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Abstract  

Changes in resource availability can have a strong influence on population dynamics of 

species, particularly in the Arctic where both productivity and species richness are low. Arctic 

climate change is impacting the cryosphere, an important resource for many species adapted to 

Arctic conditions, and these changes in the physical environment may have cascading impacts on 

interactions between predators and their prey. I explored the response of Arctic foxes (Vulpes 

lagopus) and lemmings (Dicrostonyx spp.) to changes in climate and snowpack characteristics in 

northern Manitoba, near the southern edge of the distribution of many Arctic species, where the 

impact of climate change may be particularly strong. Arctic fox harvest, which reflects 

reproduction the previous summer, declined from 1955-2014, but red fox and Arctic fox harvest 

were positively related, suggesting competition with red foxes did not limit Arctic fox 

abundance. Arctic fox harvest decreased with warmer June temperatures and shallow snow in 

February from 1955-2014, and increased with colder October temperatures from 1989-2014. 

Colder temperatures in spring and fall prolong the duration of sea ice, increasing food 

availability for Arctic foxes through scavenging carcasses of seals killed by polar bears (Ursus 

maritimus). Likewise, snow drifts may reflect increased food availability for these lemming 

predators through greater rodent survival and reproduction in winter. Arctic foxes are not only 

predators, but may also influence their other species through non-trophic interactions. Through 

nutrient enhancement and disturbances Arctic foxes cause greater biomass of tall nutrient-

demanding vegetation on dens, like erect shrubs and grasses that are atypical on the tundra. We 

determined tall vegetation promotes the accumulation of snow drifts that increased subnivean 

temperatures on dens. Lemming activity on dens, reflected in the number and distribution of 

winter nests, was most influenced by the greater difference in subnivean and ambient 
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temperature. In addition, more nests on fox dens showed evidence of reproduction, reflected in 

the size distribution of feces within nests, than nests from transects in traditional lemming 

habitat. As lemming and Arctic fox populations are in decline, and southern species such as red 

fox are expanding their range into the tundra, understanding both trophic and non-trophic 

interactions may be important for predicting the impact of species loss on Arctic food-web 

interactions.   



 

iv 

 

Acknowledgments  

I would like to express my gratitude to my supervisor, James Roth, and committee 

members LeeAnn Fishback and John Markham, who provided support, mentorship, 

encouragement, and feedback during the process of completing my Master’s degree. Thank you 

to Jane Waterman, Nicola Koper, Judy Anderson, Claire Curry and all the other professors or 

instructors, support staff, and students at the University of Manitoba. Thank you to my 

colleagues including Michelle Ewacha, Amélie Roberto-Charron, Kyle Ritchie, Shu ting Zhao, 

Chloe Warret Rodrigues Junior, Kelsey O’Brian, Rebecca Lem, Phillip Shimel, Dylan Pond, 

Danielle Fox, Tazarve Gharajehdaghipour, Lawrence Lam, Jennifer Sojka, Elaine Anjos, and 

Christa Burstahler for providing assistance and support. Thank you to all the undergraduate 

students that attended the University of Manitoba Arctic Field Ecology course in 2015 and 2016 

for their assistance in conducting fieldwork in June, and to ISAMR, including Julie Rogers, 

Adam Lessing, and the other teachers and students, for providing assistance while conducting 

our fieldwork in August. Thank you to Matt Teillet and Talita Menger Ribeiro for your 

laboratory assistance in drying, sorting, and weighing lemming feces. I’d particularly like to 

thank Jill Larkin from Parks Canada for your invaluable support and mentorship during my six 

field seasons; I couldn’t have asked for a better person to work with. Thanks also to LeeAnn 

Fishback, Peter Kershaw, and Steven Mamet for providing snowpack data and allowing me to 

you use your field equipment. 

I would like to thank the following agencies that allowed our research to be possible. 

Parks Canada allowed us to work in remote camps Nester 1 and Broad River in Wapusk National 

Park and providing logical support during my field work. The Churchill Northern Studies Centre 

provided invaluable logistical support during my field work and allowed me to use their 



 

v 

 

equipment. Manitoba Sustainable Development, particularly Dean Berezanski and Frank 

Baldwin, provided data on fox harvest and trapper effort in Churchill, and allowed us to use their 

camp at Nester 1. Environment Canada provided long-term climate data from Churchill, and 

Statistics Canada provided inflation currency rates. Several agencies provided financial support, 

including the Natural Sciences and Engineering Research Council of Canada, the University of 

Manitoba Field Work Support Program, Churchill Northern Studies Northern Research Fund, 

Northern Scientific Training Program, and Parks Canada. 

I would like to express particular gratitude to my father Paul Verstege, mother Beverly 

Verstege, sister Vanessa Verstege, and extended family for your support and positivity 

throughout my studies. Lastly, I would like to thank my friends Laura Manzon, Cole Robson-

Hyska, Alex Quijada-Rodriguez, Sasha Ghanbar, Sam Fulton, Pauline Catling, Stephanie Hans, 

Michael Gaudry, Dawn Pond, Kate Christie, Kevin Bairos-Novak, Patrick Kennedy, Kevin 

Methuen and all other graduate students for always encouraging me to have fun!  



 

vi 

 

Table of contents 

 

Abstract ......................................................................................................................................................... ii 

Acknowledgments ........................................................................................................................................ iv 

List of tables ................................................................................................................................................ vii 

List of figures ............................................................................................................................................. viii 

Thesis format ............................................................................................................................................... ix 

Thesis introduction ........................................................................................................................................ 1 

References ................................................................................................................................................. 4 

Chapter 1: Arctic fox population response to snow and climate conditions at the Arctic’s edge ................. 7 

Abstract ..................................................................................................................................................... 7 

Introduction ............................................................................................................................................... 8 

Methods .................................................................................................................................................. 12 

Study area ............................................................................................................................................... 12 

Data sources ........................................................................................................................................... 13 

Data analysis .......................................................................................................................................... 15 

Results ..................................................................................................................................................... 16 

Discussion ............................................................................................................................................... 18 

Acknowledgements ................................................................................................................................. 20 

References ............................................................................................................................................... 21 

Chapter 2: Living on the edge: warmer subnivean temperatures on Arctic fox dens may create attractive 

winter habitat for lemmings to live and reproduce ..................................................................................... 36 

Abstract ................................................................................................................................................... 36 

Introduction ............................................................................................................................................. 37 

Methods .................................................................................................................................................. 40 

Results ..................................................................................................................................................... 43 

Discussion ............................................................................................................................................... 44 

Acknowledgements ................................................................................................................................. 49 

References ............................................................................................................................................... 49 

Thesis conclusion ........................................................................................................................................ 61 

References ............................................................................................................................................... 63 

Appendix 1: Red fox population limited by winter food availability on the Arctic’s edge ........................ 67 

Appendix 2: Seasonal changes in vegetation and its relationship to snow and lemming activity on fox 

dens ............................................................................................................................................................. 73 

 

  



 

vii 

 

List of tables 
 

 

 

Table 1.1 Summary of rationale for models of climate variables based on published literature of 

climatic variables known to influence foxes, rodents and seals…………………………………28 

 

Table 1.2 Summary of environmental variables (mean + SE) recorded near in Churchill, 

Manitoba, including A) tundra snowpack characteristics from 2002-2014 and B) climate 

characteristics from 1955-2014......................................................................................................29 
 

Table 1.3 Models of climate variables explaining Arctic fox (Vulpes lagopus) harvest in 

Churchill, Manitoba from 1955-2014 (n = 40): A) comparison of models, and B) parameter 

estimates for the best model...........................................................................................................30  

 

Table 1.4 Model of climate variables explaining Arctic fox (Vulpes lagopus) harvest in 

Churchill, Manitoba from 1989-2014 (n = 19): A) comparison of models, and B) parameter 

estimates for the best model...........................................................................................................31 

 

Table 1.5 Effect of snowpack characteristics on the number of harvested Arctic fox (Vulpes 

lagopus) per trapper permit issued in Churchill, Manitoba from 2002–2014 (n=10)...................32 

 

Table 2.1 Summary of vegetation (June 2015 and 2016) and snowpack (February 2016) 

characteristics, and snow phenology (2015-2016) (mean + SE) measured on fox dens, paired 

control sites, and other locations where lemming nests were found in previous years near 

Churchill, Manitoba within the Wapusk National Park.................................................................54 

 

Table 2.2 Comparison of models explaining lemming activity (number of winter nests) on fox 

dens (n=27) near Churchill, Manitoba, based on snow and vegetation characteristics and fox 

activity on dens..............................................................................................................................55  

 

Table A1.1 Models of climate variables explaining red fox (Vulpes vulpes) harvest in Churchill, 

Manitoba from 1955-2014 (n = 40): A) comparison of models, and B) parameter estimates for 

the best model................................................................................................................................68  

 

Table A1.2 Models of climate variables explaining red fox (Vulpes vulpes) harvest in Churchill, 

Manitoba from 1989-2014 (n = 19): A) comparison of models, and B) parameter estimates for 

the best model................................................................................................................................69  

 

Table A2.3 A) Summary of forest snowpack characteristics (mean + standard error) and B) 

models of forest snowpack characteristics explaining the number of harvested red fox (Vulpes 

vulpes) per trapper permit issued in Churchill, Manitoba from 2002–2014 (n=10)......................70  



 

viii 

 

List of figures 
 

Figure 1.1 Trends over time in the number of harvested Arctic fox (Vulpes lagopus) per trapper 

in Churchill, Manitoba from 1954–2014 (n=47 years)..................................................................33  

 

Figure 1.2 Relationship between the number of harvested Arctic fox (Vulpes lagopus) and red 

foxes (Vulpes vulpes) in Churchill, Manitoba from 1954-2014....................................................34 

 

Figure 1.3 Relationship between number of harvested Arctic fox with Hudson Bay freeze-up 

date (when sea ice cover was greater than 50% for 3 consecutive days) (A) and Hudson Bay 

breakup date (when sea ice cover was less than 50% for 3 consecutive days) (B) prior to the 

harvest, the relationship between Hudson Bay Freeze-up with minimum October temperature 

(C), and Hudson Bay breakup with mean June temperature (D) from 1989-2014 near Churchill, 

Manitoba. Mean June temperature was transformed using the square root transformation to 

satisfy assumptions of 

normality........................................................................................................................................35 

 

Figure 2.1 Relationship between ambient and subnivean temperature in February 2016 on fox 

dens near Churchill, Manitoba………………………………………………………………….56 

 

Figure 2.2 Relationship between mean snow thickness in February 2016 and vegetation height in 

June 2016 on fox dens (n = 27) near Churchill, Manitoba............................................................57 

 

Figure 2.3 Relationship between the number of lemming nests and difference between the 

ambient temperature and temperature at ground level beneath the snow in February 2016 on fox 

dens (n = 27) near Churchill, Manitoba.........................................................................................58 

 

Figure 2.4 Percentage of lemming winter nests with evidence of reproduction on fox dens (n = 

23 in 2015, n = 49 in 2016) and transects (n = 16 in 2015, n = 23 in 2016) near Churchill, 

Manitoba........................................................................................................................................59 

 

Figure A1.1 Trends over time in the number of harvested red fox (Vulpes vulpes) per trapper in 

Churchill, Manitoba from 1954–2014 (n=47 years)......................................................................72  

 

Figure A2.1 Relationship between mean snow thickness in April 2015 (n = 18) with mean 

vegetation height in August (A) and June (B) 2015 (n = 18), and lemming activity in June 2015, 

represented by the number of lemming winter nests, with mean vegetation height in August (C) 

and June (D) 2015 (n = 20) on fox dens near Churchill, Manitoba...............................................73  



 

ix 

 

Thesis format 

This thesis is in manuscript format. Each chapter was written as an individual manuscript 

containing an abstract, introduction, methods, results, discussion, references, tables, and figures. 

An overall introduction and conclusion summarized background information, broader 

implications of our research, and future directions. At the end of this thesis are two appendices 

that discuss red fox population response to changes in climate and snow, and a validation of field 

methods.  

 The following sources were used to acquire data in the first chapter. Fox harvest, the 

number of trapper permits, and the average pelt price of Arctic fox were provided by Manitoba 

Sustainable Development. The average pelt price of Arctic fox was adjusted for inflation using 

conversions from Statistics Canada. Data describing climate patterns in Churchill was provided 

by an Environment Canada weather station. Snowpack characteristics were provided by LeeAnn 

Fishback, Steven Mamet, and G. Peter Kershaw. 

 I conducted all field work related to research in the second chapter, with assistance from 

other students and colleagues, including visiting fox dens to measure snow, vegetation 

characteristics, fox activity, and sample collection of winter nests. I prepared and weighed winter 

nest feces with the assistance of Matt Teillet and Talita Menger Ribeiro. I performed all data 

analyses and wrote this thesis with guidance from my committee.  
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Thesis introduction 

An increase in greenhouse gases due to human activities has instigated global warming of 

0.14 °C over the past 20 years (Fyfe et al. 2013). One ecosystem particularly vulnerable to 

effects of climate change is the Arctic, which experiences disproportionate warming spatially 

and temporally, with greater warming occurring more recently (Post et al. 2009; Bekryaev et al. 

2010). The Arctic is comprised of the cryosphere, including snow, ice, sea ice, glaciers, and 

frozen ground, and is essential for shaping the earth’s water cycle, primary productivity, 

exchange of surface gases, and sea level (Barrett 2013). A warming Arctic can be accentuated 

with lowering albedo further reducing sea ice extent and snow cover (Gagnon and Gough 2005; 

Brown et al. 2010; Comiso, 2012; Lunn et al. 2016). 

Snow and winter climate also play a vital role in shaping the biota of an ecosystem 

through determining vegetation and species that can thrive in the environment (Boonstra et al. 

2016). As climate changes, alterations to the quality and phenology of snow have negative 

effects on rodents that live and breed beneath the snow in winter through greater thermal stress, 

the risk of floods, and food limitation (Kausrad et al. 2008; Ims et al. 2008). Lemmings (Lemmus  

spp. and Dicrostonyx  spp.) are arguably keystone species in the Arctic because their fluctuations 

strongly affect the population dynamics and reproduction of many Arctic predators, such as 

foxes, weasels (Mustela  spp.) and owls (Bubo scandiacus), and when lemming numbers initially 

decline many Arctic-nesting birds, especially geese and shorebirds, suffer much higher rates of 

nest predation, lowering their breeding success (Bêty et al. 2002; Gauthier et al. 2004; Krebs 

2011). One reason lemmings have such a large impact on their predators and alternative prey of 

shared predators is the low species richness in the Arctic. Thus, many organisms are 

interconnected through food-web dynamics and impacted by fluctuations in population size of 
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other organisms (Grenyer et al. 2006; Krebs 2011). Furthermore, snow with a high insulation 

value is also important to plants and other animals. Insulation from snow is critical for the winter 

survival of ptarmigan (Lagpus spp.), snow buntings (Plectrophenax nivalis), and redpolls 

(Carduelis spp.), which burrow into the snow to reduce their exposure to harsh weather (Pruitt 

2005). Furthermore, insulation from the snow can produce a warmer microclimate that allows 

some species of plants to photosynthesize during winter (Wipf and Rixen 2010). Snow also 

shields plant from wind abrasion and freezing, resulting in warmer plant and soil temperatures 

(Johansson et al. 2011). Consequently, lemmings act as umbrella species because a reduction in 

the thermal insulation of snow may also be increasing the vulnerability of other animals and 

plant species that uses snow (Pruitt 2005).  

Warming temperatures in the Arctic have other ecosystem-level consequences (Post et al. 

2009). For example, change in temperature has led to seasonal advancing of plant growth but 

timing of calving for caribou (Rangifer tarandus) is relatively unchanged, and this trophic 

mismatch may negatively impact caribou calf survival because the primary seasonal productivity 

of vegetation occurs prior to the peak demand of resources for females rearing offspring (Post 

and Forchhammer 2008). Other potential negative impacts of temperature increase in the Arctic 

are the retreat of native northern species and range expansion of southern species. Although the 

effects of climate change have typically influenced resident Arctic species negatively, southern 

species that were limited by climate and productivity may be able to expand their range 

northward (Post et al. 2009). Arctic fox (Vulpes lagopus) populations may be threatened by the 

encroachment of their southern counterparts, the red fox (Vulpes vulpes), which may be 

responding to increase temperatures, promoting greater competition for resources between these 

two fox species (Killengreen et al. 2007; Gallant et al. 2012). Thus, as climate changes, the 
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influences of these alterations may have negative cascading effects on native species, promoting 

native tundra organisms to become more vulnerable to extirpation (Post et al. 2009).  

Arctic foxes are top predators in the Arctic, and as such have been demonstrated to have 

a strong influence on their ecosystem (Croll et al. 2005). When foxes were introduced to the 

Aleutian archipelago the increased predation on seabirds caused a reduction in allochthonous 

nutrients from sea transported to land by seabirds, causing a shift from grasslands to nutrient-

poor tundra predominately covered by dwarf shrubs and forbs (Croll et al. 2005). Arctic foxes 

also provide ecosystem engineering services, through promoting physical changes in materials 

and modulating the availability of resources (Jones et al. 1994). Arctic foxes engineer their dens 

through small-scale disturbances and nutrient enhancement, that may benefit vegetation on dens 

(Bruun et al. 2005; Gharajehdaghipour et al. 2016). In addition to altering vegetation, dens have 

altered the spatial distribution of lemmings on a local scale to occupy fox dens in winter 

(Gharajehdaghipoor 2015). As fox dens are unlikely habitat for lemmings to occupy, due to 

increased predation risk, the mechanism that instigates this behaviour and overall benefit to 

lemmings living on fox dens is still unclear. Thus, the influences of both trophic and non-trophic 

interactions among species can have profound effects at an ecosystem level, and predator 

conservation is important for maintaining the overall health of an ecosystem. As species richness 

on the tundra is relatively low, many species are interconnected both directly and indirectly 

through food-web interactions (Grenyer et al. 2006; Krebs 2011). Thus reduction of Arctic fox 

may have dramatic influences on their ecosystem through loss of a top predator and its 

ecosystem engineering services. Consequently, determining how climate change is influencing 

fox population dynamics with changes in our cryosphere and potential range expansion of 
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southern species, and the influence of foxes as ecosystem engineers on other organisms, are 

important topics for consideration.  

The objectives of this thesis are to examine the response of lemmings and Arctic foxes to 

changes in snowpack and climate in the southern Arctic. Specifically, Chapter 1 examines the 

population response of Arctic foxes to fluctuations in snow and climate measurements over time 

and Chapter 2 examines the proximate and ultimate cause for lemmings to overwinter on fox 

dens. A final chapter concludes with a summary of results, discussion of overall implications of 

our research, and further research questions. Understanding the response of lemmings and foxes 

to changes in snow and climate both spatially and temporally can provide insight into indirect 

effects in food webs and is important for understanding the structure of ecosystems, predicting 

the effect of species extirpation, or the impact of environmental stressors. 
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Chapter 1: Arctic fox population response to snow and climate conditions at 

the Arctic’s edge 
 

Abstract 

Changes to the Arctic’s cryosphere and climate patterns can strongly affect the 

abundance and distribution of Arctic species. Because of the low species diversity and strong 

linkages in Arctic food webs, the response of one species to these changes can affect many other 

wildlife species. For example, reduction in snowpack quality may limit the population growth of 

rodents that live and reproduce beneath the snow in winter, affecting many Arctic predators, and 

reduction in sea ice duration may limit the availability of seals as an alternative food source. 

Arctic foxes (Vulpes lagopus) depend on marine foods in winter when rodent numbers decline. 

Furthermore, milder winters and a longer growing season may allow red fox (Vulpes vulpes) to 

expand their range on the tundra, potentially increasing interspecific competition with Arctic fox. 

However, the population trends of Arctic foxes within the Arctic, the influence of interspecific 

competition, and the effect of these environmental variables on these trends, are still unclear. We 

estimated Arctic fox and red fox population abundance near Churchill, Manitoba, near the 

southern edge of the Arctic fox distribution, using the number of annually harvested foxes from 

1955-2014, corrected for trapper effort and pelt price. We first determined the relationship 

between Arctic fox and red fox harvest, and then compared Arctic fox harvest estimates to 

climate measurements, sea ice phenology, and snowpack characteristics in a series of models that 

were compared using Akaike’s Information Criterion. We examined two time periods: the full 60 

years for which we had data and the most recent 25 years when climate change has been most 

intense. Arctic fox harvest declined from 1955-2014, but red fox and Arctic fox harvest were 

positively related, suggesting interspecific competition is not limiting Arctic fox abundance. The 
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most influential variables on Arctic fox harvest were cold June temperatures and thick snow in 

February from 1955-2014, and cold October temperature from 1989-2014. Thicker snow may 

indirectly benefit Arctic fox because thick snow creates an insulative microclimate for rodents in 

winter and positively influences their winter reproduction. Furthermore, warmer springs promote 

earlier sea ice breakup and warmer fall promotes late sea ice freeze-up on Hudson Bay, which 

may reduce Arctic fox access to seal carrion as an alternative winter food source during winters 

with low lemming densities. Predators have an important ecological role by controlling prey 

abundance and the spread of disease, so understanding the influence of changes in cryosphere 

phenology and composition on predator-prey interactions may better illuminate the influence of 

climate change on food-web dynamics. 

Introduction  

 A warming climate has instigated changes to the cryosphere, including reduced snow 

cover across the Northern hemisphere, reduced sea ice extent, earlier sea ice breakup, and later 

freeze-up of sea ice in Hudson Bay (Brown et al. 2010; Comiso 2012; Lunn et al. 2016). Climate 

warming is disproportionately intense in polar regions, with even more extreme warming 

recently (Post et al. 2009; Bekryaev et al. 2010). In addition, alterations to our climate and 

cryosphere can impact species with northern distributions that rely on snow and sea ice as 

important winter habitat (Kausrud et al. 2008; Lunn et al. 2016). For example, seals rely on sea 

ice for breeding, and rodents (Microtus spp., Lemmus spp., and Dicrostonyx spp.) rely on snow 

for shelter and insulation, as climate changes potentially promoting lower quality habitat or 

ability of predators to access prey, alterations may influence the abundance and spatial 

distribution of northern species (Stirling and Smith 2004; Kausrud et al. 2008; Lunn 2016). As 

seals and lemmings are important species of prey for predators like Arctic fox, changes in their 
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availability of prey species may have cascading impacts on their predators, like Arctic foxes 

(McDonald et al. 2017; Roth 2003).  

 Populations of rodents historically have fluctuated in regular 3-5 year cycles, where 

populations peak followed by a rapid decline (Elton 1924; Chitty and Elton 1937). Recently, 

rodents in northern Europe and North America have experienced dampening in the amplitude of 

population fluctuations, and a well-supported hypothesis explaining this phenomenon is a 

reduction in winter snow quality (Elton 1924; Chitty and Elton 1937; Stenseth and Ims, 1993; 

Kausrud et al. 2008; Boonstra and Krebs, 2012; Bilodeau et al. 2013c). In northern 

environments, thick, soft, less-dense snow provides a warm, stable, oxygen-rich subnivean 

microclimate, and energetically efficient access to vegetation or other resources (Pruitt 1970; 

Maclean et al. 1974; Sanecki et al. 2006; Reid et al. 2011). This high-quality snow provides 

conditions necessary for rapid rodent population growth because rodents live and potentially 

breed beneath the snow in winter (Fauteux et al. 2015). Shallow, hard-packed snow unsuitable 

for rodent winter habitat often covers the primarily flat Arctic tundra because thick, insulative 

snow-drifts preferred by rodents accumulate on the leeward side of raised topography and 

vegetation; hence high-quality subnivean habitat is a limited winter resource (Pruitt 1970; Pruitt 

1984; Kershaw 2001; Pomeroy and Brun 2001). Snow characteristics such as thickness, 

hardness, and density that affect snow quality are strongly influenced by weather conditions, 

such as wind, precipitation, and temperature. Annual weather patterns, therefore, can also 

provide insight on the conditions of subnivean space for rodents (Pruitt 1970; Callaghan et al. 

2011). Heavy snowfall followed by a quick-freeze-up in fall, relatively long warm winters, 

stability of ambient temperatures, and warm summers have also been positively related to high 

rodent density (Shelford 1943; Halpin and Bissonette 1987; Scott 1993; Reid and Krebs 1996; 
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Aars and Ims 2002; Reiter and Andersen 2011; Bilodeau et al. 2013abc). Dampened amplitude 

of rodent populations cycles has been attributed to climate change promoting greater temperature 

variation, which instigates ice formation and lowers snow insulative properties (Kausrud et al. 

2008; Callaghan et al. 2011; Dushesne et al. 2011; Legagneux et al, 2012; Bilodeau et al., 

2013c). Consequently, changes in weather and reduction in snow quality may further limit 

suitable rodent winter habitat and reduce population growth through lower winter survival and 

reproduction (Kausrud et al. 2008; Callaghan et al. 2011; Dushesne et al. 2011; Bilodeau et al. 

2013ac; Fauteux et al. 2015). 

 Survival of Arctic seals has also been threatened with changing weather patterns. Seals 

use subnivean birth lairs to provide protection for pups, and spring rain events that are atypical in 

the Arctic can increase the vulnerability of seal pups by causing subnivean birth lairs to collapse 

or flood. Destruction of birth lairs can lead to lower juvenile survival through greater 

vulnerability to hypothermia and predation (Stirling and Smith 2004). Reduction in seal survival 

can also reduce the abundance of their predators, such as polar bears (Ursus maritimus), which 

are blubber specialists whose winter diet is comprised primarily of seals (Stirling and McEwan 

1975; Lunn et al. 2016). As polar bears often just consume blubber and leave the remainder of 

seal carcasses, foxes can scavenge abandoned seal carcasses (Stirling and McEwan 1975). 

Furthermore, seals are important alternative prey for foxes in the Arctic, as Smith (1976) 

estimated 21-58% of newborn ringed seal (Pusa hispida) pups were preyed upon by Arctic foxes 

(Vulpes lagopus). 

 With changes in climate, predators like Arctic fox can be indirectly influenced by the 

availability of prey, such as rodents and seals. Lowered rodent population density can have broad 

ecological consequences because rodents are important prey for many predators, such as foxes, 
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weasels (Mustela spp.), and owls (Bubo spp.) (Krebs 2011). For Arctic fox in particular, 

reproductive success is positively related to lemming density, with juvenile Arctic fox mortality 

as high as 90% in low lemming years (Tannerfeldt and Angerbjörn 1998; McDonald et al. 2017). 

In years of low lemming density, seal carcasses may also provide nourishment to foxes during 

winter (Roth 2003). 

In addition to potentially limiting prey availability, climate change in the Arctic may 

negatively affect resident Arctic species through greater competition with southern species that 

expand their range (Post et al. 2009). Red fox (Vulpes vulpes) were historically limited in their 

northern distribution by climate and resource availability, but with a warmer climate and longer 

growing season red foxes may be encroaching on the tundra (Heirsteinsson and McDonald 1992; 

Barton and Zalewski 2007; Gagnon and Berteaux 2009). Red fox tundra expansion may restrict 

Arctic foxes from optimal habitat or prey, or red foxes may simply occupy dens left vacant 

following a reduction of Arctic foxes due to other factors (Frafjord et al. 1989; Heirsteinsson and 

McDonald 1992; Tannerfeldt et al 2002; Barton and Zalewski 2007; Rodnikova et al. 2011). 

Although interactions between rodents with their predators during summer and the 

impact of a warming climate on rodent and polar bear density are well-studied, less emphasis has 

been placed on understanding the response of fox population dynamics to changes in food 

availability. Intense warming may promote potential challenges for resident Arctic species, such 

as Arctic fox, with alterations in the phenology of events and encroachment of southern species 

promoting increased competition for resources, or declines in rodent abundance and availability 

of seals (Killengreen et al. 2007; Kausrud et al. 2008; Lunn et al. 2016). The objectives of our 

study were to determine population trends of Arctic fox in the southern Arctic, where effects of 

climate change may be particularly strong, and determine the cause that has promoted potential 
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changes in fox populations. Measurements of climate, such as snow and weather, strongly affect 

prey, and may indirectly influence the relative abundance of foxes. If climate change negatively 

impacts Arctic fox, we predict a decrease in Arctic fox abundance over time, and a positive 

relationship with weather and snow variables associated with higher rodent density and seal 

carrion availability (Table 1.1). These variables include early sea ice freeze-up and late sea ice 

breakup, increased snow thickness and insulation, lower snow density and hardness, increased 

snow duration, less rain in fall and spring, less variation in seasonal temperatures, and warmer 

winter, summer, spring, and fall temperatures. Predators like Arctic foxes have a vital ecological 

role controlling prey population sizes and reducing the spread of disease (Ostfeld and Holt 

2004). Understanding direct and indirect influences on Arctic fox populations will contribute to a 

broader understanding of the impact of changing climatic conditions on Arctic species. 

Methods 

Study area 

Our study area near Churchill, Manitoba (58° N, 94° W), occurs at the intersection of 

three main biomes: the marine biome of Hudson Bay, Arctic tundra along the western shore of 

Hudson Bay, and inland boreal forest. Hudson Bay remains frozen for up to 9 months of the year 

and has a strong influence on surrounding habitat (Rouse 1991). However, annual sea ice 

duration in Hudson Bay has shortened recently (Gagnon and Gough 2005; Scott and Marshall 

2010). Churchill tundra contains relic sand or gravel beach ridges, formed by isostatic rebound, 

that are often used by Arctic foxes to construct dens (Ritchie 1957; Dredge 1992; Roth 2003). 

Fox dens are conspicuous on these ridges because of the lush vegetation promoted by nutrient 

enhancement and small-scale disturbances (Gharajehdaghipour et al. 2016). Dens on the tundra 

are typically used by Arctic fox, but the red fox range overlaps with Arctic foxes in the Churchill 
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area (Roth 2003). This overlap has been suggested to generate competition for resources between 

the two species, and red foxes have been observed to inhabit Arctic fox dens (Banfield 1977; 

Frafjord et al. 1989; Tannerfeldt et al. 2002; Rodnikova et al. 2011). Dens within the inland 

forest are primarily occupied by red fox, but in the last 5 years occupancy of tundra dens by red 

foxes has increased (Roth unpublished data).  

Historical records suggest collared lemmings (Dicrostonyx richardsoni) follow regular 

cyclic population fluctuations, but recent lemming density near Churchill has remained 

comparatively low compared to historical lemming peak densities (approximately 63 per hectare 

in 1967 compared to approximately 12 lemmings per hectare in 1994) in Churchill (Wrigley and 

Hatch 1976; Scott 1993; Roth 2002; McDonald et al. 2017). Estimates of fox den success also 

cycle, with red foxes fluctuating synchronously with Arctic foxes but with lower amplitude 

(Roth 2003). In winter, both foxes rely on collared lemmings, the most common species of 

rodent in our study area (Jędrzejewski and Jędrzejewska 1992; Roth 2002; McDonald et al. 

2017). When lemming density is low, Arctic fox will subsidize their winter diet with seal 

carcasses from polar bear kills on Hudson Bay and cache surplus summer prey (Roth 2002; Roth 

2003; McDonald et al. 2017). Migratory birds, including geese and shorebirds, are also important 

sources of prey for foxes during summer (Bahr 1989). Fox populations have not responded to the 

substantial growth in Lesser Snow Goose (Chen spp.) abundance, implying food availability in 

winter and spring, prior to the arrival of migratory birds, may be critical factors in fox population 

growth (Roth 2002).  

Data sources 

 We used the number of Arctic fox and red fox commercially harvested in Churchill 

region to reflect annual fox abundance from 1955-2014. We also obtained the annual number of 
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trapper permits issued in Churchill (varied from 7-107 from 1955-2014), and mean auction value 

of an Arctic fox pelt adjusted for inflation (varied from $16-240 from 1955-2014) (Statistics 

Canada 2016). We included annual number of trapper permits and the mean auction value of an 

Arctic fox pelt in models of climate measurements to correct for trapper effort, but used the 

number of harvested foxes per trapper to correct for trapper effort in model with snowpack 

measurements (Elton and Nicholos 1942; Cattadori et al. 2003; Dorendorf et al. 2016).  Arctic 

fox harvest reflects annual variation in fox reproductive output (McDonald et al. 2017) because a 

large proportion of harvested canids are juveniles (Wapenaar et al. 2012). Furthermore, because 

of their large litters (average litter size in Canada is 10; Macpherson 1969) and low adult survival 

(average lifespan is 3-4 years; Audet et al. 2002), reproductive output strongly drives Arctic fox 

population dynamics. 

We measured snowpack characteristics during February or March from 2002–2014 by 

constructing 2-5 1-m2 snow pits at a site on the tundra (a polygonal peat plateau). In each pit we 

measured the horizontal hardness of the bottom layer of snow, referred to as the pukak layer, 

using a spring penetrometer, and pukak density using a 500-cm3 density cutter to extract and 

weigh snow. We measured the snow temperature just above ground level and the ambient 

temperature approximately 1 meter above the snow surface in a shaded area. We then determined 

the difference between the ambient and ground temperature (ΔT), reflecting thermal buffering 

provided by snow. We also averaged the snow thickness, pukak horizontal hardness, pukak 

density, and subnivean temperature among snow pits at each site to obtain an annual 

measurement for snow on the tundra. 

 We also used climate data from 1955-2014 collected from Environment Canada’s 

Churchill weather station. We calculated the minimum, mean and standard deviation of the 
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average daily temperature and total rain during three time periods each year: June to represent 

spring, July to represent summer, February to represent winter, and September to October to 

represent fall. We used mean and maximum snow depth in February, and determined snow 

duration as the total number of days that snow was on the ground in each year, and snow-free 

day as the first day of the year snow depth was 0 cm. In addition, we used published estimates of 

sea ice coverage in Hudson Bay obtained from microwave satellite raster imagery from the 

National Snow and Ice Data Center (Boulder, Colorado, USA) from 1989-2011(Lunn et al. 

2016). Sea ice breakup date each year was recorded as the date sea ice declined below 50% 

coverage for three consecutive days and sea ice freeze-up date as the date sea ice increased 

greater than 50% coverage for three consecutive days. 

Data analysis  

We used ordinary least squares regression to determine trends in Arctic fox harvest over 

time, and the relationship between red fox and Arctic fox harvest. We also produced a series of 

models to explain variation in Arctic fox abundance based upon published relationships between 

snow, climate, and lemming and fox population dynamics. Years with missing data were 

removed prior to analysis. We compared 23 regression models using climatic variables during 

1955-2014 (n = 40 years), 11 regression models using climate measurements during 1989-2014 

(n = 19 years), and 6 models using fine-scale snowpack variables from 2002-2014 (n = 10 years). 

The models were evaluated using maximum likelihood and then ranked using Akaike's 

Information Criterion corrected for small sample size (AICc). Models with ΔAICc values < 2 

were considered competing models (Burham and Anderson 2002), and variable parameter 

estimates with 95% confidence intervals (CI) that did not encompass zero were considered 

informative (Arnold 2010). In all models using climatic variables, we included the annual 
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number of trapper permits issued and average annual auction price of fox pelts as random effects 

to correct for trapper effort. We then calculated the relative weight, representing the conditional 

probability, of each model and summed the model weights to determine the relative importance 

of each variable. To meet assumptions of normality and homoscedasticity of models with 

climatic variables we square-root transformed (√(x+1)) the number of harvested Arctic fox and 

red fox, and log transformed minimum October temperature (using log(x+8) to convert negative 

temperatures into positive values). We also standardized climatic variables using z-scores that 

were normally distributed with a mean of zero and a standard deviation of one to compare 

parameter estimates of variables. Due to issues with multicollinearity between the minimum 

temperature in October and sea ice freeze-up date, and between mean June temperature and sea 

ice breakup date, we excluded both sea ice measurements from our model selection and ran an 

ordinary least squares regression with Arctic fox harvest and sea ice measurements as a separate 

analysis. In models containing fine-scale snow characteristics, we corrected for trapper effort by 

using an annual number of Arctic foxes per trapper permit issued as our dependent variable, 

which was then reciprocal transformed ((x+1)-1) to meet assumptions of normality. The price of 

Arctic fox pelts was not an influential variable, so was not included in our analysis of snowpack 

characteristics. All analyses were performed in R (R Core Team 2014) using a significance level 

of α = 0.05.  

Results 

Our model of Arctic fox harvest over time was highly significant (F3,46 = 9.41, p < 

0.0001, R2 = 0.38) and the slope of our year parameter (-0.08) differed from zero (F3,46 = -2.517, 

p = 0.0154), indicting Arctic fox harvest declined from 1955-2014 (Figure 1.1). The annual 

number of trapper permits issued was important in explaining Arctic fox harvest (F3,46 = 4.759, p 
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< 0.0001), but the price of the fox pelt was not (F3,46 = -1.398, p = 0.1688). Arctic fox harvest 

was positively related to red fox harvest from 1955-2014 (Figure 1.2; F1,53 = 27.54, p < 0.0001, 

R2 = 0.34) and from 1989-2014 (F1,17 = 6.68, p < 0.0193, R2 = 0.28).  

Snowpack and climate data are summarized in Table 1.2. The best model of climate 

characteristics explaining Arctic fox harvest from 1955-2014 was mean June temperature and 

mean February snow depth (Table 1.3). Arctic fox harvest increased with mean February snow 

depth but decreased with increasing mean June temperatures (Table 1.3B). The model containing 

mean February snow depth and fall temperature variability (standard deviation of the average 

daily temperature in Sept-Oct) was a competing model, but the relative importance was much 

lower for fall temperature variability (0.08) than mean February snow depth (0.73) and mean 

June temperature (0.41). Furthermore, mean June temperature and mean February snow depth 

were influential (Table 1.3B) but fall temperature variability was not. In recent years (1989-

2014), Arctic fox harvest was best explained by minimum temperature in October, with a 

decrease in Arctic fox harvest as minimum temperatures in October increased (Table 1.4). 

From 1989-2014, Arctic fox harvest decreased with later sea ice freeze-up (Figure 1.4A; 

F1,15 = 13.14, p = 0.0025, R2 = 0.47) and increased with later sea ice breakup dates (Figure 1.4B; 

F1,15 = 5.576, p = 0.0291, R2 = 0.23). Sea ice freeze-up and breakup were related to fall and 

spring temperatures, respectively. Freeze-up date was positively related to minimum October 

temperature (Figure 1.3 C; F1,16 = 21.25, p = 0.0003, R2 = 0.57) and breakup date was negatively 

related to mean June temperature (Figure 1.3 D; F1,20 = 9.202, p = 0.0066, R2 = 0.32).  

Comparison of models using fine-scale snowpack characteristics to explain Arctic fox 

harvest indicated subnivean temperature was the top model (Table 1.4), but the null model was a 

strong competitor (ΔAICc = 0.3). Considering the null model is more parsimonious (Burham and 
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Anderson 2002), these results suggest none of the fine-scale snowpack characteristics were 

useful for explaining the Arctic fox harvest. 

Discussion  

Our results suggest Arctic fox numbers are declining over time (Figure 1.1). However, 

Arctic fox and red fox harvest were positively related (Figure 1.2), suggesting the decrease in 

Arctic fox harvest over time was not due to interspecific competition with red foxes. Instead, 

declines in Arctic fox numbers are likely caused by changes in resource availability related to 

climatic conditions.  

Our results indicated mean winter snow depth and mean temperature in June best 

explained Arctic fox reproductive success (Table 1.3), suggesting greater snow insulation and 

colder springs may benefit Arctic fox populations. Increased snow thickness has many benefits 

for lemmings, including greater insulation and dampening of diurnal temperature fluctuations 

(Pruitt 1970). Rodent density strongly affects breeding success on the tundra, and based on scat 

analysis, rodents were the most frequent prey item in Arctic fox winter diet, even in years with 

low lemming density (McDonald et al. 2017). Lemmings show a preference for areas of 

increased snow thickness and reproduce more beneath thicker snow (Bilodeau et al. 2013ac), so 

greater snow thickness may indirectly benefit fox reproduction by promoting greater prey 

availably. In recent years, Arctic fox harvest was negatively related to minimum October 

temperature (Table 1.4 B). As minimum October temperature is negatively related to sea ice 

freeze-up date (Figure 1.4 C) and mean June temperature is positively related to sea ice breakup 

(Figure 1.4 D), temperatures from these months of transition into winter and summer may have 

important implications for food availability for Arctic foxes. Increases in spring temperature 

have shortened the duration of sea ice (Gagnon and Gough 2005; Scott and Marshall 2010). 
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Considering sea ice is important habitat for polar bears to hunt seals, a reduction in polar bear 

hunting success in response to sea ice freezing later in fall and breaking up earlier in spring may 

consequently reduce the availability of seals for foxes (Stirling and McEwan 1975; Angerbjörn 

et al. 2004; Lunn et al. 2016).  

Shorter sea ice duration may further contribute to declines in Arctic fox abundance by 

causing a trophic mismatch, with a lag in reliable food resources for foxes between the departure 

migratory birds in fall and sea ice freeze-up when seals carcasses can be scavenged, potentially 

lowering survival of juveniles shortly after they become independent and disperse from their 

natal dens. Furthermore, limited food availability on sea ice with earlier sea ice breakup may 

have a strong impact on Arctic fox reproduction, given litters are produced in the spring, a 

critical and energetically-costly time period for Arctic fox (Audet et al. 2002). Tannerfeldt et al. 

(2011) estimated 21% of juvenile mortality from weaning to 6 weeks of age was contributed to 

starvation and only 8% of juveniles survived to reproductive age, so food availability may be an 

important factor for juvenile recruitment. Post and Hoye (2013) did not detect any trends in 

Arctic fox productivity with climatic variables in the High Arctic (Bylot Island), but Arctic fox 

productivity was related to lemming abundance. Two species of lemmings are present on Bylot 

Island, Nunavut: collared lemming (Dicrostonyx groenlandicus) and brown lemming (Lemmus 

sibiricus). Recently collared lemming densities in Bylot Island have remained relatively low, 

whereas brown lemmings have continued to cycle with dampened amplitude (Bilodeau et al. 

2013c). Given the availability of brown lemmings, seal carcasses may represent a less important 

winter resource for Arctic fox in Bylot Island compared to Churchill populations, which could be 

experiencing reduced productivity from limited access to marine resources (Angerbjörn et al. 

2004).  
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Snowpack measurements on tundra did not affect fox abundance (Table 1.5), but 

detecting trends on a finer scale may be hindered by our small sample size and dampened Arctic 

fox and collared lemming population cycling during the time period we sampled. Regardless, 

snow is a vital characteristic for shaping the dominant vegetation, and consequently, has a strong 

influence on predator-prey interactions (Boonstra et al. 2016). If Arctic fox abundance is limited 

by winter food availability in terrestrial habitats (rodents) and marine habitats (seals), limited 

access to seals and reduced rodent winter breeding that prevents rodent populations from 

increasing to former peak densities may indirectly cause a decline in Arctic fox populations 

(Reid et al. 1995; Boonstra et al. 1998; Fauteux et al. 2015). Thus, understanding the impact of 

snow conditions and sea ice on interactions between lemmings, seals, and their predators can 

result in a greater understanding of the implications of climate change on Arctic food-web 

interactions. 
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Table 1.1 Summary of rationale for models of climate variables based on published literature of climatic 

variables known to influence foxes, rodents and seals. 

Model variables Rationale Source 

Snow depth + Mean June 

temp 

Deep persistent snow and greater primary productivity, reflected by 

warmer spring and summer temperatures, are favored by lemmings. 

Shelford 1943 

Snow depth + SD fall 

temp 

Peak lemming density was related to a quick freeze-up in the fall, 

followed by heavy snowfall, or relatively warm temperatures after 

freeze up until snow has accumulated. 

Scott 1993 

Mean June temp  Cold June temperature was related to late lemming reproduction. Shelford 1943 

Snow depth + Mean Feb 

temp 

Lemming peaks characterized by heavy snowfall and high winter 

temperatures. 

Shelford 1943 

Snow depth Greater snow depth was preferred by lemmings and thick snow was 

related to more insulative snow. 

Bilodeau et al. 

2013 

Mean July temp + Snow 

depth 

Lemming abundance positively related to deep snow and warm 

summers.  

Shelford 1943 

Snow-free date Late onset snow melt related to low goose nest density and increased 

nest failure.  

Reiter and 

Andersen 2011 

Snow depth + Snow 

duration 

Short winter and shallow snow result in ice crust limiting access to 

vegetation, which reduced vole density. 

Putkonen and 

Roe 2003 

SD fall temp High variability in weather corresponded to low lemming density. Scott 1993 

Mean Feb temp Less sever winters promoted moderate declines in lemming density.  Shelford 1943 

Snow depth + Total June 

rain 

Thick snow is more resistant against ground icing with spring rain. Korsund and 

Steen 2006 

Mean July temp Warm summers are related to high lemming density.  Shelford 1943 

Mean June temp + Total 

June rain + SD June temp 

Spring phenology and physiological condition of geese contributed to 

Canada goose nest success. 

Reiter and 

Andersen 2011 

Total fall rain Collared lemmings are most abundant following periods of low 

rainfall. Rainfall can determine suitable winter sites, heavy rainfall 

lemmings choose well drain sites like the sandy ground, and light 

rainfall lemmings choose hummocks on the low moist tundra.  

Shelford 1943 

SD Feb temp High variability in weather corresponded to low lemming density. Scott 1993 

Fall temp Peak lemming density is correlated with quick freeze-up in the fall, 

followed by heavy snowfall, or relatively warm temperatures after 

freeze up until snow has accumulated. 

Reid and Krebs 

1996 

Total June rain Collared lemmings are most abundant following periods of low 

rainfall. In addition, seals survival may decline following periods of 

abnormally high spring rainfall.  

Shelford 1943; 

Stirling and 

Smith 2004 

Total July rain Heavy summer rainfall could provide lower overall snow quality in the 

winter. 

Scott 1993 

Mean fall temp + Total 

fall rain + SD fall temp 

High lemming abundance is related to a quick freeze-up in the fall or 

relatively warm temperatures after freeze-up.   

Scott 1993 

Snow duration + SD Feb 

temp 

Lemmings density increase with long stable winters. Aars and Ims 

2002 

Min Oct temp October is the freeze-up period, where low temperatures begin to 

translate into snow rather than freezing rain. Extreme conditions (lower 

than average temperatures) around freeze-up corresponded to low 

lemming abundance. 

Scott 1993 

Min Feb temperature Less sever winters characterized by moderate lemming declines.  Shelford 1943 
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Table 1.2 Summary of environmental variables (mean + SE) recorded near in Churchill, 

Manitoba, including A) tundra snowpack characteristics from 2002-2014 and B) climate 

characteristics from 1955-2014. 

 

A. Snowpack characteristics 

Snow thickness (cm) 49.0 + 1.7  

Pukak hardness (g cm -2) 1700 + 570  

Pukak density (kg m -3) 247.0 + 7.3  

Subnivean temperature (oC) 10.6 + 2.8  

 

B. Climate characteristics  

Snow duration (# of days with snow on the ground) 207.9 + 3.5 

Snow free date (day of the year snow <1 cm)  141.5 + 1.8 

Mean February snow depth (cm) 36.8 + 3.2 

Mean February temperature (oC) -25.0 + 0.4 

Standard deviation of February temperature 5.7 + 0.2 

Mean June temperature (oC) 6.8 + 0.3 

Standard deviation of June temperature 4.9 + 0.1 

Mean July temperature (oC) 12.3 + 0.2 

Standard deviation of July temperature 4.4 + 0.1 

September and October rain (mm) 70.4 + 5.9 

Total rain in June (mm) 39.2 + 4.3 

Total rain in July (mm) 52.7 + 4.2 
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Table 1.3 Models of climate variables explaining Arctic fox (Vulpes lagopus) harvest in 

Churchill, Manitoba from 1955-2014 (n = 40): A) comparison of models, and B) parameter 

estimates for the best model. We square root transformed (√(x)) number of harvested foxes. All 

models include the price of Arctic fox pelts and number of issued trapper permits to account for 

trapper effort.  
 

A. Model Selection 

Rank Model variables K AICc ΔAICc Weight 

1 Snow depth + Mean June temp 5 96.8 0.0 0.30 

2 Snow depth + SD fall temp 5 98.0 1.3 0.16 

3 Mean June temp  4 99.0 2.2 0.10 

4 Snow depth + Mean Feb temp 5 99.2 2.4 0.09 

5 Snow depth 4 99.6 2.8 0.07 

6 Mean July temp + Snow depth 5 100.0 3.2 0.06 

7 Snow-free date 4 100.1 3.3 0.06 

8 Snow depth + Snow duration 5 101.6 4.8 0.03 

9 SD fall temp 4 101.8 5.0 0.03 

10 Mean Feb temp 4 102.0 5.2 0.02 

11 Snow depth + Total June rain 5 102.3 5.5 0.02 

12 Null 3 102.8 6.0 0.02 

13 Mean July temp 4 103.6 6.8 0.01 

14 Mean June temp + Total June rain + SD June temp 6 104.2 7.4 0.01 

15 Total fall rain 4 104.5 7.7 0.01 

16 Snow duration 4 104.6 7.8 0.01 

17 SD Feb temp 4 105.1 8.3 0.00 

18 Fall temp 4 105.2 8.4 0.00 

19 Total June rain 4 105.2 8.4 0.00 

20 Total July rain 4 105.2 8.4 0.00 

21 Mean fall temp + Total fall rain + SD fall temp 6 105.4 8.6 0.00 

22 Snow duration + SD Feb temp 5 107.1 10.3 0.00 

23 Global 14 116.5 19.7 0.00 
 

B. Top model parameters 

Parameter Estimate 95% confidence intervals 

Intercept -2.861*10-11 -0.23, 0.23 

Pelt price adjusted for inflation -0.200 -0.47, 0.07 

Number of trapper permits  0.753 0.48, 1.03 

Mean June temperature -0.273 -0.04, -0.51 

Mean February snow depth  0.253 0.02, 0.49 
AICc Akaike’s information criterion corrected for small sample size, K number of parameters, ΔAICc difference between each 

model and the best model, Weight relative information content, Snow depth mean daily snow depth in February, Snow duration 

number of days with snow on the ground greater than 1 cm, Snow-free day first day of the year when snow depth was 0 cm, Total 

June rain accumulation of rain within June, Total July rain accumulation of rain within July, Total fall rain accumulation of rain 

in September through October, Mean June temp mean average daily temperature in June, Mean Feb temp mean average daily 

temperature in February, Mean fall temp mean average daily temperature in September through October, Mean July temp mean 

average daily temperature in July, SD fall temp standard deviation of average daily temperature in September through October, 

SD Feb temp standard deviation of average daily temperature in February, and SD June temp standard deviation of average daily 

temperature in June.



 
31 

 

Table 1.4 Models of climate variables explaining Arctic fox (Vulpes lagopus) harvest in 

Churchill, Manitoba from 1989-2014 (n = 19): A) comparison of models, and B) parameter 

estimates for the best model. We square root transformed (√(x)) number of harvested foxes and 

mean June temperature, and log transformation log10(x+8) minimum October temperature. All 

models include the price of Arctic fox pelts and number of issued trapper permits to account for 

trapper effort.  

 

A. Model selection 

Rank Model variables K AICc ΔAICc Weight 

1 Min Oct temp 4 51.5 0.0 0.87 

2 Snow depth 4 56.3 4.8 0.08 

3 Snow depth + Min Feb temp 5 59.5 8.0 0.02 

4 Mean July temp + Snow depth 5 60.0 8.5 0.01 

5 Snow depth + Mean June temp 5 60.0 8.6 0.01 

6 Null 3 61.8 10.3 0.00 

7 Min Feb temp 4 61.9 10.4 0.00 

8 Mean June temp  4 63.1 11.6 0.00 

9 Mean July temp 4 65.0 13.5 0.00 

10 SD Feb temp 4 65.1 13.6 0.00 

11 Global 10 80.9 29.4 0.00 

 

B. Top model parameters 

Parameter Estimate 95% confidence intervals 

Intercept -1.07*10-10 -0.34, 0.34 

Pelt price adjusted for inflation -0.16 -0.50, 0.18 

Number of trapper permits  0.26 -0.20, 0.71 

Min Oct Temp -0.72 -0.37, -1.08 
AICc Akaike’s information criterion corrected for small sample size, K number of parameters, ΔAICc difference between each 

model and the best model, Weight relative information content, Snow depth max snow depth in February, Mean June temp mean 

average daily temperature in June, Mean Feb temp mean average daily temperature in February, Min Oct Temp minimum 

temperature in October transformed using log10(x+8), Mean July temp mean average daily temperature in July, and SD Feb temp 

standard deviation of average daily temperature in February.  
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Table 1.5 Effect of snowpack characteristics on the number of harvested Arctic fox (Vulpes 

lagopus) per trapper permit issued in Churchill, Manitoba from 2002–2014 (n=10). Model 

selection was performed using Akaike’s information criterion corrected for small sample size. 

The number of harvested Arctic foxes was transformed using the reciprocal transformation 

((x+1)-1).  
 

Model variables K AICc ΔAICc Weight 

ΔT 3 23.6 0.0 0.44 

Null 2 23.9 0.3 0.38 

Pukak hardness + Pukak density 4 26.5 2.9 0.10 

Snow thickness + Pukak density 4 27.0 3.4 0.08 

Global 6 50.2 26.6 0.00 
AICc Akaike’s information criterion corrected for small sample size, K number of parameters, ΔAICc difference between each 

model and the best model, Weight relative information content, ΔT difference between ambient and temperature just above 

ground level beneath the snow (°C), Snow thickness mean snow thickness (cm), Pukak density mean density of snow on bottom 

layer (kg m-3), and Pukak hardness mean horizontal hardness of snow on bottom layer (g cm-2).   
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Figure 1.1 Trends over time in the number of harvested Arctic fox (Vulpes lagopus) per trapper 

in Churchill, Manitoba from 1954–2014 (n=47 years).   
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Figure 1.2 Relationship between the number of harvested Arctic fox (Vulpes lagopus) and red 

foxes (Vulpes vulpes) in Churchill, Manitoba from 1954-2014. The number of Arctic fox and red 

fox harvested were square-root transformed to meet assumptions of normality.   
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Figure 1.3 Relationship between number of harvested Arctic fox with Hudson Bay freeze-up 

date (when sea ice cover was greater than 50% for 3 consecutive days) (A) and Hudson Bay 

breakup date (when sea ice cover was less than 50% for 3 consecutive days) (B) prior to that 

harvest, the relationship between Hudson Bay Freeze-up with minimum October temperature 

(C), and Hudson Bay breakup with mean June temperature (D) from 1989-2014 near Churchill, 

Manitoba. Mean June temperature was transformed using the square root transformation to 

satisfy assumptions of normality.  
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Chapter 2: Living on the edge: warmer subnivean temperatures on Arctic fox 

dens may create attractive winter habitat for lemmings to live and reproduce 
 

Abstract 

Predators may impact prey through mechanisms other than predation. Arctic foxes 

(Vulpes lagopus) create small-scale disturbances and concentrate nutrients on their dens through 

excrement and prey remains. These small-scale disturbances promote the growth of tall shrubs 

and grass atypical on the tundra. In winter, thick insulative snow drifts accumulate leeward of 

raised vegetation and topography, yet much of tundra is covered with shallow wind-packed snow 

that provides little insulation. On the tundra, quality winter habitat is limited for lemmings 

(Dicrostonyx spp.) that live and breed beneath the snow. Consequently, if taller vegetation on fox 

dens promotes greater snow insulation and other potential benefits, then lemming activity, 

reflected in the number and distribution of winter nests, should increase on fox dens compared to 

surrounding areas. We measured snowpack, fox activity in February 2016, and vegetation in 

June 2016 on fox dens, control sites 200 m from dens, and locations of lemming nests from 

previous years near Churchill, Manitoba. We collected lemming nests shortly after snow-melt in 

2015 and 2016 on fox dens and transects that reflect traditional lemming habitat to infer 

reproduction using the size distribution of feces within nests. Fox dens have a greater presence of 

reproduction in 2015 and 2016 in comparison the lemming nests transect. Our research 

illuminates another important ecological role of Arctic fox as ecosystem engineers by providing 

high-quality winter habitat for lemmings. Predators have ecological importance by controlling 

prey population size and reducing the spread of disease, thus understanding other mechanisms 

predators influence their organisms is vital for fully understanding the ecological role of 

predators. 
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Introduction 

Species are interconnected through trophic interactions, particularly in the Arctic where 

species richness and prey diversity for predators is low (Krebs 2011; Ims and Fuglei 2015). 

However, through non-trophic mechanisms, such as ecosystem engineering, predators may have 

a counterintuitive impact on prey (Schmitz et al. 2010). Ecosystem engineers, which are 

organisms that promote physical changes to materials and modulate the availability of resources, 

can have dramatic impacts on the composition of communities (Jones et al. 1994). Arctic foxes 

(Vulpes lagopus) act as ecosystem engineers through nutrient enhancement with excrement and 

prey remains, and disruption of soil while digging burrows or bringing food to their dens (Bruun 

et al. 2005; Gharajehdaghipour et al. 2016). Enhancement and redistribution of soil on dens has 

resulted in greater concentrations of limiting nutrients (inorganic nitrogen and extractable 

phosphorus) that have promoted growth of more nutrient-demanding vegetation, including erect 

shrubs (Salix spp.) and grasses (Leymus mollis), which are atypical on the tundra (Henry et al. 

1986; Fafard 2015; Gharajehdaghipour et al. 2016). These changes in soil nutrients and 

vegetation affect the distribution of collared lemmings (Dicrostonyx richardsoni), the primary 

winter prey of Arctic foxes, as lemming winter nests, which are made of grass for insulation, 

have been observed in 68% of fox dens (Casey 1981; Gharajehdaghipoor 2015). However, the 

proximate mechanism that entices lemmings to live on the dens of their natural predators, despite 

the expected increased predation risk, is unclear.  

Lemmings are hypothesized to overwinter on fox dens because dens have improved 

vegetation quality with greater nitrogen content, greater vegetation quantity, and enhanced snow 

conditions. Lemmings live and potentially breed beneath high-quality snow during winter (Pruitt 

1970; Reid and Krebs 1996; Bilodeau et al. 2013c; Gharajehdaghipoor 2015) and dens that 
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lemming nested on had thicker snow in April (Gharajehdaghipoor 2015). Increased snow 

thickness is beneficial to lemmings because depths that surpass the hiemal threshold, 

approximately 15-20 cm in the forest (depending on snow density), dampen diurnal subnivean 

temperature fluctuations, and provide a refuge for small mammals that live primarily beneath the 

snow in winter (Pruitt 1970).  

Other characteristics of snow that influence lemming winter habitat selection, besides 

snow thickness, have not been measured on fox dens (Pruitt 1970; Duchesne et al. 2011a). 

Lemmings primarily use the bottom layer of snow, referred to as the pukak layer, characterized 

as the base of the snowpack composed of a lattice-work of large crystals (Pruitt 1970; Pruitt 

2005). The soft, less-dense snow in the pukak layer allows greater air circulation and ease for 

excavating tunnels to access resources (Pruitt 1970; Sanecki et al. 2006). In addition, lemmings 

are less vulnerable to fox predation beneath hard, thick snow drifts that require greater effort by 

foxes to penetrate (Halpin and Bissonette 1987; Duchesne et al. 2011a; Bilodeau et al. 2013b). 

High-quality winter habitat for lemmings generally occurs in thick, soft, less-dense snow drifts 

with high insulation potential (Pruitt 1958; Pruitt 1970; Maclean et al. 1974; Fuller et al. 1975; 

Chappell 1980; Reid et al. 2011). These insulative snow drifts occur on the leeward side of raised 

topography and vegetation (Kershaw 2001). Yet much of the tundra is covered in thin, hard-

packed snow, limiting suitable winter habitat for lemmings (Pruitt 1984; Pomeroy and Brun 

2001). Generally, vegetation on fox dens, such as shrubs and grasses, is taller than vegetation 

typically found on beach ridges, such as mountain avens (Dryas integrifolia) or other dwarf 

shrubs (Bruun 2005; Fafard 2015).  

Quality winter habitat for lemmings may be of particular importance as the climate 

changes and freeze-thaw events occur more frequently, promoting ice formation, which provides 



 
39 

 

little insulation for small mammals (Kausrud et al. 2008). High-quality snow promotes 

conditions necessary for lemming winter reproduction, which is needed to stimulate rapid 

population increases that characteristically occur every 3-5 years (Elton 1924; Kausrud et al. 

2008; Fauteux et al. 2015). With less winter reproduction, lemming populations no longer 

increase rapidly following a decline, and the amplitude of population cycles has dampened 

throughout the Arctic (Stenseth and Ims, 1993; Kausrud et al. 2008; Bilodeau et al. 2013c; 

Fauteux et al. 2015). With declining availability of quality winter habitat, fox dens may offer 

conditions necessary for lemming winter reproduction and potentially result in fitness advantages 

for lemmings that successfully overwinter on dens. Thus, we can assess the quality of snow and 

reproduction of lemmings that overwinter on fox dens by comparing snow properties and 

presence of reproduction on dens to more typical lemming habitat.  

Lemmings that overwinter on fox dens may experience a trade-off between increased 

predation risk and enhanced reproduction. However, when lemming density declines and they 

become a less reliable winter food source for resident Arctic predators, Arctic foxes may become 

nomadic and spend more time on the sea ice scavenging on seals killed by polar bears (Ursus 

maritimus) and preying on seal pups, then return to dens in spring to reproduce (Roth 2003). 

Thus a proportion of dens may be unoccupied, mitigating the predation risk to lemmings that 

exploit dens as winter nest sites.  

The objective of our research was two-fold; to determine the proximate mechanism 

enticing collared lemmings to overwinter on their predator’s dens and to determine the ultimate 

benefit to lemmings that are successfully overwinter on fox dens. If taller vegetation on fox dens 

promotes greater snow accumulation and insulation, then lemming activity should be higher on 

fox dens compared to surrounding areas. Thus, we predicted vegetation on dens would be taller 
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and contain a larger proportion of erect shrubs and grass than adjacent tundra and typical 

lemming habitat. We also predicted snow thickness would be positively related to vegetation 

height. Furthermore, if vegetation on fox dens enhances snow thickness, then dens should have 

more insulation, soft less-dense snow, longer snow duration, increased subnivean temperature, 

and reach the hiemal threshold at an earlier date. Lastly, if enhanced snow quality on fox dens is 

attractive to lemmings, then lemming activity and reproduction should be higher on dens relative 

to typical lemming habitat.  

Methods 

Our study was conducted near Churchill, Manitoba (58° N, 94° W) within the Churchill 

Wildlife Management Area and Wapusk National Park west of Hudson Bay. Hudson Bay is 

frozen for up to 9 months of the year and consequently has a strong influence on the surrounding 

coastal habitat. Tundra extends approximately 20 km inland from the coast, transitioning into 

boreal forest farther from the bay (Rouse 1991; Gagnon and Gough 2005; Scott and Marshall 

2010). The coastal habitat is also comprised of salt marshes, sedge meadows, and relic sand or 

gravel beach ridges (Ritchie 1957; Dredge 1992). Fox dens are often constructed on beach ridges 

with a north-south orientation and are primarily occupied by Arctic foxes, but red foxes have 

been increasing their use of tundra dens within the past 5 years (Roth unpublished data).  

We measured snow and vegetation characteristics on fox dens and paired control sites 

200-m from each den with the same orientation on the ridge as the den (n = 27). We also 

sampled sites where lemming nests had been found previously on a lemming nest transect used 

to monitor lemming abundance (n = 5 snow sampling sites, n = 8 vegetation sampling sites). 

Snow measurements were collected in February 2016, and vegetation was measured in June 

(Appendix 2) 2015 (lemming nest sites) or 2016 (dens and controls). To measure overall snow 
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thickness and density on den and control sites, nine 10-cm snow cores were extracted in a 3 by 3 

grid (5-m between adjacent grid points) centered on the highest snow. We created a 1-m 2 snow 

pit on the location of the thickest snow core on den and control sites, or at the location on former 

lemming nest sites from the spring of 2014 and 2015. Within each snow pit, we measured the 

density of the pukak layer using a 500-cm2 density cutter, and horizontal hardness of the pukak 

layer and vertical hardness of the snow surface using spring petrometers with either 1-cm2 or 10-

cm2 disks. We also measured the snow temperature just above ground level beneath the snow 

and ambient temperature at least 10-cm above the snow surface in a shaded area using stem dial 

thermometers. We calculated the difference between these two temperatures (ΔT) as the thermal 

buffering provided by the snow to control for the influence of air temperature on subnivean 

temperature, because we found a weak positive relationship between the two temperatures 

(Figure 2.1; F1,25 = 4.3, p = 0.0485, R2 = 0.11). In June 2016, we visited snow sampling sites to 

measure the maximum vegetation height of the tallest vegetation and percent cover of grass and 

erect shrubs within nine 1-m2 quadrats in a 3 by 3 grid (5-m between adjacent grid points) 

centered on the tallest vegetation (or the nest location on lemming nest sites).  

We measured snow duration on two fox dens and three control plots using trail cameras 

installed in August 2015 and set to take three photos at noon each day. To measure changes in 

snow depth, cameras were set facing posts with alternating black and white coloration every 10-

cm. Posts were placed in the northwest corner of our 3 by 3 vegetation grid, and cameras were 

positioned approximately 15 m from the post. We used 4 Trophy Cam 119466 and 2 Reconyx 

PC800 trail cameras. We measured snow duration by calculating the number of days between 

when snow continuously was on the ground until when all the snow on the ridge within view of 
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the camera had melted. We recorded day of the year the hiemal threshold (30-cm) was reached 

using the post to measure snow depth.  

We visited fox dens (n = 27) in February 2016 to record fox activity using the presence of 

an open tunnel leading into a burrow. In June 2015 and 2016, following snow melt we visited 

fox dens to quantify lemming activity by counting the number of lemming winter nests, which 

are abandoned in the spring and not reused. We also collected lemming nests on dens, and on 

transects positioned on known lemming winter habitat (on the leeward side of beach ridges) in 

June 2015 and 2016. We assessed the presence of reproduction in each winter nest using fecal 

pellet size, based on a size distribution previously validated to infer the presence of reproduction 

within the nest reliably (Duchesne et al. 2011b). We weighed 80 randomly-chosen fecal pellets 

from each nest, calculated the proportion < 3 mg, and determined the nest had been used for 

reproduction if at least 35% were smaller than that threshold (Duchesne et al. 2011b). 

We determined the insulation value of snow by calculating the heat transfer coefficient 

(htc), where smaller coefficients reflect greater insulation, using this equation: htc (W m-2 °K-1) = 

(0.294-6 * density (kg/m3) / (thickness (cm) / 100) (Kershaw 2001; Gamon et al. 2012). We then 

used paired t-tests to compare the heat transfer coefficient, mean snow thickness, snow density, 

pukak density, pukak hardness, and ΔT between fox dens and control sites. We used Welch’s t-

test to compare the same variables between fox dens and lemming nest locations. In addition, we 

used ordinary least squares regression to relate snow thickness with mean maximum vegetation 

height, and lemming activity with ΔT on fox dens. We also compared 10 generalized linear 

models to determine the influence of snow, vegetation, and fox activity on lemming activity on 

fox dens. To meet assumptions of normality and homoscedasticity we log transformed 

(log10(x+1)) lemming activity. The models were then ranked using Akaike's Information 
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Criterion corrected for small sample size (AICc), and models with ΔAICc values < 2 were 

considered competing models (Burham and Anderson 2002). We considered parameter estimates 

of variables with 95% confidence intervals that did not encompass zero to be informative 

(Arnold 2010). Moreover, we performed a logistic regression to compare reproduction in 

lemming nests between fox dens and transects during 2015 and 2016. As some sites did not 

reach the hiemal threshold throughout the whole winter, we compared the proportion of den and 

control sites that reached the hiemal threshold using a Fisher’s exact test. We also compared the 

date the hiemal threshold was reached and snow duration between den and control sites using 

Wilcox rank sum tests. All analyses were performed in R (R Core Team 2014) using a 

significance level of α = 0.05.  

Results 

Vegetation height was positively related to snow thickness on fox dens (Figure 2.2; F1,25 

= 20.12, p = 0.0001, R2 = 0.45). Compared to control sites, fox dens had greater mean snow 

thickness (t26 = 8.05, p < 0.0001), taller vegetation (t26 = 8.53, p < 0.0001), a greater proportion 

of erect shrubs (t26 = 5.72, p < 0.0001) and grass (t26 = 5.13, p < 0.0001), a lower heat transfer 

coefficient (t26 = -2.88, p = 0.0079), and greater ΔT (t26 = -4.74, p <0.0001). Snow on control 

sites and fox dens did not differ in vertical hardness (t25 = 0.60, p = 0.513), pukak hardness (t26 = 

-1.80, p = 0.084), or pukak density (t26 = 0.32, p = 0.750) (Table 2.1). The hiemal threshold was 

reached on both dens with cameras and one of three control sites, but these proportions did not 

differ statistically (Fisher’s exact test, p = 0.400), nor did dens and controls differ in date the 

hiemal threshold was reached (Wilcox Rank Sum Test, V = 6, p = 0.250) or snow duration 

(Wilcox Rank Sum Test, V = 15, p = 0.058). Lemming activity was greater on dens than control 

sites in which no lemming nests were found (t26 = 4.79, p < 0.0001).  
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In comparison to lemming nest locations, fox dens had greater mean snow thickness 

(Table 2.1; t14.1 = 3.50, p = 0.0035), taller vegetation (t28 = 4.26, p = 0.0002), a greater proportion 

of erect shrubs (t32 = 4.22, p = 0.0021) and grass (t28.4 = 5.13, p < 0.0001), greater vertical 

hardness (t29.1 = 4.64, p < 0.0001) and pukak horizontal hardness (t29.2 = 2.87, p = 0.0075), 

greater pukak density (t5.8 = 5.18, p = 0.0023), and a greater ΔT (t6.0 = 4.36, p = 0.0047) (Table 

2.1).There was no difference in heat transfer coefficient (t6.80 = -0.79, p = 0.458) between fox 

dens and lemming nest locations.  

ΔT had the greatest influence on lemming activity on fox dens (Table 2.2), and the 95% 

confidence interval of the parameter estimate did not encompass zero (0.081, 0.007) suggesting 

ΔT is informative. The ΔT was also positively related to lemming activity (Figure 2.3; F1,25 = 

10.76, p = 0.0030, R2 = 0.30). Lemming reproduction occurred more frequently within nests 

found on fox dens than transects (Figure 2.4; χ2
1 = 7.8, p = 0.0083), but presence of reproduction 

did not differ between 2015 and 2016 (χ2
1 = 1.7, p = 0.191).  

Discussion  

As predicted, snow thickness on fox dens increased with vegetation height (Figure 2.2). 

Blowing snow becomes trapped leeward of tall vegetation, promoting the accumulation of thick 

snowdrift on dens (Kershaw 2001). In addition, our prediction dens would provide greater 

insulation than control sites and traditional lemming habitat, represented by former lemming nest 

sites independent of fox dens, was supported by direct measurements of snow insulation (ΔT). 

Indirect measures of snow insulation, including greater mean snow thickness and lower heat 

transfer coefficient that reflect more insulative snow, were also greater on fox dens compared to 

control sites but did not differ between fox dens and traditional lemming habitat. These results 

suggest that fox denning activities, which promote vegetation growth, improve winter habitat for 
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lemmings by providing greater shelter from harsh Arctic temperatures and wind (Pruitt 1970; 

Kershaw 2001). 

Lemming activity was highest on fox dens with greater ΔT, the most influential variable 

on lemming activity (Table 2.2). Similarly, Duchesne et al. (2011a) found the probability of nest 

occurrence was weakly related to increased snow depth, potentially because snow of greater 

depths stabilized subnivean temperatures. Thus, snow depth had a strong indirect relationship 

with the probability of nest occurrence. Furthermore, Duchesne et al. (2011a) found the effect of 

snow depth on the probability of nest occurrence plateaued after 60 cm. The influence of snow 

thickness on site selection may be confounded by other factors. For example, very deep snow 

can produce a greater accumulation of carbon dioxide, and small mammals may avoid areas 

where gas concentrations become lethal or excavate ventilation shafts, which allows greater air 

circulation but leaves them more vulnerable to predators (Pruitt 1970; Pruitt 1984; Sanecki et al. 

2006). In addition, Maclean et al. (1974) observed regardless of snow depth, at relatively high 

ambient temperatures (-18 °C), subnivean temperature varied between sites of different thickness 

only by 1 °C, and while ambient temperature rose during spring, increased snow depth delayed a 

subsequent rise in subnivean temperature (Maclean et al. 1974). Thus, snow thickness may 

introduce confounding factors, and direct measurements of subnivean temperature were more 

informative.  

Pukak hardness and density were not lower on fox dens (Table 2.1). Snow was denser on 

fox dens than at lemming nest locations found off dens, but insulation potential of snow differs 

very little at these lower snow densities (Sturm et al. 1997). Although much emphasis has been 

placed on small-scale differences of small mammal spatial distribution relative to snow 

characteristics in the taiga, tundra snow differs considerably. Snow density within forested taiga 
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ranges from 50-200 kg m-3. In comparison, tundra snow is denser, varying from 150-500 kg m-3 

and has greater hardness (Pruitt 1984). In winter, collared lemmings develop enlarged bifold 

claws on their 3rd and 4th digits that allow them to excavate tunnels in hard, dense snow (Hansen 

1957). Voles that typically inhabit treed areas lack the adaptation of a bifold claw, and avoid 

areas that exceed a density of 150 kg m-3 (Spencer 1984). Moreover, neither snow density nor 

hardness influenced lemming activity on dens (Table 2.2). Similar findings were reported by 

Duchesne et al. (2011a), where snow density did not differ between locations with lemming nests 

and random locations, suggesting snow density had little impact on nest site selection. Thus, 

pukak hardness and density may be less influential to collared lemmings that have developed 

adaptations to excavate snow (Hansen 1957).  

Den sites had more grass and erect shrubs (Table 2.1), willows and sea lyme grass, which 

may be important resources for lemmings. Grass on fox dens may provide materials for building 

winter nests, which offer insulation and are used for reproduction (Maclean et al 1974; Casey 

1981). Furthermore, collared lemmings primary consume mountain avens and willows in winter 

(Rodgers and Lewis 1986). Soininen et al. (2015) found willows represented approximately 85% 

of collared lemming winter diet in Bylot Island. Although willows were generally an abundant 

food source within their study area, collared lemmings preferred foraging on willows even in 

areas of low willow abundance. Similar to our results, Duchesne et al. (2011a) observed the 

amount of different types of vegetation was not an influential variable on site selection, but 

vegetation did influence the presence of reproduction.  

We did not find support for our prediction that snow on dens would reach the hiemal 

threshold at an earlier date and have greater snow duration. However, our sample size was 
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limited due to logistical problems and likely a greater sample size is necessary to detect if 

differences between den and control sites are present.  

Our prediction that mean snow thickness and vertical hardness (Table 2.1) would be 

greater on fox dens was also supported. Although lemming activity on fox dens was not 

influenced by indirect measurements of lemming vulnerability to fox predation (e.g. snow 

thickness and vertical hardness), previous research suggests foxes only attempted predation by 

jumping when snow depth was less than 30 cm (Duchesne et al. 2011b; Bilodeau et al. 2013b). 

Nests located beneath deeper snow (approximately 80 cm), were either not preyed upon or were 

depredated by digging, a less efficient method of hunting conducted by foxes than jumping 

through the snow to access prey (Bilodeau et al 2013b). Similarly, Duchesne et al. (2011a) 

observed intact nests were generally beneath thicker snow of approximately 80 cm, compared to 

nests that were depredated beneath snow of approximately 40 cm. The maximum snow depth we 

measured on fox dens exceeded 30 cm, and mean maximum snow depth on all dens (n = 27) was 

comparable to non-depredated nests or nests depredated by digging. In addition, snow hardness 

on fox dens exceeds previous measurements of snow crust on the tundra (3000 g cm-2; Pruitt 

1984). Considering snow on all fox dens was thick (maximum snow thickness was at least 30 

cm) and hard (average snow hardness on fox dens was > 3000 g cm-2), these characteristics of 

snow may be less influential variables on lemming activity.  

Fox activity did not influence lemming activity, as fox activity was not selected as the 

best model in our AICc model selection (Table 2.2). However, within our study area only a few 

(15%) of the fox dens had an open tunnel leading into a burrow, suggesting a fox was recently 

living in that den. Consequently, we may not have the sample size to determine whether or not 

fox activity influences lemming activity. By using dens that are not inhabited by foxes, lemmings 
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may mitigate their expected predation risk. Furthermore, by prioritizing increased subnivean 

temperature that may reduce their metabolic costs and increase survival or allow them to allocate 

more energy into reproduction, lemmings that are successful at overwintering on fox dens may 

have a fitness advantage (Collier et al. 1975).  

In addition, we found a greater proportion of lemming nests with reproduction on fox 

dens than on transects. Thus, our research suggests lemmings that successfully evade predation 

on fox dens may ultimately have greater fitness through greater reproduction. However, we do 

not know how many lemming offspring survive to reproductive age or the predation risk to 

lemmings relative to traditional lemming habitat. Estimates of these variables may provide a 

better assessment of the cost and benefits to lemmings living on fox dens. In addition, an 

estimate of the proportion of total lemming reproduction contributed by nests on fox dens and an 

estimate of predation risk on and off fox dens may help evaluate the overall importance of dens 

to lemming demographics.  

Both Arctic fox and lemming populations appear to be in decline and removal of these 

species would result in major restructuring of Arctic food webs because lemmings are considered 

keystone species, as they strongly influence the reproductive success of their predators (directly) 

and alternative prey of shared predators (indirectly) (Bety et al, 2001; Rieter and Andersen, 

2011; Krebs 2011). In addition to filling the role of as apex predators on the tundra, our research 

illuminates another important ecological role of Arctic fox as ecosystem engineers providing 

high-quality winter habitat for lemmings. Although fox dens are small in area, dens are dispersed 

across the tundra, thus they may influence lemming demographics at a landscape level. The huge 

reproductive potential of individual lemmings and potential for rapid population growth with 

winter reproduction (Fauteux et al. 2015) suggest that enhanced winter habitat on fox dens may 
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greatly benefit lemming populations, particularly as climate changes and potentially limits 

suitable lemming winter habitat. Given the importance of these non-trophic interactions on 

ecosystem structure, we may better predict the influence of species loss through a better 

understanding of both direct and indirect food-web interactions. 
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Table 2.1 Summary of vegetation (June 2015 and 2016) and snowpack (February 2016) 

characteristics, and snow phenology (2015-2016) (mean + SE) measured on fox dens, paired 

control sites, and other locations where lemming nests were found in previous years near 

Churchill, Manitoba within the Wapusk National Park. The difference in ambient and 

temperature just above ground level is represented by ΔT.  

 

Variables Control Den Nest 

Lemming activity (# of nests) 0 + 0* 2.4 + 0.5  

Max. vegetation height (cm) 10.0 + 0.6* 86.0 + 9.0 37.3 + 7.2* 

Shrub cover (%) 1.7 + 0.9* 23.0 + 4.1 2.8 + 1.4* 

Grass cover (%) 2.4 + 1.1* 29.4 + 5.1 27.3 + 5.8* 

ΔT (oC)  3.9 + 1.3* 9.8 + 0.9 0.4 + 1.9* 

Snow thickness (cm) 14.4 + 2.5* 46.8 + 3.8 26.0 + 3.8* 

Pukak density (kg m-3) 312.7 + 20.2 319.5 + 6.3 285.5 + 10.3* 

Pukak hardness (g cm-2) 1600 + 340 950 + 190 360.00 + 51* 

Vertical hardness (g cm-2) 3400 + 550 3700 + 600 1000 + 260* 

Heat transfer coefficient (W m-2 °K-1) 21.1 + 6.9* 4.3 + 3.0 1.9 + 0.7 

Snow duration (# of days with snow on the ground) 204 +  4.6 207 +  5.0  

Sites that reached the hiemal threshold (%) 33  100   

Day of year the hiemal threshold was reached 26 +  0 299.5 +  0.5  

 

* value differed significantly from den value using t-tests to compare vegetation and snowpack 

characteristics, and Fisher’s exact test to compare snow phenology.   
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Table 2.2 Comparison of models explaining lemming activity (number of winter nests) on fox 

dens (n=27) near Churchill, Manitoba, based on snow and vegetation characteristics and fox 

activity on dens. Lemming activity was log transformed (log10(x+1)) to meet assumptions of 

normality. 

 

Rank Model Variables  K  AICc  ΔAICc  Weight 

1 ΔT 3  13.7 0.0 0.7569 

2 Snow thickness  3  18.3 4.6 0.0773 

3 Null  2  19.5 5.8 0.0418 

4 % Grass  3  19.9 6.2 0.0339 

5 Vertical hardness + Snow thickness  4  20.5 6.8 0.0259 

6 Pukak hardness + Pukak density  4  20.8 7.0 0.0224 

7 Fox activity  3  21.6 7.9 0.0149 

8 Vegetation height  3  21.7 7.9 0.0142 

9 % Shrubs  3  21.9 8.2 0.0126 

10 Global  12  34.4 20.7 0.0000 
AICc Akaike’s information criterion corrected for small sample size, K number of model parameters, ΔAICc difference between 

each model and the best model, Weight relative information content of the model, ΔT the difference between the ambient 

temperature (oC) and temperature beneath the snow at ground level (oC), Snow thickness the depth from the surface of the snow 

to the ground (cm), % Grass percent cover of grass, Vertical hardness the hardness measured perpendicular to the surface of 

snow (g cm-2), Pukak hardness the horizontal hardness measured parallel to the ground (g cm-2), Pukak density the mass of snow 

on the bottom layer of snow (kg m-3), Fox activity the presence of tracks, scat, tunnel through the snow leading to a burrow, 

urine, or shed fur, Vegetation height the maximum height of vegetation from the ground to tip of vegetation (cm), and % Shrubs 

percent cover of erect shrubs.  
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Figure 2.1 Relationship between ambient and subnivean temperature in February 2016 on fox 

dens (n = 27) near Churchill, Manitoba.   

F1,25 = 4.3, p = 0.0485, R2 = 0.11
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Figure 2.2 Relationship between mean snow thickness in February 2016 and average maximum 

vegetation height in June 2016 on fox dens (n = 27) near Churchill, Manitoba. 

  

F1,25 = 20.12, p = 0.0001, R2 = 0.45
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Figure 2.3 Relationship between the number of lemming nests and difference between the 

ambient temperature and temperature at ground level beneath the snow in February 2016 on fox 

dens (n = 28) near Churchill, Manitoba.  

F1,25 = 10.76, p = 0.0030, R2 = 0.30
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Figure 2.4 Percentage of lemming winter nests with evidence of reproduction on fox dens (n = 

23 in 2015, n = 49 in 2016) and transects (n = 16 in 2015, n = 23 in 2016) near Churchill, 

Manitoba. Nests were collected in June following snow melt.  
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Thesis conclusion 

We estimated the population response of Arctic foxes to changes in climate and 

snowpack characteristics and the response of lemming activity to changes in snowpack 

composition with altered vegetation on fox dens. We found that Arctic fox populations are 

declining over the long-term with decreased snow thickness and increased June temperature, and 

over the short-term with increased minimum temperature in October. Relative to other time 

periods, the strongest increase of temperature and greater sea ice reduction in Arctic has occurred 

during the fall, but rising spring temperature have also contributed to shortening the duration of 

sea ice (Gagnon and Gough 2005; Scott and Marshall 2010; Screen and Simmonds 2010). We 

have also observed a decrease in snow thickness overtime within the North American Arctic and 

a substantial decrease in snow cover persistence, which has reduced by approximately 53% in 

June from 1967-2008 in the Northern Hemisphere (Atkinson et al. 2006; Brown et al. 2010). As 

these climate variables, including sea ice duration and snow persistence and thickness, have 

changed substantially with climate, it is logical that they were suggested to be the most 

influential variables for Arctic fox abundance. Relative changes in Arctic fox abundance are 

suggested to be indirectly linked to weather limiting access to marine (seals) and terrestrial 

(rodent) food sources (Bilodeau et al. 2013). Furthermore, as Arctic albedo continues to decline 

with reduced snow and sea ice cover, the effects of global warming will likely continue, and 

potentially promote greater declines in Arctic fox populations (Gagnon and Gough 2005; Brown 

et al. 2010; Comiso, 2012; Lunn et al. 2016). 

Counterintuitively, our research also suggests Arctic foxes have engineered high-quality 

winter habitat for lemmings. Arctic foxes act as ecosystem engineers through small-scale 

disturbances and nutrient enhancements, and previous research suggests these changes in nutrient 
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content have promoted the growth of tall vegetation atypical on the tundra (Gharajehdaghipour et 

al. 2016). Our research suggests tall vegetation caused the accumulation of thick insulative 

snowdrifts on dens and warmer subnivean temperature. The warm temperatures on fox dens may 

potentially increase winter survival and presence of reproduction of lemmings overwintering fox 

dens. Our results, while informative, open many questions as to the mechanisms driving 

population change and habitat use of foxes and lemmings as climate change progresses.  

Indeed, lemming abundance has also declined over time, and lemming population growth 

has been hypothesized to be limited by high-quality winter habitat that provides conditions 

necessary for rapid lemming population growth (Kausrud et al. 2008; Bilodeau et al. 2013; 

Fauteux et al. 2015). However, it is unknown why lemming population density remains low 

following an initial decline (Fauteux et al. 2015), and the role of predation in limiting lemming 

population growth with a changing climate is also unclear. As Arctic fox are able to subsidize 

their diet with seals and cached prey (Roth 2003; McDonald et al. 2017), fox populations may be 

sustained at a higher abundance than the terrestrial carrying capacity, creating a lag in the 

recovery of lemming populations and potentially negatively affecting the breeding success of 

ground-nesting birds. Furthermore, lemming winter reproduction may not be sufficient to 

increase populations, despite a potential increase in growing season, and lemming populations 

may be further suppressed with the influx of migratory predatory birds in spring (Krebs et al. 

2003). Thus, experiments designed to exclude predators and enhance snow characteristics, such 

as snow depth, and examine the demographic responses of lemmings to these conditions may 

provide insight into factors limiting lemming population growth (Krebs et al. 1995). 

In years of low lemming density, Arctic foxes will seek alternative sources of prey such 

as seals on sea ice, leaving many dens vacant (85% of dens unoccupied in 2016) (Roth 2003). 
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With many dens vacant during winter, lemmings may be able to inhabited fox dens with 

mitigated predation risk. Furthermore, even after decades of abandonment Arctic fox dens are 

clearly visible, with lush vegetation (Killengreen et al. 2007). Thus, if fox populations continue 

to decline and dens are abandoned, their ecosystem engineering services likely will continue to 

provide high-quality lemming habitat for decades. Consequently, we predict lemming use of fox 

dens will increase over time, particularly if high-quality winter habitat for lemmings independent 

of dens declines with climate change (Kausrud et al. 2008).  

In addition to lemmings, previous research has also indicated other species, including 

mammalian scavengers, such as polar bears and wolves (Canis lupus), and other herbivores, such 

as caribou (Rangifer tarandus), use dens in summer, potentially due to greater foraging 

opportunities (Zhao 2015). In spring, signs of tracks and scats on the snow have been observed 

on fox dens from Arctic hare (Lepus arcticus), caribou, and ptarmigan (Lagopus spp.) (personal 

observation in April 2015). Exploring the potential benefits from Arctic fox dens for these 

species in the spring may also be informative in determining the importance of Arctic fox 

ecosystem engineering. As willows (Salix  spp.) are a large component of the ptarmigan’s and 

Arctic hare winter diet, vegetation on fox dens may also offer important winter forage for these 

species (Thomas 1984; Best and Henry 1994). Consequently, further exploring the ecological 

role of Arctic fox, the importance of their ecosystem engineering on their local communities, and 

understanding both trophic and non-trophic interactions between Arctic fox and other Arctic 

species may provide more insight on Arctic species connections and food-web dynamics.  
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Appendix 1: Red fox population limited by winter food availability on the 

Arctic’s edge 
 

Although Arctic species may be negatively impacted by climate change, southern species 

that were historically limited in their northern distribution by climate and resource availability 

may benefit from a warming climate. Red fox (Vulpes vulpes) have expanded their northern 

range into some locations within the Arctic, but whether red fox populations are increasing over 

time at the edge of the Arctic and the mechanism that drives their population trends is not 

known. Red fox populations are hypothesized to increase with greater productivity and milder 

winters. Thus, we predicted red fox harvest, which is a reflection of relative changes in 

population size, would increase over time with warmer winter and warm summer temperatures, 

reflecting a longer growing season. We estimated relative changes in red fox population size 

overtime corrected for trapper effort with the annual number of trapper permits issued and 

average pelt price. We compared models of climate and snowpack characteristics with red fox 

harvest near Churchill, Manitoba, from 1955-2014 and more recently, 1989-2014, when climate 

has been changing more rapidly, using Akaike’s Information Criterion. Contrary to our 

expectation, we found no overall trend in red fox harvest from 1955-2014 as our overall model 

of red fox harvest over time including measurements of trapper effort was significant (F3,46 = 

15.8, p < 0.0001, R2 = 0.48) but the slope of our year parameter did not differ from zero (F3,46 = 

0.55, p = 0.589), indicating red fox harvest did not change from 1955-2014. We also did not 

detect a difference of difference of population size from 1989-2014, in which our overall model 

(F3,15 = 0.73, p = 5501, R2 = 0.13) was not statistically significant, and slope (-0.03) of our year 

perimeter did not differ from zero (F3,15 = -0.73, p = 0.786). Comparison of models using climate 

characteristics from 1955-2014 indicated red fox harvest was best explained by snow-free date, 
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and red fox harvest increased with later snow-free dates (Table A1.1). However, in recent years 

(1989-2014) snow depth in February was the most influential characteristic, and red fox harvest 

increased with snow depth in February (an informative variable) over this time period (Table 

A1.2). For models using snowpack characteristics to explain red fox harvest, the null model was 

preferred, suggesting none of the snowpack characteristics improved the explanation of variation 

in red fox harvest (Table A1.3).  As longer snow persistence and greater snow depth positively 

affect rodent density, these results suggest red fox abundance may be limited by winter prey 

availability. Understanding the influence of climate patterns on wildlife population dynamics 

may better illuminate the effects of climate change on food-web dynamics.  
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Table A1.1 Models of climate variables explaining red fox (Vulpes vulpes) harvest in Churchill, 

Manitoba from 1955-2014 (n = 40): A) comparison of models, and B) parameter estimates for 

the best model. We square root transformed (√(x)) number of harvested foxes. All models 

include the price of Arctic fox pelts and number of issued trapper permits. 
 

A. Model selection 

Rank Model variables K AICc ΔAICc Weight 

1 Snow-free date 4 79.9 0.0 0.50 

2 Mean June temp + Snow depth 5 82.5 2.5 0.14 

3 Snow Depth 4 82.7 2.7 0.13 

4 Mean Feb temp + Snow depth 5 84.6 4.7 0.05 

5 SD Sept-Oct temp + Snow depth 5 85.2 5.2 0.04 

6 Total June rain + Snow depth 5 85.2 5.2 0.04 

7 Mean June temp  4 85.4 5.5 0.03 

8 Null 3 86.5 6.5 0.02 

9 Mean July temp 4 87.8 7.8 0.01 

10 Mean Feb temp 4 88.1 8.2 0.01 

11 Snow duration 4 88.8 8.8 0.01 

12 SD fall temp  4 88.9 8.9 0.01 

13 SD Feb Temp 4 88.9 9.0 0.01 

14 Total Sept-Oct rain 4 89.0 9.0 0.01 

15 Total June rain 4 89.0 9.0 0.01 

16 Mean June temp + Total June rain + SD June temp 6 89.4 9.4 0.00 

17 Mean fall temp 6 90.3 10.3 0.00 

18 Total July rain 4 89.4 9.5 0.00 

19 Mean Feb temp + Snow duration 5 90.7 10.7 0.00 

20 SD Feb temp + Snow duration 5 91.3 11.4 0.00 

21 Mean fall temp + Total fall rain + SD fall temp 4 92.8 12.9 0.00 

22 Mean July + Snow depth 5 100.0 20.1 0.00 

23 Global 14 109.6 29.6 0.00 
 

B. Top model parameters 

Parameter Estimate 95% confidence intervals 

Intercept  2.659*10-10 -0.19, 0.19 

Pelt price adjusted for inflation -0.08 -0.30, 0.14 

Number of trapper permits  0.89 0.07, 1.12 

Snow-free date  0.31 0.11, 0.50 
AICc Akaike’s information criterion corrected for small sample size, K number of parameters, ΔAICc difference between each 

model and the best model, Weight relative information content, Snow depth mean daily snow depth in February, Snow duration 

number of days with snow on the ground greater than 1 cm, Snow-free Day first day of the year when snow depth was 0 cm, 

Total June rain accumulation of rain within June, Total July rain accumulation of rain within July, Total fall rain accumulation 

of rain in September through October, Mean June temp mean average daily temperature in June, Mean Feb temp mean average 

daily temperature in February, Mean fall temp mean average daily temperature in September through October, Mean July temp 

mean average daily temperature in July, SD fall temp standard deviation of average daily temperature in September through 

October, SD Feb temp standard deviation of average daily temperature in February, and SD June temp standard deviation of 

average daily temperature in June.  
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Table A1.2 Model of climate variables explaining red fox (Vulpes vulpes) harvest in Churchill, 

Manitoba from 1989-2014 (n = 19): A) comparison of models, and B) parameter estimates for 

the best model. We square root transformed (√(x)) number of harvested foxes and mean June 

temperature, and log transformation log10(x+8) minimum October temperature. All models 

include the price of Arctic fox pelts and number of issued trapper permits. 

 

A. Model selection 

Rank Model variables K AICc ΔAICc Weight 

1 Snow depth 4 54.5 0.0 0.48 

2 Snow depth + Min Feb temp 5 56.7 2.2 0.16 

3 Mean July temp + Snow depth 5 57.8 3.4 0.09 

4 Snow depth + Mean June temp 5 58.2 3.8 0.07 

5 Min Oct temp 4 58.3 3.8 0.07 

6 Min Feb temp 4 58.6 4.1 0.06 

7 Null 3 60.0 5.5 0.03 

8 Mean June temp  4 61.7 7.2 0.01 

9 SD Feb temp 4 62.4 7.9 0.01 

10 Mean July temp 4 62.9 8.4 0.01 

11 Global 10 84.1 29.6 0.00 

 

B. Top model parameters 

Parameter Estimate 95% confidence intervals 

Intercept -10*10-12 -0.37, 0.37 

Pelt price adjusted for inflation -0.21 -0.71, 0.28 

Number of trapper permits 0.44 -0.05, 0.94 

Snow depth 0.60 0.20, 0.98 
AICc Akaike’s information criterion corrected for small sample size, K number of parameters, ΔAICc difference between each 

model and the best model, Weight relative information content, Snow depth max snow depth in February, Mean June temp mean 

average daily temperature in June, Mean Feb temp mean average daily temperature in February, Min Oct temp minimum 

temperature in October transformed using log10(x+8), Mean July temp mean average daily temperature in July, and SD Feb temp 

standard deviation of average daily temperature in February. 
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Table A3.3 A) Summary of forest snowpack characteristics (mean + standard error) and B) 

models of forest snowpack characteristics explaining the number of harvested red fox (Vulpes 

vulpes) per trapper permit issued in Churchill, Manitoba from 2002–2014 (n=10). Model 

selection was performed using Akaike’s information criterion corrected for small sample size. 

The number of harvested red foxes was transformed using the cube-root transformation (x1/3).  

 

A. Snowpack characteristic    

Snow thickness 59.2 + 1.1 

Pukak hardness  197.8 + 56.3 

Pukak density  200.3 + 7.4 

ΔT 13.8 + 1.7 

 

B. Model Selection 

Rank Model variables K AICc ΔAICc Weight 

1 Null 2 15.2 0.0 0.87 

2 ΔT 3 19.2 4.0 0.12 

3 Pukak hardness + Pukak density  4 24.2 9.0 0.01 

4 Snow thickness + Pukak density 4 25.2 10.0 0.00 

5 Global 6 45.0 29.7 0.00 
AICc Akaike’s information criterion corrected for small sample size, K number of parameters, ΔAICc difference between each 

model and the best model, Weight relative information content, ΔT difference between ambient and temperature just above 

ground level beneath the snow (°C), Snow thickness mean snow thickness (cm), Pukak density mean density of snow on bottom 

layer (kg m-3), and Pukak hardness mean horizontal hardness of snow on bottom layer (g cm-2).   
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Figure A1.1 Number of harvested red fox (Vulpes vulpes) per trapper in Churchill, Manitoba 

from 1954–2014 (n=47 years). The trend over time was not significant.  
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Appendix 2: Seasonal changes in vegetation and its relationship to snow and 

lemming activity on fox dens  
  

We sampled vegetation and snow on18 fox dens and paired control sites located on 

similar topography 100-200 meters from the den within Wapusk National Park south of 

Churchill, Manitoba. Snow cores were extracted using a 3 by 3 grid (5 meters between adjacent 

grid points) centered on the tallest snow (April 2015) to measure total thickness and density, and 

a 1-m 2 snow pit was excavated on the location of the thickest snow core to measure the density 

and hardness of bottom layer of snow (the pukak layer). Maximum vegetation height, percent 

cover of grass and erect shrubs were measured using 3 by 3 grid (5 meters apart) centered on the 

tallest vegetation (June and August 2015) within a 1-m2 quadrat. Lemming activity (June 2015) 

was quantified by counting the number of lemming winter nests, which are abandoned in the 

spring and not reused.  

Mean snow thickness in April was unrelated to mean vegetation height in August (Figure 

A2.1A; F1,14 = 2.6, p = 0.128, R2 = 0.15) but was positively related to vegetation height in June 

(Figure A2.1B; F1,14 = 21.7, p < 0.001, R2 = 0.61). Likewise, lemming activity was unrelated to 

vegetation height in August (Figure A2.1 C; F1,14 = 0.03, p = 0.859, R2 = 0.002) but was 

positively related to vegetation height in June (Figure A2.1 D; F1,14 = 8.65, p = 0.012, R2 = 

0.300). Consequently, we decided to use June vegetation height in subsequent analyses of 

relationships among snow, vegetation, and lemming activity (chapter 2). Vegetation height in 

June may be more representative of vegetation cover prior to snowfall in comparison to August 

vegetation, which has more foliage and erect grass.  
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Figure A2.1 Relationship between mean snow thickness in April 2015 (n = 18) with mean 

vegetation height in June (A) and August (B) 2015 (n = 18), and lemming activity in June 2015, 

represented by the number of lemming winter nests, with mean vegetation height in June (C) and 

August (D) 2015 (n = 20) on fox dens near Churchill, Manitoba. 
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