg between the YT and the other two territories 

(Figure 7). The differences between NU and the NT were not significant. When grouped 

by biome, boreal cordillera wolverines had significantly lower THg concentrations than 

those in taiga and tundra (Figure 8; H(2) = 113.95, p < 0.001; Wilcoxon’s p ≤ 0.01, 

Hochberg’s post hoc). 

 

Figure 7. Boxplots showing variation in THg concentrations of wolverines in the western 

Canadian Arctic (N= 419). Adult (> 2 year old) and subadult (≤ 2 year old). Age Class 

plot: N = 411 and sex plot: N = 418, due to unknown records. Significance levels as in 

Figure 2. 
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Age-class was available for 406 (96%) of 419 wolverines: 152 were subadults and 

254 were adults (Table 5). Total Hg values were significantly different between age 

classes (U= 17691, p = 0.04; Figure 7), with subadults having on average lower THg 

concentrations than adults. There was no difference in THg concentration between males 

and females (U = 17850, p = 0. 08; Figure 7). 

Table 5. Mean, median and range values of THg (𝜇g/g dw) in wolverine muscle, grouped 

by sex and age (n = 418). 

 Female Male 

THg 
Adult, 

N = 92 
Subadult, 

N = 53 
Unknown, 

N = 2 
Adult, 

N = 162 
Subadult, 

N = 104 
Unknown, 

N = 5 
Mean (SD) 0.38 (0.55) 0.28 (0.44) 0.21 (0.08) 0.40 (0.47) 0.37 (0.68) 0.52 (0.60) 

Median 0.16 0.13 0.21 0.22 0.16 0.38 

Range 0.01, 2.82 0.03, 2.78 0.15, 0.26 0.03, 2.42 0.03, 5.72 0.09, 1.54 
* One subadult was of unknown sex with a THg concentration of 0.32 (µg/g dw). 

 

Means and ranges of 𝛿15N and 𝛿13C in wolverine muscle were 6.79‰ (3.99 to 

12.91) and -24.29‰ (-33.46 to -8.04), respectively (Figure 8). The 𝛿15N of wolverine 

muscle was significantly higher in the tundra in comparison with the taiga and boreal 

cordillera wolverines (H(2) = 79.068, p < 0.001; Wilcoxon’s pairwise rank-sum tests p < 

0.001, using Hochberg’s post hoc). The boreal cordillera 𝛿15N values were significantly 

lower than the other two biomes (Figure 8). Carbon stable isotope ratios in wolverine 

muscle were significantly higher in the tundra biome compared to the taiga and boreal 

cordillera biomes (H(2) = 54.033, p < 0.001; Wilcoxon’s p ≤ 0.001, using Hochberg’s 

post hoc). There was no significant difference in 𝛿13C values between boreal cordillera 
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and taiga wolverines (p = 0.29).  Nitrogen stable isotope ratios were strongly correlated 

with ln(THg) (Figure 8; Table 6). 

 

 

Figure 8. Left, stable isotopic composition (𝛿15N and 𝛿13C) of wolverine muscle across 

boreal and Arctic ecosystems in Canada. Right, ln(THg) concentration in wolverine 

muscle in relation to 𝛿15N. 

 

Spearman correlations between THg in wolverine muscle and landscape, climate 

and diet variables are presented in Table 6. Wet Hg deposition showed moderate positive 

correlation with THg at the collection location (𝜌 = 0.37, p < 0.001) and within the 150 

km buffer (𝜌 = 0.49, p < 0.001). In contrast, HgDep was not significantly correlated to 

THg when measured at the wolverine collection location. At the 150 km buffer scale, the 
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correlation between these two variables was significant but the effect size was very small 

(𝜌 = 0.12, p = 0.017). 

At the collection location a strong positive association was found between THg 

and 𝛿15N (𝜌 = 0.60, p < 0.001; Table 6, Figure 8). Carbon stable isotope ratios (𝜌 = 0.41), 

latitude (𝜌 = 0.41), and longitude (𝜌 = 0.27) had all significant (p < 0.001) positive 

correlations with THg. Distance to the Arctic coast (𝜌 = -0.49), Tmax (𝜌 = -0.48), Tmin (𝜌 = 

-0.46), elevation (𝜌 = -0.44) and prcp (𝜌 = -0.35) were also significant (p < 0.001) but 

negatively associated with THg (Table 6). The soil variables (SOC, spH10, spH60) were 

not significantly correlated with THg at the collection location.  

At the 150 km buffer scale THg was negatively associated (p < 0.001) with Tmax 

(𝜌 = -0.52), Tmin (𝜌 = -0.50), elevation (𝜌 = -0.45) and prcp (𝜌 = -0.41) (Table 6). The soil 

pH variables, spH10 (𝜌 = -0.15, p = 0.003) and spH60 (𝜌 = -0.17, p < 0.001), were 

significant but weakly and negatively associated with THg at the 150 km buffer scale. 

Soil organic carbon (𝜌 = 0.19, p < 0.001) had a weak positive relationship with THg at 

this scale. 

All the landcover variables were moderately correlated with THg (p < 0.001; 

Table 6).  The association was positive between THg and shrubland % (𝜌 = 0.23), 

grassland % (𝜌 = 0.40), wetland % (𝜌 = 0.47), water % (𝜌 = 0.43), and wet area % (𝜌 = 

0.48). Barren land % (𝜌 = -0.24) and snow-ice % (𝜌 = -0.38) had a negative correlation 

with THg in wolverine.  
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Table 6. Spearman correlation coefficients (𝜌) for climate, landscape, and diet variables 

with THg in wolverine muscle (n = 419). 

 
Collection 

location 
150 km buffer 

Variable ρ p-value ρ p-value 

HgDep 0.02 0.732 0.12 0.017 

HgWet 0.37 ≤ 0.001 0.49 ≤ 0.001 

Prcp -0.35 ≤ 0.001 -0.41 ≤ 0.001 

Tmax -0.48 ≤ 0.001 -0.52 ≤ 0.001 

Tmin -0.46 ≤ 0.001 -0.5 ≤ 0.001 

Elevation -0.44 ≤ 0.001 -0.45 ≤ 0.001 

SOC 0.08 0.092 0.19 ≤ 0.001 

spH10 -0.07 0.128 -0.15 0.003 

spH60 -0.07 0.166 -0.17 ≤ 0.001 

δ15N 0.6 ≤ 0.001     

δ13C 0.41 ≤ 0.001     

 
Collection 

location 
150 km buffer 

Variable ρ p-value ρ p-value 

DistCoast -0.49 ≤ 0.001     

Long 0.27 ≤ 0.001     

Lat 0.41 ≤ 0.001     

forest %     -0.46 ≤ 0.001 

shrubland %     0.23 ≤ 0.001 

grassland %     0.4 ≤ 0.001 

barren land %     -0.24 ≤ 0.001 

wetland %     0.47 ≤ 0.001 

water %     0.43 ≤ 0.001 

snow-ice %     -0.38 ≤ 0.001 

wet area %     0.48 ≤ 0.001 

 

Figures 6 & 9 indicate that wolverines closer to coastal areas in the NT and NU 

had higher THg concentrations than “inland” wolverines. Modelling estimates of the net 

and wet mercury deposition (averaged to 2015) are shown in Figure 9.  Northern coastal 

areas receive a greater atmospheric wet deposition of Hg compared with inland areas 

(bottom map, Figure 9). Eastern Canada also shows moderately higher wet Hg deposition 
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than western zones.  Total Hg concentrations in wolverine were more strongly correlated 

with HgWet than with HgDep (Figure 9; Table 6).  

4.2.1 Multiple linear regression 

At the collection location scale, there was strong covariance among some of the 

explanatory variables, particularly Tmax and Tmin (𝜌= 0.97), between spH10 and spH60 (𝜌 

= 0.95), and between latitude and DistCoast (𝜌 = -0.93). See Appendix C (Figure C.1) for 

the correlation matrix for all explanatory variables. To reduce the set of explanatory 

variables in the MLR models applied at the collection location scale, Tmin, spH60, and 

latitude were removed. Regression assumptions were checked using diagnostic plots of 

model residuals and 17 outliers and leverage points were removed from the YT (10), the 

NT (2) and NU (5). 

At the 150 km buffer scale, there was strong collinearity between mean elevation 

and snow-ice % (𝜌= 0.92; Figure C.2), between mean spH10 and mean spH60 (𝜌 = 0.96) 

and between mean Tmax and mean Tmin (𝜌= 0.98). Accordingly, mean elevation, mean 

Tmin, and mean spH60 were removed for the MLR modelling at the 150 km buffer scale. 

Regression assumptions were checked using diagnostic plots of model residuals and 13 

outliers and leverage points were removed from the YT (3), the NT (2) and NU (8). 
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Figure 9. Annual net Hg (HgDep) and wet Hg (HgWet) deposition for 2015 in Canada 

(GEM-MACH-Hg model, provided by ECCC, 2021). Legend is in 𝜇g/m2. Circles 

represent muscle THg concentrations in wolverines (𝜇g/g). Wolverine THg values were 

scaled to the same legend for Hg deposition (for HgDep, THg was offset by 3.5X + 20 

and for HgWet by 3X + 10). 
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The best fit model for ln(THg) concentrations of wolverine muscle at the 

collection location scale included three variables: SOC, DistCoast and 𝛿15N. The model 

explained approximately 45% of the variation in ln(THg). According to the independent 

R2 of individual explanatory variables (Table 7), 𝛿15N was the most important variable 

for explaining ln(THg) variation in wolverines at this scale (independent R2 = 0.23) and 

the association was positive. At the collection location, the beta coefficient for DistCoast 

(independent R2 = 0.20) was negative, indicating a moderate inverse association with 

ln(THg) concentrations in wolverines. Soil organic carbon contributed very modestly but 

significantly and positively to ln(THg) variation at the collection location scale 

(independent R2 = 0.02).  

The best fit model for ln(THg) in wolverine muscle at the 150 km buffer scale 

explained ≈50% of the variation and included four variables: SOC, 𝛿15N, snow-ice % and 

wet area % (Table 7). Nitrogen isotopic composition remained the strongest explanatory 

variable (independent R2 = 0.24). Percentage of wet area (independent R2 = 0.18), SOC 

(independent R2 = 0.07) and percentage of perennial snow-ice (independent R2 = 0.02) 

showed positive effects (beta coefficients) on ln(THg) of wolverine at the 150 km buffer 

scale. An increasing percentage of these landcover types and SOC may be related to 

higher ln(THg), especially wet area, which was the second important variable for the 150 

km buffer model. Around the 150 km buffer, distance to the Arctic coast was not selected 

as a significant explanatory variable. 
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Table 7. Factors that influence ln(THg) in wolverines at collection location and the 150 km buffer. 

  Collection location   150 km buffer  

Variable Beta Estimates SE1 t-val p-val VIF1 Independent R2 Beta Estimates SE1 t-val p-val VIF1 Independent R2 

(Intercept) 0.000 -3.97 0.333 -11.9 <0.001   0.000 -5.49 0.269 -20.4 <0.001   

SOC 0.142 0.004 0.001 3.80 <0.001 1.0 0.02 0.206 0.008 0.002 5.24 <0.001 1.2 0.07 

DistCoast -0.351 0.000 0.000 -8.29 <0.001 1.3 0.20        

δ15N 0.419 0.389 0.040 9.84 <0.001 1.3 0.23 0.449 0.384 0.034 11.4 <0.001 1.3 0.24 

Snow-ice %        0.134 0.022 0.007 3.33 <0.001 1.3 0.02 

Wet area %        0.337 0.050 0.007 7.59 <0.001 1.6 0.18 

R²  0.45       0.50      

Adjusted R²  0.44       0.50      

Residual SE  0.775       0.734      

F-statistic  107       101      

p-val.  <0.001       <0.001      

AIC  942       909      

N  402       406      
 1SE = Standard Error, VIF = Variance Inflation Factor  
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Chapter  5: Discussion 

5.1 Hydrogen isotopes as a tool to constrain movement of Arctic wolverine 

Wolverines exhibited a positive but weak linear relationship between 𝛿Dh and 𝛿Dma. The 

results suggest that identifying the movement or origin of wolverine based solely on  

𝛿Dma isoscape may be problematic. These findings differ from the strong relationships 

found in keratin tissues of other terrestrial mammalians, e.g., bats and felids (Cryan et al., 

2004; Koehler & Hobson, 2019; Voigt & Lehnert, 2019). However, confounding results 

have been reported in different terrestrial mammals. In the eastern United States, Britzke 

et al. (2009) found that 𝛿D in precipitation explained very little variation in 𝛿Dh in two 

bat species (Lasiurus borealis and Myotis lucifugus) but the relationship was strong for 

two other species (M. sodalist and M. septentrionalis).  

The few published data for other terrestrial mammalian carnivores (from a wide 

latitudinal range) across the U.S.A and Canada yielded ambiguous results. Pietsch et al. 

(2011) stated that feline carnivores cannot be placed on 𝛿D isoscapes because they did 

not find any relationship between 𝛿D in environmental water and 𝛿Dh for puma (Puma 

concolor) and bobcat (Lynx rufus) museum samples. In contrast, Koehler & Hobson 

(2019) observed a strong positive relationship between 𝛿Dgs and 𝛿Dh in dogs and cats 

from shelters across the U.S.A and Canada. They conclude that these findings opened the 

possibility of using isotopic methods for tracking movements or the origin of carnivores.  

Although 𝛿Dh of wolverine did not show a complete lack of relationship with 𝛿Dma, the 
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strength of the relationship was weaker in comparison to those of hair in canids, felids 

and bats elsewhere.  

The weak to moderate positive correlation of 𝛿Dh in wolverine with 𝛿Dma and 

𝛿Dgs indicates that it would not be possible to estimate the wolverine origin if the 

collection location was not already available. On the other hand, this moderate 

relationship was helpful to identify a suitable spatial scale (scale of movement or zone of 

environmental influence) for the wolverine, which was further applied to the THg 

analysis. Also, the MLR results showed that other factors affect the 𝛿Dh composition in 

wolverine, as indicated by the contribution of latitude, elevation and temperature. 

Application of 𝛿D in the Arctic and sub-Arctic terrestrial carnivores is limited (Koehler 

et al., 2019) but it may offer an opportunity to further investigate small-scale movement 

of wolverine (e.g., geographic assignment to broad-scale subpopulations or long-distance 

dispersion), given that an isotopic transfer function is developed for the species (or 

related species). Potential explanations for the weaker relation between 𝛿Dh in wolverine 

and 𝛿Dma are discussed below.   

5.1.1 Limitations of isoscapes of 𝜹Dp 

A large proportion of research using 𝛿Dt in terrestrial mammals has focused on 

tracking continental latitudinal migration, long dispersal movements and assigning 

origin/catchment areas of small-sized mammals, like bats (Voigt & Lehnert, 2019). 

Similar applications of 𝛿Dt have been developed for other highly mobile terrestrial 

wildlife, such as birds, and insects (Hobson, 2005, 2019; Katzner et al., 2017; Rubenstein 

& Hobson, 2004).  Given that wolverines are territorial (Aronsson & Persson, 2018) and 
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considering their average home range size, it is unlikely that the animals dispersed across 

large latitudinal gradients. Thus, 𝛿Dh variation in wolverines may reflect variation in 

isotopic values of local diets that could not be placed on the coarse-scale gradients of the 

𝛿Dma isoscape. However, rare long-distance migration and breeding dispersal may occur 

in wolverine (Aronsson & Persson, 2018; Moriarty et al., 2009).  

The low resolution (in time and space) of the currently available 𝛿D precipitation 

isoscapes is a known limitation for tracking animal movement at smaller latitudinal 

gradients (Bowen et al., 2005; Hobson et al., 2019; Terzer et al., 2013; Vander Zanden et 

al., 2018).  Also, this approach poorly addresses the east-west movement of animals 

(Voigt & Lehnert, 2019), which is likely to occur with tundra wolverines that may 

disperse longer distances for food resources.  To address these caveats in less mobile 

species, mixed approaches (isotopic and non-isotopic information) have been developed 

that help refine the spatial resolution of animal movements (Hénaux et al., 2011; Hobson 

et al., 2019; Moriarty et al., 2009). For instance, if the interest is to assign individuals to 

an area of 100-200 km2, then a fine-scale isoscape will be required or a combination of 

other approaches, e.g., multiple stable isotopes, genetic structure, fatty acid composition 

or extrinsic markers (Hobson et al., 2019; Wunder & Norris, 2019). 

Tissue 𝛿D in other terrestrial wildlife have shown strong, but different, 

relationship with either 𝛿Dgs or 𝛿Dma isoscapes (Hobson, 2019). For example, some birds 

and bat species were strongly related to growing season 𝛿D in precipitation, as a result of 

seasonally relevant water uptake and/or moulting periods of the species (Baerwald et al., 

2014; Cryan et al., 2014; Fraser et al., 2012; Hobson, 2019; Voigt & Lehnert, 2019).  
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Other species have shown stronger coupling with 𝛿Dma.  Robust studies for carnivores 

have yet to be established in this regard.  Koehler & Hobson (2019) found that 𝛿Dgs 

explained cats and dogs 𝛿Dh variation in North America; while Pietsch et al. (2011) used 

𝛿Dma and 𝛿D in river water and found a lack of coupling with 𝛿Dh in wild felids. 

Preliminary MRL in wolverine from this research showed an even weaker linear 

relationship between 𝛿Dgs and 𝛿Dh compared to 𝛿Dma. Although wolverines go through 

moulting seasons this information was not available to include in the modelling of the 

relationship with the 𝛿D isoscapes. 

A factor, that could explain the weak relationship between 𝛿Dp isoscapes and 𝛿Dh 

in wolverine is the intrinsic discrimination between precipitation and food sources 

(Hobson, 2019). A critical step when comparing isotopic values in animal tissues against 

a precipitation-based isoscape is to calibrate the isoscape to reflect the discrimination 

between the tissue and precipitation 𝛿D (Bowen et al., 2005; Wunder & Norris, 2019, 

2008). In general, this calibration process is both organism and isoscape-specific (Bowen 

et al., 2014). Various calibration or transfer functions have been developed for terrestrial 

animals, showing differences in functions for animals of different ages, sex or feeding 

guilds (Hobson, 2019; Voigt & Lehnert, 2019; Wunder, 2010). Additionally, calibration 

functions developed using growing season precipitation are not comparable to those 

using mean annual values (Bowen et al., 2014).  This research lacks the discrimination 

rate for conversion of 𝛿Dp to 𝛿Dh, hence large variations are expected to be added to the 

explanatory models. The positive “offset” calculated between 𝛿Dh in wolverine and 𝛿Dma 

(22.77‰) differed from the discrimination factor used between 𝛿Dgs and keratin tissues 
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of migratory birds and bats, -25‰ (Cryan et al., 2004; Wassenaar & Hobson, 2001). 

Transfer functions linking mammalian carnivore 𝛿Dt with expected values of long-term 

precipitation 𝛿D are currently lacking (Koehler & Hobson, 2019; Voigt & Lehnert, 

2019).  However, a manual calculation of published datasets revealed also positive 

“offsets” for bobcat (~9‰), and puma (~6‰) using 𝛿Dma (Pietsch et al., 2011). 

Contrarily, calculated “offsets” for dogs were -15.9‰ and in cats -7.4‰ using 𝛿Dgs 

(Koehler & Hobson, 2019). Probably, the biology of carnivores, e.g., lower dependency 

on surface water drinking compared to omnivores, has impaired the investigations of 

isotopic transfer functions for this taxon (Rodriguez Curras et al., 2018; Voigt & Lehnert, 

2019). 

5.1.2 Limitations of δDt for tracking movements of terrestrial carnivores 

Diet and metabolic influences could explain the weaker relationship of wolverine hair 

with the isotopic composition of water when compared to terrestrial omnivores and 

herbivores.  For mammals, H body water, thus hair, can be obtained from drinking water, 

food water, and metabolized food (Ehleringer et al., 2008; Koehler & Hobson, 2019). 

Many mammals vary in the sources of their body water pool available for H exchange. 

For example, Ehleringer et al. (2008) report that ≈ 27% of the H in human hair keratin 

was derived from local drinking water, with the remaining fraction coming from a 

mixture of blood water and H produced through the metabolism of dietary foods. 

Insectivorous bats showed an inverse relationship between 𝛿Dh and 𝛿D in body water, 

suggesting that diet composition was the main cause of 𝛿D variation in fur, and to a lesser 

extent by drinking water (Voigt et al., 2013).  Similarly, many carnivores acquire most of 
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their body water intake from food, rather than drinking water. Polar bears do not drink 

fresh water and produce body water by consuming a high-fat diet (Nelson et al., 1983). 

Bowen et al. (2009) found that 𝛿Dh from Inuit people were not related to 𝛿Dp, differing 

from the strong coupling observed in hair samples from other global human populations. 

A higher-tropic level (carnivore) diet, including marine protein consumption, may have 

influenced the anomalous 𝛿D values in the Inuit hair samples (Bowen et al., 2009). In 

their study with puma and bobcat Pietsch et al. (2011) hypothesized that in carnivores, 

physiology and metabolism of 𝛿D could be potential explanations for the lack of 

correlation. Koehler & Hobson (2019) found a weaker relationship of 𝛿Dh in cats than in 

dogs. Cats, as strict carnivores obtain most of their water requirements from prey 

consumption and consume little water to facilitate the excretion of metabolic end-

products while dogs as omnivores consume more drinking water. As primary carnivores, 

the relationship between 𝛿Dh of wolverines and environmental water can be complicated 

by unknown metabolic and physiological processes in the transfer of H. 

Hydrogen metabolism and exchange in wolverine hair (tissue-specific) could also 

affect the relationship with 𝛿Dma. Few laboratory controlled-feeding experiments have 

found that assimilation and discrimination of 𝛿D vary between tissues (e.g., hydrogen 

discrimination is likely tissue-specific and driven by differences in amino acid 

concentrations among tissues) and among the sources of H (water or dietary) (Rodriguez 

Curras et al., 2018). This difference has been observed in feline carnivores using 𝛿18O. 

Pietsch et al. (2011) reported a lack of relationship between 𝛿18O in precipitation and 

𝛿18O in the hair of bobcat and puma. In another study, Pietsch & Tütken (2016) found a 
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moderate linear relationship between 𝛿18O in precipitation and 𝛿18O in bone phosphate of 

the same species.  The authors discussed that different factors in feline carnivores 

influence the 𝛿18O routing and incorporation from meteoric water into body water and 

different body tissues.  Understanding how diet influences assimilation and 

discrimination of 𝛿D in terrestrial mammals, is an important first step toward applying it 

as a tracer for free-ranging mammals (Rodriguez Curras et al., 2018). Such experiments 

in carnivores are presently needed. Additionally, studies of 𝛿Dt in the Arctic and sub-

Arctic terrestrial mammals are limited compared to tropical and temperate regions 

(Koehler et al., 2019; Voigt & Lehnert, 2019). 

5.1.3 Contribution of climate and physiographic factors on δDh 

Although modelling of the 𝛿D isoscape incorporates altitude and latitude, the results at 

the 150 km buffer scale found that latitude and maximum elevation explained an 

additional 30% of the variation in 𝛿Dh in wolverine.  At the sample location, maximum 

temperature contributed to ~26% of the variation in 𝛿Dh.  

Britzke et al. (2009) reported that latitude explained more variability in 𝛿Dh of 

bats than 𝛿Dp.  In wolverines, latitude was the explanatory variable with the second 

relative importance after 𝛿Dma, suggesting that there is a north-south gradient in 𝛿Dh that 

was not captured by the 𝛿Dma. A limitation of the current modelling of 𝛿Dp isoscapes is 

the unrepresented sites (GNIP stations) and fragmented data available for the 

interpolation in Arctic zones (Terzer et al., 2013). Hence, higher uncertainties of 

interpolation may be present in this region.  
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Maximum elevation weakly contributed to the variation of 𝛿Dh in wolverine. It 

has been documented that wolverine forages at a variety of elevations in Canada (Lofroth 

et al., 2007; Slough, 2007).  Higher elevation in areas with late spring snowpack 

(Copeland et al., 2010), and higher topographic ruggedness in alpine and subalpine 

habitats (Poley et al., 2018) have been associated with wolverine habitat selection.  

However, selection of less extreme topography has also been documented in the species 

(Heinemeyer et al., 2019; Lewis et al., 2012), proposing multiple factors driving habitat 

selection such as food, predators and human avoidance.  A weak explanatory power of 

elevation was found for 𝛿D in the feathers of birds (Hardesty & Fraser, 2010). Similarly, 

a model of 𝛿D in human body water in relation to an 𝛿D isoscape of drinking water 

found the most depleted values were at higher latitudes and elevations of the interior 

West of the U.S.A (Ehleringer et al., 2010).  

Maximum temperature influenced 𝛿Dh at the collection location scale. 

Temperature can affect the excretion and evaporation of 𝛿D in mammalians and avian 

bodies (Ehleringer et al., 2010; Mckechnie et al., 2004). In humans, the correlation, 

between 𝛿D of drinking water and body water can be weakened due to the influence of 

climate through evaporation (Ehleringer et al., 2010). Hence the accurate spatial 

prediction of 𝛿D in body water (and tissues) in mammalians requires the incorporation of 

all sources of hydrogen and the influence of climate.  

In summary, isotopic signatures of water decrease with increasing elevation and 

latitude. Similarly, 𝛿Dh in wolverine decreased with these variables increments. It is 

probable that climate and physiographic variables interact with one another, especially in 
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the western cordillera biomes. For instance, there is a general depletion of δDp with 

increasing latitude due to temperature gradients, which can affect water condensation 

(Dansgaard, 1964). For example, in BC and the YT, the high elevation of the West may 

complicate the interpretation of the scale of movement (or zone of environmental 

influence) of the wolverine based only on 𝛿D. 

5.2 Total Hg concentrations in wolverine muscle in the context of the Artic  

A comparison with existing data from marine Arctic carnivores, such as ringed seal (Pusa 

hispida) and beluga whale (Delphinapterus leucas), shows lower THg average 

concentrations in wolverine muscle (Brown et al., 2016; Houde et al., 2020; Langlois et 

al., 1995; Langlois & Langis, 1995). However, mean (0.37) and median (0.17) values of 

THg (µg/g dw) in the muscle of wolverine in this study were similar to or higher than the 

average reported concentrations in muscle tissues from other terrestrial large (non-

marine) predators (Table E.1). Total Hg in red fox muscle has been averaged from 0.05 to 

~0.08 𝜇g/g dw (Kalisinska et al., 2009, 2012; Sheffy & Amant, 1982). Gray wolf in 

Alaska exhibited median and mean THg concentrations of ~0.05 and ~ 0.328 𝜇g/g dw in 

muscle from Alaska (McGrew et al., 2014). For both canine species, greater average THg 

levels were documented in animals with access to coastal areas and presumably to marine 

food webs. The highest single muscle THg concentration recorded for wolverine (5.72 

𝜇g/g dw) exceeds the highest values reported in the muscle of red fox (3.6 mg/kg dw) and 

gray wolf (~2.2 𝜇g/g dw) that had coastal influences (Kalisinska et al., 2009; McGrew et 

al., 2014). This wolverine was located near Aklavik, NT, ~50 km from the Arctic coast, 

and was the only individual with a THg concentration >2.8 𝜇g/g dw. Nine wolverines 
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exhibited THg concentrations ≥2 𝜇g/g dw; all were in tundra biomes from NU and the 

NT and within ~100 km from the Arctic coast. Average muscle THg concentrations of 

wolverine are consistent with those of gray wolf in the Arctic, another terrestrial 

carnivore, that may opportunistically consume marine prey. 

Total Hg concentrations in wolverine in this study are lower compared to other 

North American mustelids (Fortin et al., 2001; Langlois et al., 1995; Langlois & Langis, 

1995; Sheffy & Amant, 1982; Strom, 2008).  In river otter muscle (Lontra canadensis) 

Strom (2008) found mean concentrations of THg ~3.08 𝜇g/g dw in northern Wisconsin 

and ~1.28 in the southern part of the State. Fortin et al. (2001) recorded a mean of ~5.12 

𝜇g/g dw in muscle from otter in James Bay, Quebec. Total Hg means concentrations in 

mink (Neogale vison or M. vison) were reported at ~8.5 𝜇g/g dw, while in martens 

(Martes americana) were 1.02 𝜇g/g-dw in eastern Canada (Fortin et al., 2001; Langlois 

& Langis, 1995). The higher THg concentrations in otter and mink vs. marten are likely 

related to their different feeding habits. These two species are considered freshwater 

piscivorous, while marten is considered a terrestrial predator like the wolverine. A 

terrestrial-based diet may reflect the lower muscle THg levels reported in marten and the 

ones found for wolverine in this study. However, average THg concentrations in 

wolverine are closer to those reported in canine carnivores than in other mustelids (Table 

E.1). These similarities and differences may be related to foraging habits, e.g., similar 

guilds, rather than biology. A more in-depth comparison between marten and wolverine 

from similar regions could help elucidate if these two terrestrial mustelids display similar 

trends in Hg bioaccumulation. 
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No studies were found that analyzed THg in wolverine muscle. Nevertheless, two 

reports on the liver from wolverine revealed mean THg concentrations varying from 0.18 

𝜇g/g dw in BC to ~0.52 𝜇g/g dw in Kugluktuk, NU (Harding, 2004; Hoekstra et al., 

2003). Generally, mammals have greater liver THg concentrations relative to muscle and 

often there is a strong correlation between these tissues (Brown et al., 2016; Eccles et al., 

2017; Sheffy & Amant, 1982; Strom, 2008). For example, Kalisinska et al. (2012) report 

a ratio of 4:2:1 in median values of THg in kidney>liver>muscle from red foxes. It is 

difficult to observe a clear muscle-liver trend in wolverines when compared to the 

previous studies. In both cases, they had limited sample sizes (11 and 12) and locations.  

Studies of THg in liver showed a similar trend to the THg concentrations in 

wolverine muscle from this research.  In general, wolverine had lower THg 

concentrations in the liver compared to other mustelids and Arctic carnivores in North 

America (Table E.1) (Brown et al., 2016; Dehn et al., 2006; Hallanger et al., 2019; 

Langlois & Langis, 1995; Morris et al., 2021; Sheffy & Amant, 1982). For instance, 

Hoekstra et al. (2003) found mean levels of THg in arctic fox liver, ~3.4 𝜇g/g dw in 

Ulukhaqtuuq, NT and ~3.08 𝜇g/g dw in Arviat, NU. Liver average concentrations of THg 

in otter varied from 5.73 mg/kg dw to ~14.8 𝜇g/g dw (Evans et al., 2000; Fortin et al., 

2001; Strom, 2008; Wilkie, 2016). Values between ~6.12 and ~17.4 𝜇g/g dw were 

recorded for liver in mink (Evans et al., 2000; Fortin et al., 2001). Comparing THg levels 

among wolverine tissues was not part of this study but those data were generated and will 

be used elsewhere to explore the relationships of THg levels among tissues. Especially, 



58 

 

when toxicity thresholds for mustelids and other species are often analyzed in other 

tissues (e.g., fur, kidney, liver). 

The higher THg concentrations in adult wolverines than in subadults are 

consistent with previous findings from various tissue types in ringed seal (Brown et al., 

2016), polar bear (McKinney et al., 2017; Routti et al., 2019), arctic fox (Bocharova et 

al., 2013), and other terrestrial mammals (Chételat et al., 2018; McGrew, 2011). Even 

though THg was significantly lower in subadult wolverines, the difference was low 

(~0.05 𝜇g/g dw) and must be taken with caution due to a majority of adults in the sample. 

Similar to findings in other Arctic or terrestrial wildlife (Bocharova et al., 2013; 

Chételat et al., 2018; Hallanger et al., 2019; Houde et al., 2020; Kalisinska et al., 2012; 

McGrew et al., 2014), THg concentrations between female and male wolverines were not 

significantly different. However, literature reports varying trends regarding differences in 

THg concentrations between sex and age (Brown et al., 2016; McKinney et al., 2017). 

These dissimilarities could be species, tissue or location-specific. For instance, Brown et 

al. (2016) report differences in THg concentration in liver and kidney of adult and 

subadult ringed seals, but no differences in muscle concentrations at certain eastern 

locations in Canada. McKinney et al. (2017) described higher THg in adult female polar 

bears (solitary and with cubs) than in subadults and adult males. Results for other 

mustelids are also mixed regarding sex and age differences (Strom, 2008).   

Biological characteristics (sex and age class) did not explain muscle THg 

concentrations in wolverines. However, grouping wolverines by sex and age (e.g., 

subadult females, adult females, etc.) may yield different information than the ones found 
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in this study. For example, in adult female wolverines, the reproductive status 

(pregnant/denning/lactating) affects their home range and foraging habits (Inman et al., 

2012b; Lofroth et al., 2007). Hence their Hg intake and excretion could also be affected. 

Other biological factors, not studied here, could be influential on wolverine THg burdens. 

Body composition has shown relevance in THg concentrations in arctic fox and polar 

bear (Bocharova et al., 2013; Routti et al., 2019). For example, greater body mass index 

reflected lower THg concentrations in polar bears that consumed prey at lower TP 

(McKinney et al., 2017). 

5.2.1 Mercury concentrations in wolverine were influenced by diet 

Total Hg in wolverine muscle increased with 𝛿15N, an indicator of TP.  This variable was 

dominant in the MLR models at both the collection location scale and the 150 km buffer 

scale.  These results suggest that THg levels in wolverines may reflect food sources and 

biomagnification processes as documented in other Arctic wildlife (Brown et al., 2016; 

Dehn et al. 2006).  Typically, 𝛿15N values are more enriched in marine sources than in 

terrestrial sources (Blight et al., 2015; Hobson, 2019). Following this principle, 𝛿15N 

tissue from boreal wolverines is more depleted than those in tundra and taiga biomes 

where they are more likely to have access to marine sources. Additionally, 𝛿15N is 

influenced by trophic position, increasing by 2.5-5 ‰ with trophic level (Hobson, 2019). 

Biomagnification refers to the increase of a contaminant concentration at successive 

levels in a food chain (AMAP, 2011c). Thus, the increase of THg along with 𝛿15N 

reflects that biomagnification is present in wolverines.  
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Mean values of 𝛿15N (6.79‰) and 𝛿13C (-24.29‰) in wolverine probably reflect a 

diet of terrestrial herbivores dominated by small terrestrial prey (Dalerum et al., 2009a; 

Dehn et al., 2006; Lewis et al., 2012).  These results are similar to those of Dalerum et al. 

(2009a), who reported average 𝛿15N and 𝛿13C of 6.50‰ and -22.68‰, respectively, in 

wolverine muscle from Alaska.  Although the comparison between different tissue 

isotopic compositions must be taken with caution, the 𝛿15N values in muscle from 

wolverine in this study are also consistent with those observed using wolverine hair in 

other studies (Lewis et al., 2012; Moriarty et al., 2009).  Mean 𝛿15N in arctic fox muscle 

ranged from 9.3 to 11.3‰ in Alaska and Canada (Dehn et al., 2006).  The mean 𝛿15N for 

wolverines in this study suggests a lower TP than arctic fox which is in agreement with 

lower average THg concentrations in wolverines compared to this predator.   

Although 𝛿13C, an indicator of food sources, was not selected as an important 

explanatory variable for THg in the MLR models, the significant positive correlation with 

THg strengthened the idea that marine food sources are associated with higher THg 

levels in wolverines, mainly in tundra individuals.  In general, 𝛿13C values in animal 

tissues are helpful to infer diet and biome information, due to a strong correspondence to 

primary production and photosynthetic pathways (Hobson, 2007, 2019).  Terrestrial and 

freshwater biomes tend to be more depleted for 𝛿13C compared to marine food webs 

(Hobson, 1999; Trueman & St John Glew, 2019) and 𝛿13C vs. 𝛿15N values are typically 

correlated in marine systems (Blight et al., 2015). In the case of wolverines, the 

increasing 𝛿13C and 𝛿15N values (Figure 8) provide evidence of access to marine prey. 

Marine feeding in wolverine, 𝛿13C and 𝛿15N, is consistent with higher THg 
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concentrations found in Arctic terrestrial predators with inputs from marine nutrients 

(Hallanger et al., 2019; McGrew et al., 2014). When animals have access to both 

terrestrial and marine resources 𝛿13C values may reflect the relative proportion of marine 

or terrestrial foods in the diet, while 𝛿15N values reflect the trophic position (Blight et al., 

2015; Hobson, 1999).  

Maximum values of 𝛿15N (12.91‰) and 𝛿13C (-8.04‰) in wolverine muscle were 

higher than the maximum values found by Dalerum et al. (2009a), 𝛿15N ~7.5‰ and 𝛿13C 

~ -21.5‰. Similarly, Lewis et al. (2012) report maximum values of 𝛿15N ~5.8‰ and 

𝛿13C ~ -23.7‰ in hair and clotted blood cells from wolverine. The 𝛿15N and 𝛿13C results 

from this thesis contradict the findings of Dalerum et al. (2009a) and Lewis et al. (2012), 

which concluded that no marine protein was consumed by wolverines in Alaska.  Dehn et 

al. (2006), based on average 𝛿13C and 𝛿15N values, also indicated that arctic fox in 

Alaska was not feeding on larger vertebrates or scavenging on marine sources, indicating 

mostly terrestrial food sources.  Wolverines have been reported to scavenge on seals or 

consume gulls, gull eggs and fish near water bodies and the coast in the NT and the YT 

(Cardinal, 2004; Species at Risk Committee, 2014).  Muscle 𝛿15N and 𝛿13C values varied 

widely but marine protein probably made up a part of the diet in northern wolverines 

which reflects in higher THg concentrations with increasing values of these isotopes.   

The highest concentrations of THg in this study were observed in tundra 

wolverines across the three territories.  The depleted 𝛿15N and 𝛿13C values in the boreal 

cordillera (YT) wolverines may be indicative of lower TP and terrestrial food sources 

compared with more isotopically enriched marine food sources.   
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Wolverine has been described as an opportunistic, generalist carnivore, with 

considerable plasticity of diet among and within regions and seasons (Inman et al., 

2012b, 2012a; Lofroth et al., 2007; Scrafford & Boyce, 2018). Ungulates have been 

reported as their dominant food source throughout their geographic range, e.g., caribou 

and moose, especially during the winter (Dalerum et al., 2009b; Inman et al., 2012a, 

2012b; Lofroth et al., 2007; Scrafford & Boyce, 2018).  However, stomach analyses 

highlighted the snowshoe hare as a prominent prey in the winter diet of wolverines in the 

YT (Jung & Kukka, 2013).  The diet of wolverines during summer is less understood but 

medium and small-sized vertebrates (e.g., ptarmigan, ground squirrels, marmots, 

porcupines, and microtine rodents) have been identified as primary prey, where available 

(COSEWIC, 2014; Dalerum et al., 2009b, 2009a; Inman et al., 2012b).   

Stable isotopic composition in wolverines may be useful to speculate on possible 

prey across the regions in this study and their influence on THg concentrations. Muscle 

values of 𝛿15N and 𝛿13C in caribou and moose ranged from 2.6 - 2.8‰ and -25.1 - -

23.3‰, respectively (Dalerum et al., 2009a).  Ptarmigan recorded muscle values are 

𝛿15N: 2.8‰ and 𝛿13C: -23.7‰.  The mean values of 𝛿15N and 𝛿13C in wolverine are in 

agreement with a diet dominated by ungulates and small terrestrial herbivores, assuming 

a trophic enrichment of ~3.7-5‰ for 𝛿15N and ~1.2 for 𝛿13C (Dalerum et al., 2009a; 

Hobson, 2019; Schmutz & Hobson, 1998).  Tundra vole, an insectivorous and potential 

wolverine prey, has been reported to have 𝛿15N and  𝛿13C of approximately 7.0‰ and ~ -

26‰, respectively (Schmutz & Hobson, 1998).  Hence, higher TP terrestrial sources may 



63 

 

be contributing to higher 𝛿15N in wolverines across certain regions or seasons when 

herbivores are less available.   

The low mean THg concentrations in wolverine agree with the trend found in 

Arctic terrestrial carnivores.  From the range 𝛿15N and 𝛿13C values it can be speculated 

that wolverines from this study likely fed on herbivores, including caribou or other 

ungulates.  THg in liver of voles and hares from the NT ranged from ~0.32 – 1.0 µg/g dw 

and ~0.16 – 0.32 µg/g dw, respectively (Poole et al., 1998). Snowshoe hare had mean 

THg values in muscle ~ < 0.52 µg/g dw in Quebec (Langlois & Langis, 1995), while 

muskrat and beaver both had mean values ~ <0.08 µg/g dw in Wisconsin (Sheffy & 

Amant, 1982). In contrast, THg concentration in livers from caribou from the NT and NU 

ranged ~3.2 -8.16 µg/g dw (Gamberg et al., 2005), exceeding the levels in small 

mammals. Lower mean values of THg have been reported in caribou muscle ~0.076 - 

0.12 µg/g dw and liver ~1.52 – 2.8 µg/g dw from Quebec (Robillard et al., 2002). Given 

the biomagnification indicated by the 𝛿15N and THg relationship, it would be expected to 

have a higher mean THg concertation in wolverines than in caribou. However, the mean 

concentrations of THg in wolverine from this study and the ones reported in liver by 

Harding (2004) and Hoekstra et al. (2003) do not seem to reflect this tendency. This 

apparent lack of biomagnification was also described by Gamberg 2015 when comparing 

caribou THg burdens with those of Arctic fox and wolf. Wolverine may be feeding on 

smaller prey or moose which have lower THg burdens (Gamberg et al., 2005). The highly 

variable and seasonal diet of wolverine along with physiology also may contribute to the 

low THg burdens.  
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Wolverine use of coastal habitats and feeding habits are not well-documented but 

this study's findings suggest that marine sources may influence THg concentrations.  

However, based on the 𝛿15N and 𝛿13C range values it is possible that marine mammal’s 

consumption is infrequent or that these marine influences are likely from lower trophic 

prey, such as shorebirds or eggs (Dalerum et al., 2009a; Lewis et al., 2012; Schmutz & 

Hobson, 1998).  For example, 𝛿15N and 𝛿13C values of this study do not reflect those 

found in the muscle of ringed seal (range 𝛿15N of 13.4 - 17.5‰, and 𝛿13C of -22.2 to -

15.0‰), muscle of gulls (range 𝛿15N of 16.1 - 18.0‰, and range 𝛿13C of -20.6 to -

18.4‰), and salmon carcasses (mean 𝛿15N of 12.1 and mean 𝛿13C of -19.9‰) (Brown et 

al., 2016; Dalerum et al., 2009b; Dehn et al., 2006; Lewis et al., 2012; Schmutz & 

Hobson, 1998). Because the 𝛿15N values of wolverine (<=12.9) are lower than those it is 

unlikely that scavenging on marine animals (or higher trophic marine prey) is an 

important part of their diet.   

It is well documented that wolverine feeding habits vary among different biomes 

and seasons, but the isotopic analysis results are consistent with wolverines preying 

mostly on terrestrial vertebrates.  The present study, which is the first to evaluate Hg in 

wolverines for an extensive area in Canada, suggests that cross-ecosystem utilization of 

food resources may contribute to increased Hg exposure, especially in Arctic coastal 

populations. Feeding ecology plays an important role in influencing THg levels in 

wolverines across the western Canadian Arctic.  Nitrogen isotopes ratios, the most 

important factor explaining THg variation in wolverines, suggest that wolverines 

foraging on higher TP prey may be at risk of greater Hg bioaccumulation.  The isotopic 
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composition (C and N) in muscle was significantly higher in tundra wolverines than in 

taiga and boreal ecosystems, suggesting an influence of marine diet in northern 

wolverines.  

5.2.2 Influence of landscape factors on THg accumulation 

The MLR results suggest that distinct combinations of landscape variables explain THg 

loads in muscle from wolverines at the collection location (point-scale) and the 150 km 

buffer around the collection location (regional scale).  At the collection location scale, 

DistCoast and SOC, in decreasing importance, explained the remaining variation in THg 

concentrations in wolverines.   

The relationship between DistCoast and THg indicates that longer distances from 

the collection location to the Arctic Coast reflect lower THg concentrations; therefore, in 

conjunction with stable isotopes, DisCoast offers an indirect measure of marine influence 

and Hg exposure in wolverines.  A similar approach found higher THg loads in muscle 

from coastal vs. inland wolves in Alaska (McGrew et al., 2014).  In general, boreal 

wolverines (further from the Arctic Coast) tended to subsist on terrestrial resources, 

resulting in low THg muscle concentrations. In contrast tundra wolverines (closer to the 

Arctic Coast) had access to utilize marine resources resulting in higher THg 

concentrations. However, individual variation existed, with few boreal wolverines having 

THg and stable isotope signatures similar to those in tundra and taiga biomes. 

Conversely, some tundra and taiga wolverines had low THg and stable isotope values like 

those in the boreal biome. Although wolverines are territorial, some individuals may have 

larger home ranges or tend to disperse longer distances and can have a more varied diet. 
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Some wolverines in tundra may have occupied more terrestrial home ranges, or their 

access to marine food could be restricted or limited. 

Soil organic carbon had a weak explanatory power on THg in wolverines, but it 

was significant at the two scales studied, the collection location and the 150 km buffer.  

In soils, Hg is bound strongly to organic matter (OM), which can be moved with water 

throughout terrestrial environments (Bishop et al., 2020).  Recent discoveries have 

highlighted that the Hg methylation process is not restricted to wetlands or flooded areas.  

Total Hg is often co-transported with OM in soils, and methylation has been documented 

in forest soils, snow, sea ice, and seawater (Bishop et al., 2020; Gamberg et al., 2015; 

Tsui et al., 2019).  Tsui et al. (2019) argued that MeHg found in terrestrial forest floors 

could be generated during OM decomposition processes (by fungi and/or bacteria). In the 

Arctic, % of organic carbon was associated with THg concentration in soils.   

At the 150 km buffer scale, along with SOC, two other landscape variables 

contributed to explaining THg variation in wolverines (% of wet area and % of snow/ice) 

and may reflect a combination of processes including Hg transport, production of MeHg 

and biomagnification of THg.   

The relative importance of wet area % as the second most important explanatory 

of THg concentration in wolverines agrees with the idea of freshwater bodies and 

wetlands as hot spots of Hg methylation and food web bioaccumulation (Branfireun et 

al., 2020).  Terrestrial wildlife at risk of greater Hg loads has been linked to aquatic life 

stages or foraging habits in these wet areas (e.g., from arthropods to birds). Conversely, 

aquatic ecosystems can receive significant loads of MeHg from terrestrial inputs (Bishop 
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et al., 2020).  Terrestrial environments globally contain the largest reservoir of Hg, 

mainly stored in organic soils, but also permafrost and glacial ice in Arctic regions 

(Outridge et al., 2018).  This legacy Hg could be released, e.g., due to land-use changes 

or high latitude warming, and lead to transport and methylation processes in rich organic 

areas, such as wetlands or waterlogged soils (Bishop et al., 2020; Obrist et al., 2018).  

Mercury methylation and demethylation processes play an important role within 

terrestrial environments and are related to Hg bioaccumulation (Bishop et al., 2020). 

Methylmercury concentrations were not assessed in this study, but literature has reported 

that this Hg form comprises most of the THg in muscle in terrestrial mammals (Gamberg 

et al., 2015). Thus, higher THg in wolverines may reflect higher MeHg in muscle.  

  The Hg cycle of snow-ice is less understood, but snowfall has significantly 

predicted Hg in Arctic aquatic fish.  Total Hg and MeHg in snowmelt may support this 

relationship (Hudelson et al., 2019).  Wolverines are considered dependent on persistent 

snow cover for their subsistence (Copeland et al., 2010). This vulnerability combined 

with probable sources of Hg from snow-ice are factors that warrant further investigation.  

Although HgDep and HgWet were not selected by the reverse stepwise MLR, 

they showed varying correlation strengths (ρ) with THg in wolverine at the collection 

location and the 150 km buffer scale (Table 6). Click or tap here to enter text. 

Interestingly, HgDep was not correlated to THg concentration in wolverine at the 

collection location scale, and it was weakly correlated at the 150 km buffer scale (ρ=12).  

Net Hg deposition has shown a positive correlation with mean THg concentrations in the 

fur of adult little brown bats in a broad-scale terrestrial study (Chételat et al., 2018).  It is 
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not clear the reason for this lack of relationship between HgDep and THg in wolverine 

muscle.  Chételat et al. (2018) included hair samples from eastern and southern parts of 

Canada, where net Hg deposition is higher and may be driven by different factors than in 

Arctic regions (Dastoor et al., 2015).  Furthermore, net Hg deposition takes into account 

wet + dry Hg fluxes; the Hg dry deposition included in the model may have added 

uncertainties (Dastoor et al., 2015; Zhang et al., 2019, 2016).  Zhang et al. (2019) state 

that large uncertainties still exist in dry Hg deposition, owing to challenges in 

quantification and simulation, mainly due to the presence of natural emissions and re-

emissions of Hg0.  Finally, the presence of Atmospheric Mercury Depletion Events 

(AMDE) in the Arctic complicates Hg quantification and deposition modelling (Dastoor 

et al., 2015; Douglas & Blum, 2019). 

In contrast, HgWet displayed a moderate-positive significant correlation with 

THg in wolverine at both, the collection location (ρ=0.37) and the 150 km buffer 

(ρ=0.49) scales (Table 6).  These results are consistent with other research where Hg wet 

deposition has been an important factor influencing Hg bioaccumulation in wildlife from 

aquatic ecosystems (Hammerschmidt & Fitzgerald, 2005; Roué-Legall et al., 2005).  

Atmospheric Hg wet deposition reflects mainly precipitation inputs (e.g., rain, snow, etc.) 

(Li et al., 2020; Zhang et al., 2019).  Unlike dry deposition, HgWet observation and 

simulation have low uncertainties, can be relatively easier to monitor in precipitation and 

there are well-established and long-term mechanisms for its monitoring (Li et al., 2020; 

Zhang et al., 2019).  However, the relative contribution of wet and dry deposition in the 

Arctic is still unknown, and modelling cannot be extrapolated from temperate regions, 



69 

 

which can limit the accurate evaluation of AMDEs and Hg deposition models in the 

Arctic (Dastoor et al., 2015).  Non-precipitation Hg wet deposition (cloud, fog, dew, 

frost, etc.), not considered in the model, may also contribute to deposition patterns in this 

region (Zhang et al., 2019).  Thus, uncertainties in Arctic atmospheric deposition may be 

a limiting factor in assessing its relationship with wolverine measurements, as shown by 

inconsistent trends in Arctic aquatic biota (Wang et al., 2019).   

Additionally, HgWet was also significantly correlated (ρ≥ 50) with multiple 

climate and landscape variables (Appendix C; Figures C.1 and C.2), such as DistCoast, 

temperature, precipitation and landcover classes. For example, HgWet covariates with 

DistCoast, and higher HgWet deposition are found in coastal areas (Figure 9).  The low 

explanatory power of HgDep and HgWet may be hidden by the dominance of local or 

regional scale processes (e.g., biochemical processes in snow-ice, SOC, landcover type) 

and feeding ecology. 

5.2.3 Spatial patterns of Hg bioaccumulation in wolverines in the western 

Canadian Arctic  

The spatial trends of THg in wolverine coincide with the circumpolar Hg trend in ringed 

seal and arctic fox with the highest Hg levels in western Canada, followed by eastern 

Canada (Brown et al., 2016) and from coastal to inland biomes (Bocharova et al., 2013). 

Similar trends have been linked to polar bears in the Canadian Arctic, with higher THg 

concentration in the Beaufort Sea area than in eastern populations (Routti et al., 2019). 

Spatial variation has also been seen in Hg bioaccumulation in otters at larger spatial 

scales (e.g., state or province). A north-south decreasing trend of THg has been observed 
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in otters in Wisconsin and Saskatchewan (Strom, 2008; Wilkie, 2016). Proximity to 

coastal areas was associated with higher Hg concentrations in otters (Halbrook et al., 

1994).  

Significant biome differences in THg concentration were demonstrated among 

wolverines, with lower THg loads in boreal ecotype (mostly in the YT) than those in 

taiga and tundra (mostly NU and the NT). Similar patterns of THg concentrations have 

been found in “inland” vs. “coastal” Arctic terrestrial carnivores (Bocharova et al., 2013; 

McGrew et al., 2014). These differences are likely driven by diet choices available in 

each biome rather than Hg deposition. Boreal wolverines may be feeding strictly on 

terrestrial vertebrates, while the tundra population may feed on a terrestrial diet but have 

access to marine sources by dispersing toward coastal areas.   
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Chapter  6: Conclusions 

The findings from applying δDh and 𝛿Dp measurements to determine wolverine origin or 

movement revealed a weak explanatory relationship. Thus, if the collection location was 

not available it would be difficult to accurately place the wolverines using solely the 

𝛿Dma isoscape. However, on a broad scale (150 km buffer around the collection location), 

this tool yielded valuable information. The relationship of isotopic signatures of 

wolverine hair with 𝛿Dma summarized at a 150 km buffer allowed to detect the most 

suitable spatial scale of influence for the THg analyses.  Combining it with ancillary data 

𝛿D could have the ability to help to better estimate the origin or movement of wolverine, 

as demonstrated with other terrestrial carnivores.  However, this task could be difficult 

due to the lack of GNIP data in the Arctic areas where the wolverine is distributed, as 

well as missing information on metabolism, physiology and discrimination of δD in 

mustelid tissues. 

In this study, THg bioaccumulation in wolverines was best explained by feeding 

ecology and their surrounding landscape, rather than atmospheric mercury deposition 

estimates.  This suggests that other post-depositional processes are affecting Hg 

concentrations and biomagnification. The main explanatory variable, δ15N, indicates that 

THg levels reflect the individual diet and foraging strategies more than the wolverines’ 

environment, as proposed for arctic fox (Bocharova et al., 2013) and polar bears (Routti 

et al., 2019). 
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The results confirm that muscle THg in wolverines vary widely between biomes 

and territories, and these differences may be explained by distinct factors at different 

spatial scales.  The main driver of THg bioaccumulation at the collection location and the 

150 km buffer was a dietary factor (δ15N). Increasing THg concentrations with higher 

δ15N, an indicator of TP, suggest biomagnification processes in wolverine that feed at 

higher trophic levels.  

At the collection location scale, δ15N (and δ13C) in wolverine muscle along with 

DistCoast provide separate measures supporting that, when accessible, wolverines in the 

Canadian Arctic utilize marine resources.  As an apex predator, wolverine may be 

exposed to Hg from marine diet sources, especially in tundra ecosystems where THg 

concentrations were significantly higher than in taiga and boreal wolverines.  This could 

pose a risk to individuals that consume higher proportions of marine protein. There is a 

need to better understand the foraging behaviours of wolverines, and how THg exposure 

varies temporally and spatially based on foraging ecology. 

At the 150 km scale landcover (wet area % and snow-ice%) and SOC added 

explanatory power to the THg concentration in wolverines. Legacy Hg in soil and snow-

ice may be being mobilized and entering their food web.  However, the complex 

biogeochemical cycle of Hg in the Arctic terrestrial environments makes challenging to 

explain THg loads. More work needs to be done to identify dominant methylation zones 

and pathways for Hg uptake into Arctic terrestrial food webs. Thus, it is recommended 

that a larger-scale analysis (e.g., subpopulations within smaller geographic areas) be used 

for future investigations of THg in wolverine.  Due to the large sample size of wolverine 
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muscle, this type of analysis can be feasible. Alternative statistical (non-linear) 

approaches, that account for location or trapping season as fixed effects could also further 

the understanding of spatial patterns of THg concentrations in wolverine muscle.  

Lastly, the complex biogeochemical cycle of Hg in the Arctic terrestrial 

environments combined with variable feeding behaviours of Arctic and sub-Arctic 

wolverine makes it challenging to explain spatial patterns of THg concentrations in 

wolverine tissues and likely mask the direct effects of mercury deposition rates.   
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Appendices 

Appendix A  Explanation of GIS data collection and transformations 

Mercury Deposition  

Net and wet Hg deposition for all Canada was modelled using the operational air quality 

forecast model GEM-MACH-Hg (Global Environmental Multi-scale, Modelling Air 

quality and CHemistry model) and provided by ECCC (A. Dastoor & A. Ryjkov, 

personal communication, Feb 15, 2021). Two interpolated raster files were supplied, net 

(HgDep) and wet (HgWet), averaging annual Hg deposition rates (μg/m2) for 2015. The 

files had a spatial resolution of 0.03 x 0.02 degrees (longitude, latitude). These files were 

reprojected into Canada Alber's equal-area conic projection, resulting in a 1650 x 2260 m 

raster cell size. Spatial transformations and analyses were performed using the raster, 

exactextractr and sf packages (Daniel Baston, 2021; Hijmans, 2021; Pebesma, 2018) in R 

(R Core Team, 2020). For each form of Hg deposition, the mean was calculated within a 

150 km buffer around each wolverine collection location. Additionally, the pixel value at 

the collection location (or the nearest cell to the collection location) was extracted for 

each form of Hg deposition. That is, two values were calculated for each form of Hg 

deposition, at the collection location and mean around the buffer. 

Precipitation and Temperature  

Precipitation accumulation (mm) and maximum and minimum temperature (°C) raster 

files were retrieved from TerraClimate (University of California Merced, n.d.) using the 

cilmateR package in R. TerraClimate provides monthly temporal resolution data (from 
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1958-present) and a ~4-km (2.5 arc-minutes) spatial resolution (Abatzoglou et al., 2018; 

University of California Merced, n.d.). The climate datasets downloaded correspond to 

the range of years from the trapping seasons of the wolverines (2005-2018); a boundary 

for Canada-USA was used to spatially subset the datasets. The raster files were projected 

to North America Albers equal-area conic projection because some of the wolverines are 

neighbouring Alaska border. The trapping season of each wolverine was used to 

summarize the mean climate variables within a 150 km buffer. That is, if the wolverine 

was trapped in 2006-2007, the mean precipitation and temperatures were estimated for 

those years. The sf, raster and exactextractr R packages were used to subset and 

summarize the climate variables. Additionally, the pixel value at the collection location 

(or the nearest cell to the collection location) was extracted for each climatic variable. 

That is, two values were calculated for each climate variable, at collection location and 

mean around the buffer. 

Elevation  

A digital surface model (DSM) raster dataset was accessed through Google Earth Engine 

(GEE) (Gorelick et al., 2017) using the rgee package in R (Aybar et al., 2020). The 

dataset used (JAXA/ALOS/AW3D30/V3_2) is provided by the Earth Observation 

Research Center (EORC) of the Japan Aerospace Exploration Agency (JAXA) has an 

approximate 30 m spatial resolution and is based on the 5 m DSM dataset of the World 

3D Topographic Data (JAXA EORC, 2021; Takaku et al., 2020). Two values were 

calculated, the pixel value at the collection location and the mean around the 150 km 

buffer. The extracted values were exported from GEE to a local drive. 
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Soil Organic Carbon (SOC) 

A raster file of SOC stock (t/ha) from 0 to 30 cm depth was obtained from the Global Soil 

Organic Carbon Map web service (FAO & ITPS, 2019). The file had a spatial resolution 

of 0.5 arc-minutes (~ 1 km) (FAO and ITPS, 2020). The file was spatially subset using a 

boundary for Canada-Alaska and reprojected to Canada Albers equal-area conic 

projection. Spatial transformations and analyses were performed using the raster, 

seegSDM, exactextractr and sf R packages. The mean was calculated within a 150 km 

buffer around each wolverine collection location. Additionally, the pixel value at the 

collection location (or the nearest cell to the collection location) was extracted. That is, 

two values were calculated, at collection location and mean around the buffer.  

Soil pH (spH)  

A soil pH, measured in soil-water solution, raster dataset was accessed through GEE 

using the rgee package in R (Aybar et al., 2020). The dataset used 

(OpenLandMap/SOL/SOL_PH-H2O_USDA-4C1A2A_M/v02) has a 250 m spatial 

resolution and averages the 1950-2018 period (Hengl, 2018). Measurements from two 

image bands were collected, soil pH at 10 cm depth (topsoil) and 60 cm depth (subsoil). 

For each soil depth, two values were calculated, the pixel value at the collection location 

and the mean around the 150 km buffer. The extracted values were exported from GEE to 

a local drive. 
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Landcover  

The 2015 North American Land Cover (NALC) 30-meter dataset (Natural Resources 

Canada et al., 2020) was used to determine the area of forest, shrubland, grassland, barren 

land, wetland, open water, and snow-ice within each buffer. The NALC had the Lambert 

Azimuthal Equal Area projection and was provided by the Commission for 

Environmental Cooperation (CEC) through the North American Environmental Atlas 

(http://www.cec.org/north-american-environmental-atlas/). The Tabulate Area tool from 

the Spatial Analyst (Zonal) in ArcGIS Pro 2.8.2 was used to calculate the area of each 

land cover class within each buffer around the wolverine collection location. 

The measures of forest land (NALC value 1 = Temperate or sub-polar needle leaf 

forest, value 2 = Sub-polar taiga needle leaf forest, value 5 = Temperate or sub-polar 

broadleaf deciduous forest, and value 6 = Mixed Forest) were summed together to 

determine the total area of forested land within each buffer. Similarly, the following 

landcover classes were summed together to determine the total area of shrubland, 

grassland, and barren land within each buffer. The two measures of shrubland (NALC 

value 8 = Temperate or sub-polar shrubland and value 11 = Sub-polar or polar shrubland-

lichen-moss); the two measures of grassland (NALC value 10 = Temperate or sub-polar 

grassland and value 12 = Sub-polar or polar grassland-lichen-moss); the two 

measurements of barren land (NALC value 13 = Sub-polar or polar barren-lichen-moss 

and value 16 = Barren lands). NALC value 14= Wetland, value 18 = Water and value 19 

= Snow and ice, were maintained as independent landcover classes. 

http://www.cec.org/north-american-environmental-atlas/
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Wolverine buffers  

Around each wolverine collection location, a 150 km buffer was created. The buffer size 

represents a moving distance range that the wolverines could be travelling around the 

collection location. The 150 km was chosen from the correlation and regression analyses 

of 𝛿Dh and environmental variables (section 4.1). The simple features (sf) package in R 

was used to create the circular buffers. The layer was projected to Canada Albers Equal 

Area Conic. These buffers were then used to extract summary statistics or clip other GIS 

layers. 

Ecological Regions of North America, level I and II  

The level I and II North American ecological regions shapefiles (CEC, 2021) were used 

to group and compare 𝛿Dh and THg levels in wolverines. This dataset was obtained from 

the CEC with the Lambert Azimuthal Equal Area projection. The most updated version 

(as of July 2021) was acquired. For Canada and the US, the dataset is originated/updated 

by the U.S. Environmental Protection Agency- National Health and Environmental 

Effects Research Laboratory (NHEERL) and the Canadian Council on Ecological Areas 

(CCEA) respectively. The level II ecoregions provide a more detailed description of large 

ecological areas than the coarser level I ecoregions (CEC, 1997); thus, they are useful for 

national/regional perspectives of ecological patterns. The ecoregions delineation follows 

a holistic approach by integrating the analysis of the patterns and the composition of both 

living and nonliving phenomena, such as geology, physiography, vegetation, climate, 

soils, land use, wildlife, hydrology and human factors (CEC, 1997, 2021). 
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Table A.1: GIS data and sources used for this research 

Grid / Layer Format / CRS 
Spatial 

Resolution (if 

grid) 
Description Sources 

Net and wet 

Hg deposition 
Geo Tiff / WGS84 

x:1.8; y: 1.2 

arc-minutes (~ 

1.6 x 2.2 km) 

Net and wet Hg deposition rates to terrestrial and aquatic ecosystems. 

Interpolated files from the original model with 1° x 1° of spatial resolution. 
ECCC 

Precipitation Geo Tiff / WGS84 
2.5 arc-minutes 

(~ 4 km) 
Monthly amount of precipitation accumulation (mm). 

Abatzoglou et al. 

(2018); University 

of California 

Merced (2018) 

Temperature Geo Tiff / WGS84 
2.5 arc-minutes 

(~ 4 km) 
Monthly minimum temperature and maximum temperature (°C). 

Abatzoglou et al. 

(2018); University 

of California 

Merced (2018) 

Landcover 
Geo Tiff / Lambert 

Azimuthal Equal Area 
30 m 

North American land cover (NALC), version 2 provides a standardized 

landcover dataset across the U.S.A, Canada and Mexico based on 2015 

Landsat satellite.  An updated land cover map of Alaska was provided in 

July 2020 by the United States Geological Survey (USGS).  

Natural Resources 

Canada et al. (2020) 

Elevation 
ee.ImageCollection / 

WGS84 
30 m 

The ALOS World 3D - 30m (AW3D30) is a DSM derived from the 

Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM), 

optical sensor on board the Advanced Land Observing Satellite "ALOS".  

The latest version has been updated to improve the absolute/relative height 

accuracies with additional calibrations from other open-access DSMs (e.g., 

Shuttle Radar Topography Mission (SRTM) Digital Elevation Model 

(DEM), Advanced Spaceborne Thermal Emission and Reflection 

Radiometer Global DEM (ASTER GDEM), ArcticDEM) 

Gorelick et al. 

(2017); JAXA 

EORC (2021); 

Takaku et al. (2020) 
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Grid / Layer Format / CRS 
Spatial 

Resolution (if 

grid) 
Description Sources 

Soil Organic 

Carbon 
Geo Tiff / WGS84 

0.5 arc-minutes 

(~ 1 km) 
Soil organic carbon stock from 0 to 30 cm, tonnes/ha. 

FAO and ITPS 

(2020) 

Soil pH ee.Image / WGS84 250 m 
Global soil pH in H2O at 6 standard depths (0, 10, 30, 60, 100 and 200 cm) 

from 1950 to 2018. 

Gorelick et al. 

(2017); Hengl 

(2018) 

Canada and 

USA 

boundaries 
Shapefile / WGS84 N/A 

Sovereign states (Admin - 0) polygons. Scale 1:10m; version 4.1.0. Canada 

and USA boundaries were subset from the original file and converted to 

polylines. 
Natural Earth () 

NA Ecozones 

boundaries 
Shapefile / Lambert 

Azimuthal Equal Area 
N/A 

This data set includes ecological regions for all of North America and 

represents an integration of the most updated datasets released by the 

governments of the United States of America, Mexico and Canada.  Last 

update was in Aug 2020-Jun 2021. 

CEC (1997, 2021) 
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A.1 Ecosystem and climate variables calculations 

Distance to coast calculation 

For each wolverine collection location point, the shortest distance to the Arctic coastline 

was calculated in meters. The boundary line vector of Canada and the USA was used as 

the coastline reference (Natural Earth, n.d.). The sf R package was used to calculate the 

distance between each wolverine location point and the nearest boundary line. The North 

America equidistant conic projection was applied to both point and line features to ensure 

appropriate calculation of distances (Maher, 2013).  

Table A.2: The 18 potential model parameters calculated from GIS data and calculations 

used if required. 

Variable Abbreviation Calculation 

Net Hg 

deposition 
HgDep 

Mean pixel value within 150 km buffer 

Wet Hg 

deposition 
HgWet 

Mean 

precipitation 
prcp 

Mean maximum 

temperature 
Tmax 

Mean minimum 

temperature 
Tmin 

Mean elevation Elev 

Distance to 

Arctic coast 
DistCoast 

The shortest distance from the collection location to the coastline, 

in meters. The boundary line vector of the Arctic Ocean and 

Hudson Bay in Canada was used as the coastline 

Mean soil organic 

carbon 
SOC Mean pixel value within 150 km buffer 
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Variable Abbreviation Calculation 

Mean subsoil pH spH60 

Mean topsoil pH spH10 

Forest % Forest % NALC Forest / Buffer area * 100 

Shrubland % Shrubland % NALC Shrubland / Buffer area * 100 

Grassland % Grassland % NALC Grassland / Buffer area * 100 

Barren land % 
Barren land 

% 
NALC Barren Land / Buffer area * 100 

Wetland % Wetland % NALC Wetland / Buffer area * 100 

Water % Water % NALC Water Land/ Buffer area * 100 

Snow-ice % Snow-ice % NALC Snow & Ice Land / Buffer area * 100 

Wet Area % Wet Area % NALC Wetland + Water Land / Buffer area * 100 
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Appendix B  Correlation matrices between 𝜹Dh in wolverine and climate and 

physiographic variables 

Figure B.1: Correlogram of Spearman correlation between hydrogen isotopes in wolverine 

hair and environmental factors. Values collected at the collection location. The variable 

names are shown on the left and upper diagonal. Rho values are displayed inside the coloured 

squares. Positive correlations are represented in blue and negative correlations are in red. 

Correlations with p-value > 0.05 were considered not significant (crossed squares). 
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Figure B.2: Spearman correlation between hydrogen isotopes in wolverine hair and 

environmental factors. Mean values were collected around a 150 km radius from the 

collection location. Variable names, rho values and significance levels as described in Figure 

B.1.  
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Appendix C  Correlation matrices between THg in wolverine muscle and landscape and 

climate variables 

 

Figure C.1: Spearman correlation between THg in wolverine muscle and environmental 

factors. Values collected at the collection location. Variable names, rho values and 

significance levels as described in Figure B.1. 
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Figure C.2: Spearman correlation between THg in wolverine muscle and environmental 

factors. Mean values were collected around a 150 km radius from the collection location. 

Variable names, rho values and significance levels as described in Figure B.1. 
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Appendix D  Spatial datasets used to summarize the landscape and climate variables for the THg analyses 

Figure D.1: Climate and elevation datasets used as input for the THg analyses. Circles represent muscle THg concentrations in 

wolverines (µg/g dw). 
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Figure D.2: Soil and landcover datasets used as input for the THg analyses. Circles represent muscle THg concentrations in wolverines 

(μg/g dw). Soil pH datasets scale x10.  



 

115 

 

Appendix E  Mercury concentrations in selected marine and terrestrial carnivores 

Table E.1: Literature-derived values of THg concentrations (μg/g) in tissues from Arctic and non-Arctic carnivores around the world. 

Species THg Measurement Tissue Location Sources 

Wolverine 

0.37 dw (0.01 - 5.72)  

0.17 dw 
AM (Min-Max)  

M 
Muscle Canadian Arctic This study 

~0.52 dw (0.13 ww) 

AM 

Liver 

Kugluktuk, NU Hoekstra et al. (2003) 

0.18 dw BC, Canada Harding (2004) 

Polar bear 

~56.04 dw (14.01 ww) Barrow, Alaska Dehn et al. (2006) 

17 - 42 dw 
AM/year  

(Min-Max) 
Hudson Bay, Canada Morris et al. (2021) 

3.5 dw (0.6 - 13.3) AM (Min-Max) Hair Southern Beaufort Sea McKinney et al. (2017) 

Ringed seals 

~0.4 - 4.28 dw  

(0.10 - 1.07 ww) 
AM Min - AM Max/loc Muscle Canadian Arctic 

Brown et al. (2016) 

~0.2 - 3.56 dw  

(0.05 - 0.89 ww) 
Houde et al. (2020) 

~9.88 dw (2.47 ww) 

AM Liver 

Barrow, Alaska 

Dehn et al. (2006) 
~90.6 dw (22.65 ww) Holman, Canada 

Arctic Fox 
~1 dw (0.25 ww) Barrow, Alaska 

~1.28 dw (0.32 ww) Holman, Canada 
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Species THg Measurement Tissue Location Sources 

~0.28 - 1.48 dw  

(0.07 - 0.37 mg/kg ww) 
AM Min - AM Max/season Svalbard, Norway Hallanger et al. (2019) 

10.58 dw (mg/kg)  

 3.55 dw 

AM Coastal  

AM Inland 
Hair Iceland Bocharova et al. (2013) 

Gray wolf 

~0.05, ~0.328 dw  

(0.01 - 2.18)  

(12.5, 82 μg/kg ww)  

(4.4 - 546 ww)) 

M, AM 

 

(Min-Max) 

 

Muscle 

Alaska McGrew (2011); McGrew et al. (2014) 

Red fox 

0.06 (0.02-0.23) dw (mg/kg) GM (Min-Max) 
North-Western Poland 

Kalisinska et al. (2009) 

0.05, 0.07 dw (mg/kg) M, AM Kalisinska et al. (2012) 

~0.08 dw 

(0.02 ppm ww) 

AM 

Wisconsin, US Sheffy and Amant (1982) 

Mink 
~8.5 dw (~2.13 ww) 

James Bay, Quebec Fortin et al. (2001) 
~17.4 dw (~4.36 ww) Liver 

Otter 

~3.08 dw (0.77 ww) 

GM 

Muscle 

Wisconsin, US Strom (2008) ~7.48 dw (1.87 ww) Liver 

~6 dw (1.5 ww) Kidney 

5.73 dw (mg/kg) 

AM 

Liver Saskatchewan, Canada 
Wilkie (2016) 

6.03 dw (mg/kg) 
Kidney 

 Saskatchewan, Canada 

Marten 1.02 dw BC, Canada Harding (2004) 
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Species THg Measurement Tissue Location Sources 

~1.12 (0.28 mg/kg ww) Muscle 
Great Whale  

(Hudson Bay) 
Langlois and Langis (1995) 

*Dry weight (dw) and wet weight (ww).  If conversion from ww into dw was not provided, moisture content of 75% was assumed and the formula from Eccles et al. (2017) was applied. AM arithmetic 
mean, GM geometric mean, M median. 
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