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Abstract 

Arctic food webs are characterized by multi-year predator-prey cycles.  Arctic 

foxes (Vulpes lagopus) feed primarily on rodents, but also on avian and marine prey 

when rodents are scarce. I examined temporal variation in the arctic fox diet related to 

food availability and stress hormones (i.e. cortisol). Lemmings (Dicrostonyx richardsoni), 

goslings, and goose eggs were important components of the fall and winter diet. 

Goslings were important in fall, even when rodents were abundant. Lemmings were 

most important in winter, even when lemming densities were low. Consuming stored 

eggs did not reduce cortisol concentrations, suggesting that arctic foxes do not prefer 

stored eggs to lemmings. I also found that prey hormones increased fecal hormone 

concentrations of captive arctic foxes, introducing an additional caution for hormone 

studies involving predators. Nonetheless, relationships between stress hormone 

concentrations and changes in food availability can provide insight regarding the 

importance of food sources to consumer populations. 
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Thesis Format 

The following thesis is in manuscript format. I wrote each chapter as individual 

manuscripts containing their own abstract, introduction, methods, results, discussion, 

references, and figures. The general introduction and general conclusion outline the 

overall theme of my thesis research and provide background information beyond what I 

included in the manuscripts.  

I participated in most of the fieldwork related to this research, including sample 

collection, small mammal trapping, aerial den surveys, and annual visits to fox dens. 

Fur-trappers provided some hair samples. Manitoba Conservation provided information 

on Canada Goose productivity. I prepared all samples for stable isotope analysis and 

then sent the samples to (1) the Stable Isotopes for Innovative Research Lab at the 

University of Manitoba or (2) the Stable Isotope Lab at the University of Windsor. 

Genetic analysis was completed by Wildlife Genetics International (Nelson, B.C, 

Canada). I conducted all hormone analysis, including extractions and 

radioimmunoassays. I analysed all data and wrote all manuscripts with guidance from 

my committee.   
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Thesis Introduction 

The terrestrial arctic food web is characterized by relatively low diversity and few 

trophic interactions. Nonetheless, the arctic food web has drawn a considerable amount 

of attention because of the complex nature of its trophic interactions, which often involve 

multiple species that vary in abundance both seasonally and annually (Bêty et al. 2002; 

Giroux et al. 2012). Ecologists have been fascinated by the multi-year population cycles 

of northern small mammals and their predators for nearly a century (Elton 1924; 

Stenseth 1978; Krebs 1996). Although the underlying causes of these cycles are not 

fully understood, the two most strongly supported hypotheses to explain these cycles are 

food availability and predation (Krebs et al. 1995; Krebs 2011). Recently, stress 

hormones have been shown to play an important role in snowshoe hare cycles. Cortisol 

concentrations increase in hare under the risk of predation, which decreases 

reproduction and lowers offspring mass, decreasing offspring survival. Offspring of 

stressed female hares have higher cortisol concentrations as well, leading to a lag in 

recovery of hare populations, which typically do not recover until 2 years following a 

crash in predators. Thus, stress hormones can play a vital role in understanding 

population cycles of snowshoe hares, and may be important for other cyclic species. 

Throughout much of their range, lemming populations fluctuate over a period of 

3-5 years and can have a strong effect on predator populations (Angerbjörn et al. 1999; 

Gilg et al. 2003, 2006). However, the peak densities of some lemming populations have 

declined in response to increased temperatures (Ims et al. 2008; Kausrud et al. 2008; 

Gilg et al. 2009). Lemmings (Dicrostonyx and Lemmus spp.) are the primary food source 

for many arctic predators (Gilg et al. 2003, 2006). Declines in lemming availability will 

have cascading effects on tundra food web (Gilg et al. 2009), highlighting the need for 

research on food web dynamics in the Arctic. When lemmings are scarce, predators may 
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switch to migratory birds (Macpherson 1969; Bêty et al. 2002; Giroux et al. 2012) and 

marine prey (Smith 1976; Roth 2002, 2003), which provide allochtonous inputs that can 

have an important influence on the food web structure and function in the Arctic (Giroux 

et al. 2012).  

Arctic foxes (Vulpes lagopus), the most common terrestrial predator in the Arctic, 

feed primarily on lemmings, but also on avian and marine prey, particularly when 

lemmings are scarce (Macpherson 1969; Bêty et al. 2002; Roth 2002, 2003) and these 

resources may also influence arctic fox population dynamics. Changes in food 

availability can influence arctic fox population dynamics (Angerbjörn et al. 1999), 

especially their reproductive output (Angerbjörn et al. 1991; Tannerfeldt and Angerbjörn 

1998). Arctic foxes may have difficulty meeting energy demands (i.e. experience stress) 

during periods of low food availability, requiring assistance from the hypothalamic-

pituitary-adrenal (HPA) axis.  

The HPA-axis (the stress axis) mediates the stress response (Boonstra 2004), 

which is an endocrine response to unexpected energetic challenges that results in the 

release of glucocorticoid (GC) hormones, such as cortisol and corticosterone. These 

hormones promote gluconeogenesis and increase available energy to improve an 

individual’s immediate survival (Sapolsky et al. 2000; Boonstra 2004). A negative 

feedback function signals the brain to reduce GC secretion, allowing hormone levels to 

return to baseline concentrations (Boonstra 2004; Creel 2005). Repeated or prolonged 

stress (i.e. chronic stress) can damage the negative feedback mechanism (Boonstra 

2004; Creel 2005), leading to harmful effects, such as suppression of immunity or 

reproduction (Boonstra et al. 1998; Wingfield and Sapolsky 2003; Sheriff et al. 2009).  

To understand the influence of food availability on arctic foxes, I examined the 

relationship between food availability, diet, and stress. First, I examined the arctic fox 
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diet in fall and winter over several years and looked for relationships between diet, food 

availability, and reproductive output. I focused on the fall and winter diet because food 

availability in the winter has a strong influence on arctic fox reproductive success 

(Angerbjörn et al. 1991; Tannerfeldt and Angerbjörn 1998).    

In the second chapter, I relate diet and cortisol concentrations using arctic fox 

hair and feces. I examined whether the consumption of stored eggs reduced stress in 

arctic foxes. If stored eggs improve food availability, arctic foxes that consume stored 

eggs should have lower cortisol levels than arctic foxes that do not have access to 

stored eggs. Alternatively, if arctic foxes prefer rodent prey, then individuals that 

consume stored eggs may have higher cortisol levels. If arctic foxes do not prefer either 

eggs or lemmings, then foxes that consume lemmings and foxes that consume eggs 

would have similar cortisol concentrations. 

In the third chapter, I examine the influence of prey hormones on fecal hormone 

concentrations of predators. Fecal hormone analysis is a promising method for 

assessing stress in free-ranging populations because fecal hormone concentrations are 

generally not influenced by researcher-subject interactions, which can have a strong 

effect on GC production (Fletcher and Boonstra 2006; Romero et al. 2008; Delehanty 

and Boonstra 2009). While fecal GC concentrations often relate to GC production, 

several factors can influence fecal GC concentrations (Palme et al. 2005; Goymann et 

al. 2012), including the individual’s diet. Prey can have high circulating concentrations 

(Boonstra et al. 1998; Romero et al. 2008), especially when being chased by a predator 

(Sapolsky et al. 2000), and should be considered in hormone studies on predators.  
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Chapter 1: Tradeoff between stored food and fresh prey in the arctic fox fall diet and the 

importance of juvenile geese as a food source in the fall 

 

Abstract 

 Resource availability often fluctuates over time and these fluctuations can have 

strong ecological and evolutionary effects. Many arctic predators experience both 

seasonal and annual changes in food availability, but have developed strategies to 

mitigate the effect of these fluctuations. Food is plentiful during the nesting season, 

providing an opportunity for individuals to collect and store food, potentially improving 

survival during periods of food shortage. Meanwhile, small rodents fluctuate over a 

period of 3-5 years and influence the population dynamics of arctic foxes. The 

importance of stored foods to arctic foxes depends somewhat on the availability of 

rodent prey, particularly lemmings (Dicrostonyx and Lemmus spp.). We examined the 

arctic fox diet in the fall and winter over several years in order to understand how 

changes in lemming abundance influence the importance of alternative food sources. 

We used stable isotope mixing models to determine relative changes in the consumption 

of lemmings, geese, and goose eggs by arctic foxes. We compared these diet estimates 

with changes in food availability and arctic fox reproductive output. Lemming density 

influenced arctic fox reproductive output. Hatch-year geese were an important food 

source in the fall, depending on availability. Interestingly, lemming consumption in the 

fall did not relate to lemming density but did relate negatively to egg consumption. We 

found lemmings were the primary food source during the winter of 2011 and 2012, when 

lemmings were scarce. Eggs were present in approximately 30% of fecal samples 

collected in these years. These findings highlight the importance of both geese and their 

eggs as food sources for arctic foxes during the early winter, but suggest that lemmings 
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are more important during the late winter, even in years when lemmings are scarce.  

 

Introduction 

Changes in resource availability can have strong ecological and evolutionary 

effects, particularly when resource diversity if low (White 1978). Predators that specialize 

are more sensitive to changes in the availability of their prey because alternative options 

are not readily available. Low diversity in the Arctic forces predators to rely on few prey 

sources, making these predators more sensitive to fluctuations in the abundance of their 

prey. Prey availability fluctuates both seasonally and annually in the Arctic. Snow cover 

and cold temperatures reduce prey availability during the winter; many species migrate 

to avoid the extreme weather. Annual changes in food availability include multi-year 

fluctuations in the abundance of small rodents, such as lemmings (Dicrostonyx and 

Lemmus spp.) and voles. 

Some predators develop strategies to improve survival when food is scarce. 

Arctic foxes (Vulpes lagopus) endure both seasonal and annual changes in food 

availability. Arctic foxes will seek alternative food options on the sea ice in winters when 

rodents are scarce (Roth 2002, 2003). Nesting birds create a surplus of food for many 

tundra predators during the summer. By taking advantage of nesting birds when they are 

seasonally abundant, arctic foxes may improve their chances of survival during periods 

when food is scarce (Fay and Stephenson 1989; Bêty et al. 2002; Samelius et al. 2007). 

However, the benefit of stored eggs to arctic foxes likely depends on the availability of 

lemming prey. Egg availability may influence arctic fox populations, but increases in the 

number of nesting geese in some areas of the Arctic have not caused a corresponding 

increase in arctic fox numbers (Roth 2002). Instead, arctic fox population dynamics often 

reflect the availability of lemmings (Angerbjörn et al. 1999; Roth 2003; Gilg et al. 2006). 
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Lemmings are the primary terrestrial prey species throughout most of the arctic. 

Lemming availability tends to fluctuate over a period of 3-5 years (Macpherson 1969; 

Angerbjörn et al. 1999; Roth 2003; Gilg et al. 2003). These fluctuations are often drastic 

and can have strong effects on predator populations (Angerbjörn et al. 1999; Gilg et al. 

2006).  

Arctic foxes can have a strong effect on lemming and other prey populations 

(Reid et al. 1995; Wilson et al. 1999; Bety et al. 2002; Gauthier et al. 2004). Arctic foxes 

can collect up to 3-4 goose eggs per hour during the nesting season and may cache 

>80% of the collected eggs, depending on rodent abundance (Bêty et al. 2002; Careau 

et al. 2008). Despite a high availability of goose eggs in some areas, arctic fox 

populations typically decline when rodent densities are low (Roth 2003; Giroux et al. 

2012). This decline suggests that stored eggs may not provide enough energy to sustain 

the same levels of survival and reproductive output that arctic foxes experience when 

rodents are abundant.   

We examined the arctic fox diet during fall and winter to determine the relative 

importance of different prey items outside the nesting season. To determine whether 

there is a trade-off between lemmings and geese in the arctic fox diet, we measured  the 

extent to which arctic foxes rely on geese and their eggs in northern Manitoba, where 

geese are available throughout most of the fall. Previous studies on the arctic fox fall diet 

have not considered goslings as a prey source because geese often migrate south in 

late summer (Samelius et al. 2007).  

 

Methods 

Our study area was near Cape Churchill, on the western Hudson Bay coast 

(58°45´ N, 94°10´ W). Arctic foxes are the primary terrestrial predator in the area and 
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collared lemmings (Dicrostonyx richardsoni) are the most common rodent in the tundra 

areas favored by arctic fox (Scott and Hansell 1989). Both arctic foxes and lemmings 

exhibit tightly linked population cycles with a period of 3-5 years (Shelford 1943; Scott 

and Hansell 1989; Roth 2002, 2003; Reiter and Andersen 2008). Large numbers of 

lesser snow geese (Chen caerulescens caerulescens) and Canada geese (Branta 

canadensis interior) nest in the area (Cooke et al. 1995; Abraham et al. 2005; Reiter and 

Andersen 2011). The number of nesting lesser snow geese has increased substantially 

over the past 50 years (Abraham et al. 2005) and the number of nesting Canada geese 

has been highly variable (Reiter and Andersen 2011).  

We visited arctic fox dens during late winter (April) and summer (June-August) in 

2010- 2012. Typically, red foxes (Vulpes vulpes) den in the forested areas and are 

uncommon on the tundra where arctic foxes den, but shed hair in and around burrows 

can be used to distinguish the species occupying most dens. We collected shed hair 

from dens in June and fecal samples from dens in April to use for diet reconstruction. 

We also sampled hair from carcasses of arctic foxes collected from local trappers 

(Friesen 2013). We used the proportion of dens occupied in August as an index of arctic 

fox reproductive success (Macpherson 1969; Roth 2003). Successful breeding dens 

could be distinguished from non-breeding dens by the presence of scat, tracks, digging, 

and prey remains on the den (Macpherson 1969; Roth 2003). Prey remains are 

abundant and scattered around active breeding dens because adult foxes bring food to 

their pups for the first few months of their lives.  

 We rinsed the arctic fox fecal samples under water and identified prey items to 

the lowest taxonomic level using teeth, hair, tail, and claw remains. In most cases, we 

were unable to identify rodent species and so we considered rodents as a single 

category for analysis. We identified eggs based on the presence of shell fragments. We 
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estimated the relative importance of prey items in fox scats according to their frequency 

of occurrence, calculated as the number of occurrences of each prey item divided by the 

number of scat samples (Ciucci et al. 1996; Klare et al. 2011).  

The stable isotope ratios of a consumer’s tissues reflect the individual’s diet, and 

thus stable isotope analysis is a valuable tool for studying animal diets and food-web 

interactions (Angerbjörn et al. 1994; Roth 2002, 2003). We measured the stable isotope 

ratios of carbon an nitrogen (δ13C and δ15N, reflecting13C/12C and 15N/14N, respectively) 

in arctic fox hair and tissues of their prey, including samples collected from the area 

between 1994 and 1997 (Roth 2002, 2003) and samples provided by local trappers. Hair 

samples were washed with soap and water to remove surface oil and debris, dried at 

approximately 90°C and then homogenized using scissors. Muscle samples were 

freeze-dried and lipids removed in order to eliminate variation in stable isotope ratios 

related to lipid content (DeNiro & Epstein 1978; Tieszen et al. 1983). Stable isotope 

ratios were measured at the Stable Isotopes for Innovative Research lab at the 

University of Manitoba and the Stable Isotope Facility at the University of Windsor. Nine 

samples were measured at both labs to correct for lab differences.  

 The isotopic signatures of hair reflect the period of hair growth and arctic foxes 

grow their winter coat between September and November (Chesemore 1970), so our 

hair samples reflect the fox diet during that time. Increases in atmospheric CO2 

concentrations have exponentially reduced δ13C in the atmosphere, consequently 

reducing δ13C in both plant and animal tissues (Long et al. 2005). We used the equation 

determined by Long et al. (2005) to adjust the stable isotope ratios of prey items 

collected between 1994 and 1997 to reflect their projected signatures for 2010.  

 We used the Stable Isotope Analysis in R (SIAR) mixing model to estimate the 

relative importance of prey items to the arctic fox diet (Parnell et al. 2008). The SIAR 
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model uses a Bayesian approach that considers variation of prey sources and trophic 

discrimination (the difference in stable isotope ratios between a consumer and its food 

due to the tendency for assimilation to favor the heavier isotope). We used species- and 

tissue-specific trophic discrimination factors (Lecomte et al. 2011) and included six likely 

sources in the model, including goslings, which are not generally considered as an 

important prey source for arctic foxes outside the nesting season (Samelius et al. 2007). 

Other studies on the arctic fox fall diet have excluded geese because (1) they migrate 

south before the study period and (2) adult geese are large enough to defend 

themselves against arctic foxes. However, our study area is at the southern extent of the 

arctic tundra where geese may remain well into October. We combined hatch year 

Canada geese and hatch year lesser snow geese because they were both isotopically 

and functionally similar. Collared lemmings and willow ptarmigan were isotopically 

similar but functionally different and therefore we did not combine them into a single 

group.  

We estimated lemming densities using mark-recapture techniques. We 

established two trapping grids (8 x 8; 15 meters between stakes) and two transects (300 

meters; 15 meters between stakes) in areas dominated by lichen-heath tundra, which is 

the preferred habitat of collared lemmings (Scott and Hansell 1989). Sherman live-traps 

were placed within 5 meters of each stake (2 traps per grid-stake, 3 traps per transect-

stake), and baited with peanut butter and oats, with apple and bedding added to protect 

rodents from dehydration and cold temperatures. We checked traps every 4-6 hours 

over a continuous 48-hour period, following the protocol created by the Arctic Wildlife 

Observatories Linking Vulnerable EcoSystems (ArcticWOLVES). Captured animals were 

weighed, marked by hair clipping, and released at the site of capture.   

Statistical analysis was performed in Program R (R Core Development Team 
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2011). We ensured data met the assumptions of statistical tests and transformed when 

necessary. We used regression to examine the effects of rodent density on fox 

reproduction, the effects of gosling density (estimates provided by Manitoba 

Conservation) on gosling consumption by arctic foxes, and the effects of lemming 

density on lemming consumption. Pearson’s correlation was used to compare lemming 

consumption with egg consumption. Multivariate analysis of variance was used to 

compare δ13C and δ15N values across years and lemming tissues, and pair-wise 

comparisons were made using Tukey’s Honestly Significant Difference (HSD).  

 

Results 

 Collared lemming densities were low in 2010 (0.46/ha ± SD=0.8) and 2011 

(0.46/ha ± SD=0.4) and increased slightly in 2012 (1.62/ha ± SD=1.7), but were still low 

compared to the peak densities (~12/ha) observed in 1994 (Roth 2002). We also caught 

one meadow vole (Microtus pennsylvanicus) in 2010, increasing the rodent density 

estimate for that year (0.69/ha ± SD=1.2). Arctic fox breeding success and rodent 

densities were positively related (Fig. 1.1; R2=0.865, F1,5=32.12, p=0.002). Isotopic 

signatures of arctic hair varied annually from 1993-1996 and 2009-2011 (Table 1.1, Fig. 

1.2; Pillai=0.460, F6, 109=5.430, p<0.001). The isotopic signatures of lemming hair and 

lemming muscle did not differ (Pillai=0.383, F2,7=2.176, p=0.184), and were combined for 

diet reconstruction. Lemmings, goslings, and goose eggs were the primary prey types, 

while caribou and ptarmigan were relatively unimportant food sources in all years.  

(Table 1.2). Goslings were the most important prey item to arctic foxes overall in the fall 

(Table 1.2) and gosling consumption increased with gosling density (Fig. 1.4; R2=0.701, 

F1,4=9.357, p=0.0377). Lemming consumption in the fall was unrelated to lemming 

density (R2=0.850, F1,3=0.560, p=0.509) but was negatively correlated with egg 
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consumption (Fig. 1.3; r = -0.962, p=0.0005). 

Rodents were the most frequent prey item in arctic fox scats, despite rodent 

densities being low between 2010 and 2012 (Fig. 5). We found eggshell fragments in 

30% of the fecal samples in 2011 and 29% of the fecal samples in 2012. Feathers were 

present in 20% of the samples in 2011 and 14% of the samples in 2012. Caribou were 

present in 4% of the samples in 2011 and none of the samples in 2012.   

 

Discussion 

 The population dynamics of arctic foxes often reflect the population dynamics of 

lemmings (Angerbjörn et al. 1999; Roth 2003; Gilg et al. 2006). Collared lemmings were 

one of the most important food sources for arctic foxes during the seven years 

considered in this study. Lemming availability corresponded with arctic fox reproductive 

output but did not influence fox diet during the fall, suggesting that lemming density is 

more critical to arctic foxes at some other time of the year.  

Arctic foxes may prefer nesting birds and their eggs during the nesting season in 

areas where nesting birds are abundant (Bantle and Alisauskas 1998). Foxes are more 

likely to breed in areas with high densities of nesting geese (Giroux et al. 2012), 

although both breeding and non-breeding foxes take advantage of nesting birds 

(Stickney 1991). Hatch year geese (goslings) were important prey items for arctic foxes 

during the fall, between September and November, in the Cape Churchill area, and their 

contribution to the arctic fox diet increased with gosling density. Egg collection is likely 

done by adult foxes because pups are born in late April or early May and do not leave 

their natal den until after the nesting season of most tundra breeding birds, relying on 

their parents for food during the nesting season. In the fall and winter, pups might not 

have access to goose eggs collected and stored by other foxes. Therefore, lemming 
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consumption may increase in years when arctic fox breeding output is high and juvenile 

arctic foxes are abundant in the population. The stable isotope results revealed a trade-

off between egg and lemming consumption.  

 Previous studies have found that winter food can affect reproductive output in 

arctic foxes (Angerbjörn et al. 1991). Lemmings appeared to be the primary prey item of 

foxes in April of 2011 and 2012 according to scat analysis, even though lemmings were 

scarce in both years. Fay and Stephenson (1989) suggested that arctic foxes are 

unlikely to catch live rodents beneath the snow and therefore rodents consumed during 

the winter are likely from a food cache. Eggs were the second most common prey 

source, occurring in approximately a third of the samples in both years. Birds (feathers) 

were the third most common prey source. We could not determine whether arctic foxes 

were consuming stored avian prey, such as geese, or fresh avian prey, such as 

ptarmigan. We found no evidence of marine foods in the fecal samples collected from 

arctic fox dens.  

 Our findings highlight previously unknown seasonal changes in the arctic fox diet 

and indicate that arctic foxes feed heavily on hatch year geese during the fall, before the 

geese begin their southern migration and during the southern migration of geese that 

nest farther north but stage in the Cape Churchill area (Abraham et al. 2005). In northern 

areas, these food sources may not be available in the fall, whereas they appear to be an 

important food source for arctic foxes in the Cape Churchill area. Increasing 

temperatures are causing a decline in rodent densities in several regions of the Arctic 

(Ims et al. 2008; Kausrud et al. 2008; Gilg et al. 2009). Arctic foxes may depend more on 

goose eggs and young geese if lemming densities decline. However, arctic foxes seem 

to rely more on lemmings during the late winter, closer to their breeding season. If the 

lemming population declines, arctic foxes might experience a decline in reproductive 
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output. A decline in arctic fox numbers would reduce predation pressure on both 

lemmings and nesting birds.    
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Table 1.1: The isotopic signatures (mean ± SE) of arctic fox hair grown in fall 1993-1996 

and 2009-2011. Carbon values from 1993-1996 were adjusted to reflect atmospheric 

carbon in 2010 (Long et al. 2005). Years connected by the same letter did not differ 

(Tukey-Kramer HSD). 

 

Year (sample size) δ13C    δ15N    

1993 (n=10) -23.38 ± 0.28 A B  7.66 ± 0.39 A B C 

1994 (n=11) -23.67 ± 0.22   B  6.61 ± 0.35  B C 

1995 (n=6) -22.32 ± 0.36 A B  8.71 ± 0.34 A B  

1996 (n=13) -22.87 ± 0.23 A B  8.19 ± 0.24 A B  

2009 (n=21) -22.30 ± 0.32  A   8.04 ± 0.39 A B  

2010 (n=34) -23.57 ± 0.09  B  6.27 ± 0.23   C 

2011 (n=21) -22.55 ± 0.25  A   8.72 ± 0.31 A   
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Table 1.2: The most likely relative contribution (mode) of prey sources to the arctic fox 

fall diet estimated by the stable isotope-mixing model SIAR (Parnell et al. 2008). Values 

in parenthesis represent 90% credibility intervals (the Bayesian equivalent to confidence 

intervals, representing the range of 90% of the possible contributions).  

 1993 1994 1995 1996 2009 2010 2011 

Collared 

lemming 

20 

(1-33) 

31 

(10-46) 

7 

(0-23) 

14 

(0-25) 

16 

(1-29) 

40 

(33-49) 

10 

(0-22) 

Snow goose egg 21 

(0-37) 

4 

(0-30) 

25 

(2-44) 

26 

(3-44) 

22 

(2-39) 

1 

(0-12) 

28 

(1-51) 

Canada goose 

egg 

1 

(0-19) 

1 

(0-12) 

19 

(0-31) 

1 

(0-16) 

14 

(0-27) 

0 

(0-3) 

7 

(0-23) 

Goslings 26 

(7-64) 

32 

(7-58) 

25 

(3-45) 

36 

(15-63) 

23 

(2-40) 

52 

(37-62) 

31 

(8-62) 

Caribou 1 

(0-21) 

1 

(0-18) 

2 

(0-27) 

1 

(0-17) 

3 

(0-27) 

0 

(0-3) 

2 

(0-20) 

Willow ptarmigan 3 

(0-31) 

3 

(0-34) 

2 

(0-26) 

2 

(0-25) 

4 

(0-29) 

1 

(0-7) 

2 

(0-22) 
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Figure 1.1: Rodent density and arctic fox reproductive output were positively related 

from 1993-1996 (Roth 2002, 2003) and 2009-2011. 
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Figure 1.2: Mean (±SD) stable isotope ratios of arctic fox hair (open circles) and prey 

muscle and egg tissues (closed diamonds) in northern Manitoba from 1993-1996 and 

2009-2011. Fox hair values were corrected for trophic discrimination (Lecomte et al. 

2011). Samples from 1994-1997 were adjusted for the temporal change in atmospheric 

carbon to reflect projected values in 2010 (Long et al. 2005). 
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Figure 1.3: Trade-off between lemming consumption and egg consumption estimates for 

arctic foxes in the fall of 1993-1996 and 2009-2011. Consumption was estimated by a 

stable isotope-mixing model (SIAR; Parnell et al. 2008).    
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Figure 1.4: The relationship between gosling density and the most likely contribution of 

goslings to the arctic fox diet over the years 1993-1996 and 2009-2010. Gosling 

consumption increased in response to gosling density.  
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Figure 1.5: Scat samples collected from arctic fox dens in April 2011 (n=46) and 2012 

(n=28) revealed a diet primarily of rodents, followed by eggs, and other unidentified 

avian prey (i.e. feathers). Diet was similar between years. Frequency of occurrence 

reflects the proportion of scats containing the prey item.  

 

 

 

 

 

 

 

 

 

 



28 

 

Chapter 2: The relationship between stored food resources and cortisol in arctic 

foxes 

 

Abstract 

 Unexpected events can require energy resources beyond what an individual 

anticipates for body function and typical day-to-day activities. These events can stress 

the individual and initiate a physiological response that redistributes stored energy in 

order to help the individual survive the event. Decreases in food availability correspond 

with decreases in stored energy. When energy reserves are low, unexpected energy 

demands may take energy resources away from life history needs such as body function 

or reproduction. Arctic foxes (Vulpes lagopus) experience annual variation in food 

availability that correspond with changes in survival and reproductive output.  However, 

they often store bird eggs when they are abundant in order to mitigate periods of food 

shortage. We evaluated several hypotheses relating diet and food availability to stress in 

arctic foxes. We first hypothesized that stored food would relieve stress caused by 

declines in prey populations and predicted that stored eggs would reduce cortisol 

concentrations (the primary stress hormone in arctic foxes). Alternatively, arctic foxes 

may prefer live prey and consume stored eggs only when live prey are scarce, in which 

case we predicted cortisol would be higher in arctic foxes that are eating the less-

preferred stored resources. Our third hypothesis is that arctic foxes do not prefer either 

live prey or stored eggs, in which case we predicted that consumption of stored eggs 

would not affect cortisol concentrations. We compared cortisol concentrations in arctic 

fox hair and feces to prey availability and diet indices. We found annual variation in hair 

cortisol concentrations, but concentrations did not relate to egg consumption, suggesting 

that arctic foxes have no diet preference. Annual variation in hair cortisol concentrations 
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may relate instead to changes in total food availability, explaining why arctic fox 

populations decline when rodents are scarce, despite access to stored eggs, which were 

accessible through the winter. Throughout much of the Arctic, rodents are an important 

prey source for arctic foxes and long-term changes in rodent densities could have lasting 

impacts on arctic fox populations. 

 

Introduction 

Food availability determines the amount of energy that individuals can acquire to 

fulfill their daily energy needs and invest in reproduction (White 1978). When individuals 

do not have the energy necessary for survival, they undergo a stress response (Reeder 

and Kramer 2005). During the stress response, the hypothalamic-pituitary-adrenal (HPA) 

axis releases glucocorticoid (GC) hormones (e.g. cortisol) into the blood, which mobilize 

stored energy reserves and increases the probability of survival (Sapolsky et al. 2000). 

When food is scarce, more individuals may need to use energy reserves more often. 

Studies have linked food availability to stress in both birds and mammals (Champoux et 

al. 1993; Kitaysky et al. 2001; Pravosudov et al. 2001; Lynn et al. 2003; Clinchy et al. 

2004). However, stored food increases food availability and may reduce dependence on 

stored energy (Clinchy et al. 2004). By relating the stress response to food availability, 

we can better understand how changes in food availability affect both individuals and 

populations (Boonstra 2004, 2005).  

Arctic foxes (Vulpes lagopus) are one of the most common terrestrial predators 

throughout the Arctic. They feed primarily on lemmings (Dicrostonyx and Lemmus spp.), 

which fluctuate in abundance over a period of 3-5 years (Macpherson 1969; Angerbjörn 

et al. 1999; Roth 2002; Gilg et al. 2003; Samelius et al. 2007). The amplitude of lemming 

population cycles has decreased in several areas of the Arctic in response to climate 
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warming (Ims et al. 2008; Kausrud et al. 2008; Gilg 2009). When lemmings are scarce, 

arctic foxes may take advantage of alternative food sources, such as nesting geese and 

their eggs (Bantle and Alisauskas 1998; Bêty et al. 2002; Samelius et al. 2007; Reiter 

and Andersen 2011; Giroux et al. 2012). Arctic foxes can collect approximately 3-4 eggs 

per hour during the goose nesting season and cache >80% of them (Bêty et al. 2002; 

Careau et al. 2008a). Eggs may be particularly important to foxes because they can be 

stored for long periods and increase food availability throughout the winter (Careau et al. 

2008b). However, even though numbers of nesting geese have increased dramatically 

throughout the Arctic, arctic fox populations have not responded numerically, suggesting 

that stored eggs or geese may not constitute a sufficient alternative food source in winter 

(Roth 2002).  

Our objective was to determine how food availability influenced GC production in 

arctic foxes. We examined whether consuming stored eggs affects stress in arctic foxes, 

during the fall (September-November) and late winter (April) in years when lemmings 

were scarce. These periods seem to be energetically costly for arctic foxes due to the 

energy requirements associated with thermoregulation and reproduction. During the fall, 

arctic foxes are preparing for the coming winter and growing their winter coat 

(Chesemore 1970). April is when females are going through the latter stages of 

gestation, during which time they may be supporting large litters (Angerbjörn et al. 1991; 

Tannerfeldt and Angerbjörn 1998). Because the primary function of GCs is to mobilize 

stored energy reserves, GC concentrations should be higher when food is scarce or 

energy costs are high. If food availability influences cortisol production in arctic foxes, 

then arctic foxes that have access to stored eggs should have lower cortisol 

concentrations than arctic foxes that do not have access to stored eggs. Alternatively, if 

arctic foxes prefer live prey and resort to stored eggs only when the live prey is scarce, 
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we predicted cortisol would be higher in arctic foxes that are eating eggs. Our third 

hypothesis is that arctic foxes have no food preferences, in which case we predicted that 

consumption of stored eggs does not affect cortisol concentrations. 

 

Methods 

Our study area was near Cape Churchill, along the west coast of Hudson Bay, 

near the transition between arctic tundra and boreal forest (58°45´ N, 94°10´ W). The 

primary rodent in the area is the collared lemming (Dicrostonyx richardsoni), which 

fluctuates in abundance over a period of 3-5 years (Shelford 1943; Scott 1993; Roth 

2002; Reiter and Andersen 2008). The area also includes a high density of nesting 

Canada geese (Branta canadensis interior; Reiter and Andersen 2011) and a growing 

colony of nesting lesser snow geese (Chen caerulescens caerulescens; Cooke et al. 

1995). When lemming densities were low in 2010 and 2011, arctic foxes ate primarily 

goslings in the fall and lemmings in the winter (Chapter 1). Stored eggs were the second 

most important prey source in the fall of 2011 and the winter of both years (Chapter 1). 

Previous research found a tradeoff between consumption of eggs and lemmings in fall 

(Chapter 1).  

We collected samples of shed hair and feces from fox dens that have historically 

been occupied by arctic foxes (Roth 2003). We located 93 dens, mostly on relic beach 

ridges near the coast and characterized by lush vegetation that makes them easy to see 

from a distance. In June 2010-2012, we visited as many of the dens as we could access 

on foot and collected shed hair from in or around burrows. In April 2011 and 2012, we 

visited all of the fox dens in the area via snow machine and collected fecal samples 

found on or near the top of the snow. We selected samples that appeared free of urine 

contamination. Due to the consistently freezing temperatures, samples were frozen and 



32 

 

well preserved. We used only one sample per den (hair and feces) and assumed each 

fox used only one den. 

 Arctic fox hair and fecal samples were sent to Wildlife Genetics International 

(Nelson, British Columbia, Canada) for analysis to determine the sex of individuals. Hair 

samples were rinsed under hot water to reduce the possibility of contamination. DNA 

was extracted using QIAGEN’s DNeasy Blood and Tissue and QIAGEN’s QIAamp Mini 

Stool Kits. All samples were analyzed using a ZFX/ZFY sex marker (Lucchini et al. 

2002).  

We extracted cortisol from shed arctic fox hair using previously described 

methods (Davenport et al. 2006; Macbeth et al. 2010; Ashley et al. 2011). Hair samples 

were washed with 10.0 ml of methanol per 100 mg of hair. Samples were washed 3 

times for 3 minutes per wash. Ashley et al. (2011) found that this washing procedure 

could be applied up to six times without removing intrinsic cortisol. Samples were then 

dried at room temperature and minced with scissors into a fine powder. We added 1 ml 

of methanol per 50 mg of powdered hair, and then incubated the samples for 24 hours 

on a slow rotator. We then centrifuged the samples for 15 minutes at room temperature 

(13000 x g) and removed the supernatant. To ensure that all extracted hormone was 

collected, we rinsed the samples again with 1 ml of methanol, vortexed them briefly, 

centrifuged them for another 15 minutes, and then pooled the supernatants. We then 

rinsed the samples a second time, using the same procedure. This method extracted 

approximately 72% of cortisol from hair. 

We measured cortisol concentrations of arctic fox hair and feces using 

radioimmunoassay (RIA). We extracted cortisol metabolites from arctic fox feces based 

on previously described methods (Mateo and Cavigelli 2005; Ryan et al. 2011). Fecal 

samples were dried overnight at approximately 95° C. Dried samples were broken apart 
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over a sieve to remove indigestible materials (e.g., bone, hair, shell, feather). The 

remaining fecal matter was homogenized using a mortar and pestle. We added 0.2 g of 

fecal matter to 1.5 ml of 95% ethanol in a 2 ml microcentrifuge tube and vortexed briefly. 

We then centrifuged the mixture (20 minutes, 13000 x g, 4° C) and transferred the 

supernatant into a new vial. The ethanol was evaporated in a vacuum centrifuge and the 

extracted cortisol was reconstituted in RIA buffer (10 ml phosphate buffer, 90 ml Milli-Q, 

0.9 g NaCl, and 0.5 g bovine serum albumin). This method extracted approximately 74% 

of cortisol from feces. We mixed 100 µl of the reconstituted cortisol, 100 µl of tritiated 

cortisol (5000 disintegrations per minute), and 100 µl of cortisol antibody (1:3200 

dilution). The mixture incubated for 1 hour at room temperature and then overnight at 4 

°C. The following day, we added 100 µl of dextran-coated charcoal to terminate the 

reaction and then centrifuged the samples for 30 minutes at 4 °C (2500 x g). The 

resulting supernatant was poured into a scintillation vial with 4 ml of Ultima Gold 

Scintillation Fluid (Perkin Elmer). Radioactivity was measured on a liquid scintillation 

counter (LS6500; Beckman Coulter, Brea, CA). Cortisol concentrations were interpolated 

from known standards that were measured with each assay.  

 Statistical analysis was performed using Program R (R Core Development 

Team). We checked data for the assumptions of statistical tests and transformed when 

necessary using log-transformations for continuous data and arcsine transformations for 

diet proportions. We used a two-way ANOVA to compare hair cortisol concentrations 

between males and females between years (2009-2011). We used linear regression to 

compare hair cortisol concentrations with estimates of egg consumption calculated using 

a stable isotope mixing model (SIAR; Chapter 1). We used a Welch 2-sample t-test to 

compare fecal cortisol concentrations between samples with eggshell and samples 

without eggshell.  
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Results 

Hair cortisol concentrations varied among years (Fig. 2.1; F2,48=7.9209, p<0.001), 

with concentrations in 2009 lower than both 2010 (Tukey HSD: p=0.001) and 2011 

(Tukey HSD: p=0.030). Hair cortisol concentrations did not differ between male and 

female arctic foxes (F2,48=1.919, p=0.158). We did not find a relationship between hair 

cortisol concentrations and egg consumption (F2,46=0.708, p=0.404) even considering 

only 2010 and 2011, when lemmings were known to be scarce (Fig. 2.2; F1,37=0.271, 

p=0.606). Fecal cortisol concentrations in April did not differ between years (Fig. 2.3; 

t30.7=-0.8311, p=0.412) or between sexes (t28.8=-0.1887, p=0.852).The occurrence of 

eggshells, hair, and feathers in the fecal samples also did not differ between years 

(Fisher’s Exact Test: p=0.953) and sexes (Fisher’s Exact Test: p=0.317). Fecal cortisol 

concentrations did not differ between samples with and without eggshell (Fig. 2.3; 

F1,34=0.659, p=0.423). 

 

Discussion 

Annual variation in hair cortisol concentrations indicates that annual changes in 

the environment influence arctic foxes in northern Manitoba. Arctic foxes appear to 

struggle meeting energy demands in some years more than other years. Hair cortisol 

concentrations reflect the average circulating concentration over the entire period of hair 

growth and often indicate chronic stress (Davenport et al. 2006; Sheriff et al. 2011). 

Several studies report a link between food availability and the stress response in both 

birds and mammals (Champoux et al. 1993; Kitaysky et al. 2001; Pravosudov et al. 

2001; Lynn et al. 2003; Clinchy et al. 2004). Changes in food availability may influence 

whether individuals are able to overcome other environmental challenges. Cortisol 

concentrations should increase when food availability is low because energy reserves 
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are more important when food is scarce.  

Annual variation in food availability influence arctic fox population dynamics 

(Angerbjörn et al. 1999; Roth 2003), particularly reproductive output (Angerbjörn et al. 

1991; Tannerfeldt and Angerbjörn 1998; Eide et al. 2012). Lemming densities in northern 

Manitoba were low (0.46/ha) in both 2010 and 2011 (Chapter 1). We do not know 

lemming density in 2009, but the regular fluctuations in lemming abundance previously 

estimated in this area (Roth 2002, Reiter and Andersen 2008) suggest that lemming 

densities were likely higher prior to the extremely low densities in 2010 and 2011. If 

lemming densities were higher in 2009, then the relatively high food availability could 

explain the lower cortisol concentrations we measured for that year. 

The energy mobilization hypothesis predicts that GCs will be highest during times 

when energy costs are high (Romero 2002). Winter is a critical time for arctic foxes for 

several reasons. Food is scarce during the winter; most birds migrate south and rodents 

take refuge beneath the snow. Arctic foxes must invest energy in thermoregulation in 

order to maintain their body temperature during the cold arctic winter, but lower 

metabolism may reduce energy requirements during winter (Prestrud 1991). Towards 

the end of the winter, arctic foxes invest energy into reproduction. Reproductive output 

varies according to food availability; in years when food is abundant arctic foxes invest 

more into reproduction than they do in years when food is scarce. Arctic foxes can have 

very large litters in years when food is abundant, but small or no litters when food is 

scarce (Tannerfeldt and Angerbjörn 1998). 

Storing eggs should improve food availability and decrease stress. Therefore, we 

predicted cortisol concentrations would be lower in foxes that had access to stored eggs, 

particularly in years when lemmings were scarce. However, we found no relationship 

between egg consumption and cortisol concentrations over the three-year study period, 
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suggesting that stored eggs do not fully compensate for low lemming densities. Cortisol 

concentrations were actually lowest in a year with high nest failure, further suggesting 

that nesting geese are not an important source of energy for arctic foxes. These 

observations are consistent with the observation that arctic fox population dynamics 

often follow lemming fluctuations despite the availability of alternative food resources 

(Angerbjörn et al. 1999; Bêty et al. 2002; Roth 2003).  

Rodent population cycles have dampened in several areas of the Arctic in 

response to increasing temperatures and changing snow conditions (Ims et al. 2008; 

Kausrud et al. 2008; Gilg et al. 2009). Changes in lemming abundance have a strong 

impact on many predator populations, including the arctic fox (Angerbjörn et al. 1999). 

Although arctic foxes store food resources to improve food availability when lemmings 

are scarce, our findings suggest that stored eggs and juvenile geese do not completely 

compensate for reduced lemming availability. Therefore, a decline in lemming 

abundance will likely have a considerable effect on arctic fox populations throughout the 

Arctic. 
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Figure 2.1: Variation in cortisol concentrations (mean ± SE) in arctic fox winter hair from 

2009-2011. Winter hair grows in fall and reflects the average cortisol concentration 

during the period of hair growth. Different letters indicate differences between years. 
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Figure 2.2: The relationship between hair cortisol concentrations and egg consumption 

in the fall of years when lemming densities were low. Lemming densities were 

approximately 0.46 individuals per hectare (Chapter 1).There was no relationship 

between egg consumption and hair cortisol concentrations.  
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Figure 2.3: Cortisol concentrations (mean ± SE) of fecal samples collected from arctic 

fox dens in April of 2011 and 2012. Concentrations did not differ between years or 

samples with and without eggshell fragments.  

 

 

 

 

 

 

 

 

 

 

 

 

 



45 

 

Chapter 3: Prey cortisol affects a predator’s fecal cortisol concentration 

 

Abstract 

 The non-invasive nature of sample collection and often-cited correlation of fecal 

hormone and plasma hormone concentrations make analysis of fecal hormone 

concentrations a useful proxy for the examination of endocrine responses in free-living 

wild animals. Glucocorticoid hormones (cortisol and corticosterone) are frequently 

measured from fecal samples; however, many factors may influence the concentration of 

glucocorticoids in feces, and the influence of cortisol from prey items in the feces of 

predators has not previously been reported. We tested whether cortisol consumption 

influenced fecal cortisol concentrations in captive arctic foxes through the addition of 

cortisol (5 mg cortisol/kg fox body mass) to the foxes’ diet. Food supplemented with 

cortisol increased fecal cortisol concentrations of arctic foxes by 97% in males and 51% 

in females, compared to when cortisol was absent from the diet. In addition, when no 

cortisol was added to the diet, fecal cortisol concentrations were higher for females (22.2 

± 3.3 ng/g, mean ± SE) compared to males (13.3 ± 1.5 ng/g), suggesting that female 

arctic foxes may have higher baseline cortisol concentrations or females may be more 

sensitive than males to factors such as relocation or captivity. Based on these results, 

we suggest that the source of cortisol measured in fecal matter of predators be 

considered, particularly when discussed in the context of stress physiology of wild 

carnivores.  
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Introduction 

One of the primary goals in ecology is to understand how organisms respond to 

changes in their environment. Individuals prepare for changes in their environment by 

storing energy, but unexpected events can require additional energy inputs. Such events 

provoke a stress response, increasing production of glucocorticoid (GC) hormones, 

which mobilize stored energy in order to improve the individual’s chances of survival 

(Sapolsky 1982; Sapolsky et al. 2000; Boonstra 2004). Prolonged or repeated stress (i.e. 

chronic stress) can result in excess GC exposure, which can be maladaptive, reducing 

long-term survival or reproductive output (Sapolsky 1983; Boonstra et al. 1998; Boonstra 

2013). Because of this relationship between the environment, GC concentrations, and 

an organism’s fitness, GC concentrations have become a popular metric in ecological 

studies.  

Glucocorticoid concentrations have been measured in a variety of tissues, 

including blood, saliva, hair and urine (for review see Sheriff et al. 2011). Several studies 

have used measurement in feces to assess the impact of challenging events or 

conditions (i.e., stressors) on free-ranging individuals (Wasser et al. 1997; Millspaugh et 

al. 2001; Sands & Creel 2004; Cyr & Romero 2007; Dantzer et al. 2010). Fecal samples 

can be collected non-invasively, minimizing interactions that can stress organisms and 

increase GC concentrations (Kenagy & Place 2000; Fletcher & Boonstra 2006; Romero 

et al. 2008; Delehanty & Boonstra 2009); furthermore, fecal GC concentrations integrate 

circulating concentrations over time and are less sensitive to acute fluctuations in GC 

production (Palme et al. 1996; Möstl & Palme 2002; Goymann 2005; Palme et al. 2005), 

which may be advantageous for research on animals exposed to chronic stress.  

Nonetheless, researchers need to be cautious about the assumptions and confounding 

factors of fecal hormone techniques when interpreting results using these methods 
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(Palme et al. 2005; Touma & Palme 2005; Dantzer et al. 2011; Goymann 2012).  

A fundamental assumption of fecal hormone analysis is that fecal GC 

concentrations are correlated to circulating levels in the blood and therefore reflect 

hormone synthesis and release (Miller et al. 1991; Cavigelli 1999; Mateo & Cavigelli 

2005; Sheriff et al. 2010). Indeed correlations between glucocorticoid fecal and plasma 

concentrations have been previously reported (Miller et al. 1991; Sheriff et al. 2010), but 

it is recognised that diet and metabolism may influence the relationship between fecal 

and blood hormone concentrations (Goymann 2005; Dantzer et al. 2011). Metabolism 

can vary according to sex, age, or behaviour and therefore the proportions of hormone 

metabolites excreted in urine and feces may differ between species and individuals 

(Taylor 1971; Palme et al. 1996; Bahr et al. 2000; Touma et al. 2003; Palme et al. 2005; 

Goymann 2012). Diet can influence metabolism, thereby influencing fecal cortisol 

concentrations (Dantzer et al. 2011). Diet may also influence hormone concentrations, 

when food items contain large quantities of hormone (Andersson & Shakkebaek 1999; 

Brinkman et al. 2010). To examine how cortisol concentrations in prey may affect the 

fecal hormone concentrations of predators, we added cortisol to the food of captive 

arctic foxes and measured fecal cortisol concentrations before and after the treatment, 

predicting that fecal cortisol concentrations would increase due to the cortisol 

treatments.  

 

Methods 

Between November 2010 and January 2011, we collected fecal samples from 

subadult arctic foxes that had been born in captivity during the spring of 2010 at the 

Assiniboine Park Zoo in Winnipeg, Manitoba, Canada. The 12 foxes (seven female and 

five male) were transferred from their natal exhibits to a temporary holding facility two 
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weeks before we began collecting samples. Siblings were housed together in two units 

(one per family group) that had a semi-sheltered outdoor enclosure (3.4 m x 2.4 m) and 

a small heated indoor enclosure (2.4 m x 0.9 m). Individuals were marked with unique 

dye patterns for identification.  

We collected fecal samples between the hours of 8:00 am and 4:00 pm. Foxes 

rarely defecated in the outdoor enclosure where they spent most of their time, so after 

two days we restricted our collection efforts to the indoor enclosure where foxes often 

came to defecate. We collected samples immediately following defecation and 

immediately stored them in a -20ºC freezer to prevent degradation. We recorded the 

individual, time, and date for each sample. Video surveillance equipment allowed us to 

link fecal samples to individuals during a few instances when we did not witness the 

defecation.  

Zoo staff provided the foxes with daily meals of rodents, chickens, and eggs. We 

dissolved cortisol in butter and injected it into the food for individual foxes (5 mg 

cortisol/kg fox body mass) on four occasions separated by at least one week. The gut 

passage time for arctic foxes is highly variable. The mean passage time for seeds in 

arctic foxes was between 16.2 and 25.5 hours (Graae et al. 2004). Caged arctic foxes 

exhibited higher variability in defecation patterns, with passage times typically ranging 

between 9 and 27 hours (Szuman & Skrzydlewski 1962). The cortisol-treated food was 

given to the foxes at the end of the day (~3:00 pm) and we expected to see higher fecal 

cortisol concentrations on the following day. Some individuals did not defecate during 

the time that we were collecting samples and therefore we were only able to measure 

treatment effects in four male and four female arctic foxes. 

We used radioimmunoassay (RIA) to measure fecal cortisol concentrations, 

based on previously described methods (Ryan et al. 2011). Fecal samples were thawed 
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and dried overnight at approximately 60° C. Dried samples were broken apart over a 

sieve to remove indigestible materials (e.g. bones, feathers, straw). The remaining 

material was homogenized using a mortar and pestle. To extract cortisol, we added 0.2 

g of dried fecal matter to 1.5 ml of 95% ethanol in a 2 ml microcentrifuge tube and 

vortexed briefly. We then centrifuged the tube (20 minutes, 13000 x g, 4° C) and 

transferred the supernatant into a new vial. The ethanol was evaporated in a vacuum 

centrifuge and the extracted cortisol was reconstituted in RIA buffer (10 ml phosphate 

buffer, 90 ml Milli-Q, 0.9 g NaCl, and 0.5 g bovine serum albumin). Extracted samples 

provided good parallelism, extraction efficiency of cortisol from fecal samples was 74%, 

intra-assay variation was 5.8% and inter-assay variation was 17.6%. 

To measure cortisol concentrations, we mixed 100 µl of reconstituted cortisol with 

100 µl of tritiated cortisol (PerkinElmer, Waltham, Massachusetts; 5000 disintegrations 

per minute) and 100 µl of cortisol antibody (Fitzgerald Industries, Acton, Massachusetts; 

1:3200 dilution). The mixture was incubated for 1 hour at room temperature and then 

overnight at 4 °C. We then added 100 µl of dextran-coated charcoal (0.25 g dextran, 2.5 

g charcoal, and 50 ml RIA buffer) to terminate the reaction and centrifuged the samples 

for 30 minutes at 4 °C (2500 x g). The resulting supernatant was poured into a 

scintillation vial and 4ml of scintillation fluid was added (Ultima Gold, PerkinElmer, 

Waltham, Massachusetts). Radioactivity was measured on a liquid scintillation counter 

(LS6500; Beckman Coulter, Brea, CA). Cortisol concentrations were interpolated from 

known standards measured with each assay. All chemicals were purchased from Sigma 

Aldrich (Mississagua, ON, Canada) unless otherwise stated. 

Data were analysed in R (R Development Core Team, 2009). Cortisol 

concentrations were log-transformed to achieve normality; normality and homogeneity 

were confirmed using visual inspection of histograms and residual plots. We tested 
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whether fecal cortisol concentrations were related to time of defecation using linear 

regression. We tested whether fecal cortisol concentrations were affected by sex using a 

linear mixed-model, considering individual and Julian date as random effects. We also 

used a linear mixed-model to test for an increase in fecal cortisol the day after cortisol 

treatment, considering both treatment and sex as fixed effects and date and individual as 

random effects (no interaction was found between treatment and sex). We used Markov-

Chain Monte Carlo (MCMC) sampling (10,000 simulations) to estimate p-values of fixed 

effects (Rosa, Padovani, & Gianola 2003; Lele, Dennis, & Lutscher 2007). We also used 

a likelihood ratio test to compare the mixed-model to a null model that included only 

random effects. 

 

Results 

Fecal cortisol concentrations were not related to the time of defecation (F1,94= 

0.136; p=0.713). Fecal cortisol concentrations were higher for females (22.2 ± 3.3 ng/g, 

mean ± SE) than for males (13.3 + 1.5 ng/g, Fig. 1; t94=-2.97, p=0.0038), excluding 

samples collected the day following a cortisol treatment. The mixed-effect model for sex 

effects performed better than the null model (Likelihood ratio test; t1=6.060; p=0.0045). 

Fecal cortisol concentrations were higher in samples collected the day after cortisol 

consumption (Fig. 1; t85=2.797, p=0.013) by an average of 97% for males and 51% for 

females. The linear mixed-effect model that included treatment effects performed better 

than the null model (Likelihood ratio test; t2=12.600; p=0.0002). 

 

Discussion 

Over the past 20 years, researchers have increased their use of fecal hormone 

analysis to examine the status of captive and free-living organisms (Fig. 2). Fecal 
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hormone concentrations have been shown to reflect plasma concentrations (Sheriff et al. 

2011), and can be collected non-invasively. Nonetheless, researchers using these 

methods need to consider all factors that can influence hormone concentrations 

(Goymann 2012). We found that GCs added to food increased fecal GC concentrations 

in arctic foxes, highlighting that dietary sources of cortisol might confound studies using 

fecal hormone concentrations, particularly those examining fecal GC concentrations in 

predators. In addition to measured increases in fecal matter, there is also potential for 

dietary sources of hormones to transfer across the gut and enter circulation, which would 

have important implications on the physiology of the predator (Brinkman et al. 2010).  

Some prey species can produce high concentrations of GCs, particularly when being 

chased by a predator or experiencing other forms of stress (Sapolsky 2000). Plasma 

cortisol concentrations in snowshoe hare (Lepus americanus) can increase from 38.6 

ng/ml (on average) to over 200 ng/ml in response to stress (Boonstra et al. 1998). 

Plasma corticosterone concentrations can exceed 700 ng/ml in meadow voles (Microtus 

pennsylvanicus; Boonstra et al. 1998) and reach 3000-4000 ng/ml in female brown 

lemmings (Lemmus trimucronatus; Romero et al. 2008). Caribou (Rangifer tarandus) 

have lower circulating cortisol concentrations (8-25 ng/ml) but a larger volume of blood 

and therefore a high total quantity of circulating cortisol (Ashley et al. 2011). Based on 

our results, predators that consume prey with high GC concentrations are likely to exhibit 

elevated fecal cortisol concentrations, regardless of the stress levels experienced by 

individual predators or the health status of the predator population.   

We also found differences in fecal cortisol concentrations between captive male 

and female arctic foxes, indicating either a sex-related difference in baseline production 

of cortisol or a differential response to confined space. Differences in excretion and 

metabolism between male and female mammals can influence measured fecal levels in 
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males and females (Palme et al. 1996; Touma et al. 2003; Palme et al. 2005); 

furthermore, relocation and captivity may also influence GC concentrations (Morton et al. 

1995; Watson et al. 2005; Davenport et al. 2006). Interestingly, we found no differences 

in fecal cortisol concentrations between free-living male and female arctic foxes, which is 

likely the result of additional stressors that mask the sex-related difference in baseline 

cortisol concentrations.  

In summary, increased fecal cortisol concentrations followed cortisol additions to 

the food of both male and female arctic fox, confirming the need to consider dietary 

cortisol when evaluating the response of wildlife to potential stressors. Interpreting 

predator fecal GC concentrations without consideration of prey hormone levels could 

lead to erroneous conclusions and inaccurate discussion of the stress status of wild 

individuals.  
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Figure 3.1: Fecal cortisol concentrations (mean + SE) of captive arctic foxes (4 male 

and 4 female) before (control) and after cortisol consumption (treatment). Multiple 

measurements were made for each individual. These results include 45 control and 9 

treatment samples for males, and 22 control and 11 treatment samples for females. In 

some cases, several samples were collected from a single individual on a single day. 

Day and individual were included as random effects to control for repeated 

measurements. 
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Figure 3.2: Number of citations in each year since 1990 based on a search for "fecal 

hormone" in the Web of KnowledgeSM database.  
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Thesis Conclusion 

Food availability is critical in determining whether an individual is able to meet 

energetic requirements. When individuals struggle to meet the energy requirements for 

survival they experience a stress response, which is an endocrine response intended to 

mobilize stored energy, improve survival, and maintain homeostasis (Boonstra 2004). 

Repeated or prolonged stress (i.e. chronic stress) can have negative effects on an 

individual, including reproductive suppression (Boonstra et al. 1998; Wingfield and 

Sapolsky 2003; Sheriff et al. 2009). Reproductive output in arctic foxes (Vulpes lagopus) 

varies with changes in food availability (Angerbjörn et al. 1991; Tannerfeldt and 

Angerbjörn 1998), suggesting that the stress response may influence the allocation of 

energy resources by arctic foxes and influence arctic fox population dynamics.  

Arctic fox population dynamics reflect multi-year fluctuations in lemming 

abundance (Angerbjörn et al. 1999), highlighting the importance of lemmings as a food 

source for arctic foxes. When lemmings are scarce, arctic foxes consume alternative 

food sources such as avian and marine prey (Macpherson 1969; Bêty et al. 2002; Roth 

2002, 2003; Giroux et al. 2012). Increasing temperatures have caused a decline in the 

peak densities of rodent populations in several northern areas (Ims et al. 2008; Kausrud 

et al. 2008; Gilg et al. 2009). Continued warming will likely increase the importance of 

alternative prey sources to the arctic fox diet. My objective was to determine whether 

alternative food provided enough energy to support arctic fox populations. I investigated 

the impact of food availability on arctic foxes by looking at the arctic fox diet and 

endocrine activity in fall and winter over several years (1993-1996 and 2009-2012). 

First, I examined the importance of migratory geese, goose eggs, and lemmings 

to the arctic fox diet in fall (1993-1996, 2009-2011) and winter (2011-2012). Lemming 

densities varied between years, reaching a peak density in 1994 (12.6/ha). Lemming 
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density did not influence lemming consumption by arctic foxes in fall, but did influence 

arctic fox den success. Lemmings appear to be an important food source for arctic foxes 

in fall and winter, even in years when lemming densities are low. Rodents were found in 

approximately 90% of fecal samples collected in April, even when rodent densities were 

low, highlighting the importance of rodents to the Cape Churchill arctic fox population.  

Juvenile geese (goslings) had the highest contribution to the arctic fox diet in fall, 

even in years when lemmings were abundant. Consumption of goslings increased with 

increases in gosling density. Both Canada and lesser snow geese remain in the Cape 

Churchill into October, and geese migrating from farther north rest in the Cape Churchill 

area (Abraham et al. 2005), potentially increasing goose availability in September and 

October. I found eggshell fragments in approximately 30% of fecal samples collected in 

April of 2011 and 2012. While stored eggs may improve food availability throughout the 

winter, the nutritional value of eggs decreases slightly over time and eggs alone may not 

be enough to support arctic fox reproduction (Careau et al. 2008). High densities of 

lemmings, on the other hand, seem to be a sufficient source of energy arctic fox to 

reproduction.  

Second, I compared glucocorticoid (GC) concentrations of arctic fox hair and 

feces to diet estimates. Annual variation in hair cortisol concentrations indicated that 

arctic foxes struggled to meet energy demands in fall of some years. Cortisol 

concentrations of fecal samples collected in April did not differ between years (2011-

2012). Cortisol concentrations did not relate to consumption of stored eggs by arctic 

foxes, suggesting that stored eggs do not improve food availability for individual arctic 

enough to avoid stress. Instead, annual variation in cortisol concentrations of arctic foxes 

might relate to lemming availability. 

I also addressed a potential caveat associated with hormone analysis. Fecal 
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hormone analysis has become a popular technique for monitoring hormone patterns in 

free-living animals. There are several caveats that researchers must consider when 

using this method and an additional caveat that has not been recognized is the influence 

of prey hormone concentrations on predator hormone concentrations. In the third 

chapter, I illustrated how hormones in prey items may influence the hormone 

concentrations of predators. While I focused on fecal samples, prey hormones could 

influence predator hormone concentrations in several tissues because steroid hormones 

enter the bloodstream when consumed orally and are then able to pass through cell 

membranes into different tissues. Some prey species have high GC concentrations 

(Boonstra et al. 1998; Romero et al. 2008) and individuals may experience high levels of 

stress when being chased by a predator (Sapolsky et al. 2000), therefore predators may 

consume large quantities of GC hormones in their prey (Sapolsky et al. 2000).  

Relationships between GC concentrations and changes in food availability can 

provide insight regarding the importance of food sources to consumer populations. 

Increasing temperatures are likely to reshape the terrestrial arctic food web (Gilg et al. 

2009) and if rodent populations continue to decline, we will likely see an overall decline 

in arctic fox populations. If rodent populations decline, alternative prey sources will 

become more important to arctic foxes, but may not provide foxes with enough energy to 

support high investments in reproduction. Arctic foxes in more southern areas may have 

access to migratory prey later in the year than arctic foxes in more northern areas.   
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