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Thesis abstract 

Lemmings are key herbivores in the Arctic and an integral part of the food web. Rising 

temperatures are decreasing snow quality and making the environment more hospitable for 

southern invaders. Consequently, southern species have expanded onto the tundra, including the 

meadow vole (Microtus pennsylvanicus). Voles and lemmings play a similar functional role in 

the Arctic ecosystem and thus may compete for resources. In addition to expanding boreal 

species, lemmings may also compete for resources with migratory species. Lesser snow geese 

(Chen caerulescens caerulescens) breed in the Arctic and their population has increased 

exponentially due to land-use changes in their winter range. Snow goose grazing reduces 

graminoid abundance, leaving large patches of unvegetated land. Therefore, geese may indirectly 

impact lemming populations through habitat degradation. The objectives of this thesis were to 

(1) determine lemming and vole dietary overlap using stable isotope analysis and (2) analyze 

lemming winter habitat selection in an area impacted by snow geese. Our results suggest dietary 

overlap between vole and lemming populations is minimal. We also found that lemmings avoid 

goose-affected areas, suggesting geese may be indirectly impacting lemming habitat selection 

through habitat destruction. Thus, while lemming populations are declining in Arctic regions 

where they are sympatric with voles, habitat degradation by geese may be an additive factor 

contributing to lemming population declines. Ultimately, changes in lemming population 

abundance or distribution has the potential to disrupt the entire Arctic food web through changes 

in prey availability and predation risk. 
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Thesis Introduction 

Temperatures across the globe are rising, particularly in the Northern Hemisphere, where 

surface temperatures have increased by 1.27˚C since 1990 (Valipour et al. 2021). Climate change 

can affect species through both abiotic and biotic pathways, including temporal changes in plant-

herbivore interactions, predator population abundance, and pathogen distributions (Post et al. 

2009; Ockendon et al. 2014). Climate change may alter species interactions by decreasing 

climatic barriers that historically prevented a species from occupying a certain region (Thomas et 

al. 2001; Thomas 2010; Elmhagen et al. 2015; Dawe and Boutin 2016; Pecl et al. 2017), 

allowing species distributions to expand. Changes in species distributions have been observed in 

numerous species across different taxonomic groups (Hickling et al. 2006). As species 

distributions change with climate change, novel interactions may occur between native and 

expanding species (Gilman et al. 2010; Speights and McCoy 2017; Pecuchet et al. 2020). While 

many studies have focused on the impacts of climate change on predator-prey interactions 

(Ockendon et al. 2014; Cheng et al. 2017; Bastille-Rousseau et al. 2018) due to changes in 

temporal, spatial, and size mismatches between predators and prey (Boukal et al. 2019), changes 

in species distribution may also result in increased competition between species that occupy 

similar niches (Firth et al. 2009; Papanikolas et al. 2021). 

Temperatures in the Arctic are rising at a greater rate than the rest of the globe (Huang et 

al. 2017), making the Arctic particularly susceptible to becoming inhabited by southern species. 

Range expansion has occurred in 40% of boreal-forest species due to land use and climate 

change, while Arctic species’ ranges are contracting (Elmhagen et al. 2015). In the ocean, boreal 

species are also expanding (Pecuchet et al. 2020), particularly generalists that are better at 

invading new environments because they can consume a variety of resources (Lurgi et al. 2014). 
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The expansion of boreal species alters the food web (Pecuchet et al. 2020) and may lead to 

greater competition with native species for food and habitat resources year-round. Arctic species 

are generally better suited to cope with the cold temperatures of their environment and lower 

species diversity (Callaghan et al. 2004), and therefore, southern species may outcompete Arctic 

species for access to high-quality habitat and food resources. For example, common guillemots 

(Uria aalge), a temperate species, compete with Brünnich’s guillemot (Uria iomvia), an Arctic 

species, in Iceland, and to reduce competition Brünnich’s guillemot adopts a different foraging 

strategy to avoid areas of high competition (Bonnet-Lebrun et al. 2021). Brünnich’s guillemot 

forages in colder deeper water and along the ice edge, both of which may be impacted by climate 

change (Bonnet-Lebrun et al. 2021), potentially limiting their ability to access food resources. 

Thus, northern expansion of southern species may increase competition between boreal and 

Arctic species and result in changes in Arctic species’ behaviour to reduce the degree of 

competition.  

Climate change is not the only potential factor affecting species distributions and 

abundances; changes in land use also directly affect Arctic populations through increased food 

subsidies (Abraham et al. 2005a; Elmhagen et al. 2017). Anthropogenic land use has increased 

by 15% since 2000 in the Arctic, mostly due to increases in the oil and gas industry (Bartsch et 

al. 2021). Increased human development can benefit scavenger species by providing 

supplemental food resources, particularly during times when food sources are limited. For 

example, anthropogenic sources are consumed year-round in Prudhoe Bay, Alaska, by Arctic and 

red foxes, but their diet comprises approximately 40-50% anthropogenic sources in winter when 

resource availability is lower (Savory et al. 2014). Therefore, human infrastructure may increase 

predator populations in the surrounding area, leading to greater predation risk for their prey. In 
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Alaska, passerine nest predation risk increased within 5 km of infrastructure (Liebezeit et al. 

2009), suggesting human subsidies from anthropogenic land use can alter predator-prey 

interactions. 

Not only do changes in land use in the Arctic have the potential to alter species 

interactions, but changes to land use in the wintering grounds of migratory birds may influence 

species interactions as well. For example, changes in agricultural yields in the southern United 

States increased winter food availability for lesser snow geese (Chen caerulescens caerulescens) 

(Alisauskas 1998; Abraham et al. 2005a), resulting in an exponential increase in the mid-

continent snow goose population since the 1970s (Robertson and Slack 1995; Alisauskas 1998; 

Abraham et al. 2005a). Changes in one portion of migratory species’ range can greatly impact 

other regions through migratory connectivity (Webster et al. 2002). Therefore, overabundant 

goose populations that arose due to increased agricultural subsidies in the wintering grounds 

have the potential to impact their breeding grounds in the Arctic (Kerbes et al. 1990). 

Overabundant snow geese alter Arctic vegetation by reducing graminoid cover (Abraham et al. 

2005b), potentially negatively impacting species that rely on graminoids. Ultimately, human-

induced land-use change, both in the Arctic and in the southern region of migratory species, can 

lead to novel species interactions in the Arctic. 

Abiotic factors may also impact native Arctic species. For example, lemming population 

cycles have collapsed in some regions of the Arctic, with much lower peak densities (Kausrud et 

al. 2008; Gilg et al. 2009; Schmidt et al. 2012) or greater time between peaks (Menyushina et al. 

2012). One hypothesis for damped lemming population cycles is changes in snow quality, 

particularly snow hardness. Winter is arguably the most important season for lemmings, because 

while they breed year-round (MacLean et al. 1974; Millar 2001; Gilg 2002; Ims and Fuglei 
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2005), predation is lower in winter, with fewer migratory predators leading to increased 

offspring and adult survival over winter (Gilg et al. 2002; Fauteux et al. 2015). Rising Arctic 

temperatures have increased the number of thaw/refreeze events and rain-on-snow events, 

resulting in harder snow (McCabe and Wolock 2010; SWIPA 2017; AMAP 2021). In Norway, 

rodent abundance declined with increasing snow hardness (Kausrud et al. 2008), suggesting 

climate change may lead to future declines in other small mammal populations that rely on the 

subnivean layer. Additionally, snow cover duration and extent are decreasing (Peng et al. 2013), 

creating a functionally colder winter for subnivean species (Zhu et al. 2019). Decreasing snow 

cover extent has also led to damped lemming population cycles in Greenland (Gilg et al. 2009). 

Therefore, decreasing snow quality could be responsible for damping lemming cycles. 

Churchill, Manitoba, lies at the northern edge of the distribution of meadow voles 

(Microtus pennsylvanicus) and near the southern edge of the distribution of collared lemmings 

(Dicrostonyx richardsoni). While peak lemming densities in this area appear to be declining, 

from 40/ha in the 1930s to 12/ha in the 1990s to 2/ha in the 2010s, meadow voles are becoming 

more common (Shelford 1943; Roth 2002; Ehrich et al. 2020), potentially due to climate change. 

The range expansion of voles may create competition with collared lemmings for food or habitat, 

potentially limiting lemming population growth. For example, in areas of the Low Arctic where 

lemmings are sympatric with voles (excluding Fennoscandia), lemming populations are 

declining (Ehrich et al. 2020), suggesting interactions among small mammals may facilitate 

lemming cycles damping. Lemmings are key herbivores in the Arctic and are the main prey for 

red (Vulpes vulpes) and Arctic foxes (Vulpes lagopus), and birds of prey (Roth 2002; Ims and 

Fuglei 2005; Krebs 2011). Lemmings also indirectly affect shorebirds (McKinnon et al. 2014) 

and waterfowl through changing predation pressure by increasing predator abundance during 
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peak years (Bêty et al. 2002; McDonald et al. 2017). Ultimately, lemmings play a profound role 

in the Arctic ecosystem and a decline in lemming abundance could have ecosystem-wide 

impacts.  

The objective of my thesis was to examine the relationship between meadow voles and 

collared lemmings and to determine if snow geese may indirectly impact lemming abundance. 

Specifically, Chapter 1 focuses on the dietary overlap between meadow voles and lemmings 

using stable isotope analysis of archived hair samples across 13 years. Chapter 2 focuses on 

lemming winter habitat selection by extracting habitat classes within our study area in Wapusk 

National Park and calculating habitat selection using a hierarchical generalized additive model 

(GAM). With changing environmental conditions and resultant changes in species interactions, it 

is important to understand if boreal and Arctic species’ diets overlap and habitat use in the winter 

by a key herbivore in the Arctic. The results of this thesis elucidate factors that affect lemming 

populations and the complex interaction between boreal, Arctic, and migratory species. 

Additionally, the results from this study improve understanding of how lemming diet and habitat 

use may change with climate change, continued habitat degradation by geese, and potentially 

increasing meadow vole populations.  
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Chapter 1: Differential resource use by endemic and expanding rodents on the tundra may 

allow coexistence in the face of climate change 

 

Abstract 

Species distributions and range boundaries are shifting with climate change. As global 

temperatures rise, historically colder regions are becoming more hospitable, encouraging the 

poleward expansion of many species. Range expansion creates novel interactions with native 

species by potentially altering competitive pressure, predator-prey dynamics, parasitism and 

disease transmission, and plant-herbivore dynamics. In the Arctic, boreal forest (boreal) species 

are expanding onto the tundra as resource availability increases with the longer growing season, 

while many Arctic species’ ranges are contracting. In the Low Arctic, meadow voles (Microtus 

pennsylvanicus), a widespread species that recently expanded onto the tundra, are increasing in 

abundance, resulting in novel interactions with collared lemmings (Dicrostonyx richardsoni), a 

key herbivore that influences terrestrial community dynamics on the Arctic tundra. To 

understand the potential competitive impact of boreal range expansion on Arctic endemics, we 

used stable isotope analysis of archived hair samples to determine the diets and dietary overlap 

of lemmings and voles. Lemming and vole isotopic niche space overlapped by 19%. Using stable 

isotope mixing models, we found lemming diets were comprised of 75% shrubs and vole diets 

consisted of 97% graminoids and herbs, indicating that in general, lemmings and voles consume 

different resources. The results from this study suggest that expanding boreal and endemic Arctic 

rodent populations may be able to co-exist by consuming different resources. Still, dietary 

overlap may change over time with changes in resource availability and population abundance. 

Furthermore, increased prey diversity could subsidize tundra predators during cyclic lemming 

lows and alter predation rates on endemic tundra species.  
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Introduction   

Species distributions are generally constrained to certain geographical areas by climate 

(Thomas 2010; Dawe and Boutin 2016), species interactions (Pigot and Tobias 2013), physical 

barriers (Ayres and Clutton-Brock 1992), and land use (McKinney 2006). Range boundaries may 

change over time and expand or contract as limitations faced by the species change (Oliver et al. 

2009). Species may be able to overcome historic factors limiting their distribution through 

changes in climate and resource availability (Thomas et al. 2001), hybridization (Pfennig et al. 

2016), and anthropogenic changes in land use (Hersteinsson and Macdonald 1992; Abraham et 

al. 2005).  

Climate change is one of the major contributors to species range expansion (Pecl et al. 

2017). Approximately 68% of temperate species have expanded their range northward in 

response to climate change (Thomas 2010), and species have also expanded altitudinally (Le 

Roux and McGeoch 2008; Rowe et al. 2015; Freeman et al. 2018; McCain et al. 2021). Range 

expansion in response to climate change has been observed in many species, including white-

tailed deer (Odocoileus virginianus) (Dawe and Boutin 2016), butterflies (Oliver et al. 2009; 

Bennie et al. 2013), bats (Ancillotto et al. 2016), and fish (Last et al. 2011). In addition, range 

expansion creates novel interactions between native species and expanding species through 

competition, parasitism, and predation (Gilman et al. 2010; Speights and McCoy 2017; Carrasco 

et al. 2018). Therefore, as species’ ranges expand into previously uninhabitable regions, native 

species may be negatively impacted.  

Temperatures in the Arctic are rising at a greater rate than the rest of the globe (Huang et 

al. 2017), which may impact the rate of range expansion in southern species. Northward range 

expansion has occurred in 40% of boreal forest species due to land use and climate change, while 
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Arctic species’ ranges are contracting (Elmhagen et al. 2015). Range expansion of boreal species 

has been documented for birds (Brommer et al. 2012; Whitaker 2017), fish (Fossheim et al. 

2015), winter moths (Operophtera brumata) (Vindstad et al. 2022), small mammals (Hope et al. 

2013), moose (Alces alces) (Tape et al. 2016), and beavers (Castor canadensis) (Tape et al. 

2018). In the Low Arctic, deciduous shrub cover, herbaceous cover, and graminoid abundance is 

also increasing, while moss and lichen abundance is decreasing (Sturm et al. 2001; Joly et al. 

2007; Elmendorf et al. 2012; Epstein et al. 2013; Van Der Kolk et al. 2016; Hobbie et al. 2017). 

Changes to the vegetation community may provide further opportunities for species to expand 

northward as resource availability changes. Arctic species are generally poorer competitors than 

southern species because they have developed specialized strategies to cope with the Arctic 

climate, making them more susceptible to climate change (Callaghan et al. 2004), particularly 

when coping with novel species interactions (Alexander et al. 2015). Thus, northern range 

expansion of southern species may negatively impact native species abundance by increasing 

competition for resources. For example, the encroachment of southern species onto the tundra 

has been observed in red foxes (Vulpes vulpes) (Hersteinsson and Macdonald 1992) in response 

to increased food subsidies from human settlements and rising temperatures (Gallant et al. 2020). 

Red fox range expansion created competition with the native Arctic fox (Vulpes lagopus) for den 

sites (Tannerfeldt et al. 2002; but see Lai et al. 2021) and prey (Elmhagen et al. 2002; 

Dudenhoeffer 2020; Dudenhoeffer et al. 2021). While Arctic foxes were historically the superior 

competitor because they are better suited to Arctic conditions (Scholander et al. 1950; Prestrud 

1992), the red fox is larger (Hersteinsson and Macdonald 1982) and may kill Arctic foxes 

(Tannerfeldt et al. 2002). Thus, while Arctic species may have a competitive advantage under 
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current climatic conditions, their ability to compete may decrease with rising temperatures and 

novel species interactions.  

Lemmings are key herbivores in the Arctic and are the main prey for many Arctic 

predators (Roth 2002; Ims and Fuglei 2005; Krebs 2011). Their dramatic population fluctuations 

affect not only lemming predators, but also other prey species indirectly due to changes in 

predation pressure (Bêty et al. 2002; Legagneux et al. 2012; McKinnon et al. 2014). Because of 

the profound role lemmings play in the Arctic ecosystem, a decline in lemming abundance could 

have ecosystem-wide impacts. At the southern edge of their range, lemmings overlap with the 

northern range of meadow voles (Microtus pennsylvanicus), another arvicoline rodent, which has 

one of the widest geographic ranges among North American mammals (Hoffmann and Koeppl 

1985; Jackson et al. 2020). Meadow voles typically inhabit grassy meadows, fields, and marshes 

that often are associated with North American forests (Getz 1985; Hope et al. 2013) and have 

recently expanded from the sub-Arctic onto the Low Arctic tundra (Ehrich et al. 2020). The 

range expansion of these voles may create competition with collared lemmings (Dicrostonyx 

richardsoni) for food resources. Lemming and vole diets do not generally overlap (Batzli and 

Jung 1980; Bergman and Krebs 1993), but most research on lemming-vole interactions involves 

either tundra (Microtus oeconomus) or singing voles (Microtus miurus), both of which are Arctic 

residents and sympatric with collared lemmings (Batzli and Jung 1980; Bergman and Krebs 

1993; Krebs et al. 2011; Reid et al. 2012). As meadow voles have a much broader and more 

generalized distribution and are adapted to a variety of habitats with flexible foraging options, 

this novel species interaction may have a greater influence on lemming foraging behaviour.  

As Arctic temperatures continue to rise and species expand onto the tundra (Hope et al. 

2013; Elmhagen et al. 2015), it is important to understand how native Arctic species and boreal 
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species interact in areas of sympatry. We examined the dietary overlap between collared 

lemmings and sympatric meadow voles using stable isotope data incorporated into Bayesian 

mixing models. We hypothesized that collared lemming and meadow vole diets differ because, 

in the Arctic, collared lemmings use xeric areas and voles use mesic areas (Ale et al. 2011), 

which are generally dominated by shrubs and graminoids respectively (Van Der Kolk et al. 

2016). Therefore, we predicted lemmings consume more shrubs and voles consume more 

graminoids (Batzli and Jung 1980; Jung and Batzli 1981; Bergman and Krebs 1993). 

Methods 

Study Area 

Our study was conducted on the west coast of Hudson Bay near Churchill, Manitoba. 

Canada (Fig. 1.1). Our two primary sampling sites were at the Nester One Research Camp 

(58°45′N, 94°10′W) near Cape Churchill within Wapusk National Park, and near the Churchill 

Northern Studies Centre (CNSC) approximately 23 km east of the town of Churchill (58°77′N, 

94°17′W). The landscape of this region is composed of gravel and sand relict upland beach 

ridges formed by isostatic rebound, underlain by continuous permafrost and separated by 

peatland with numerous shallow ponds (Dredge 1992; Zhang et al. 2012). The tops of beach 

ridges are mainly covered by Dryas integrifolia, Carex rupestris, Hedysarum alpinum, and 

ericaceous shrubs (Scott 1987; Brook 2001; Ponomarenko et al. 2014), with fen communities 

dominated by graminoids (predominately sedges) between the beach ridges (Ponomarenko et al. 

2014). Additional habitats include peat hummocks up to 1 m tall with variable lichen, moss, 

shrub, and herb cover, and lichen-heath tundra communities dominated by dwarf shrubs (Scott 

1987). This area lies at the southern edge of the distribution of collared lemmings (Shelford 

1943) and within the northern range of meadow voles (Hoffmann and Koeppl 1985; Jackson et 
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al. 2020). While peak lemming densities in the Churchill area appear to be declining, from 40/ha 

in the 1930s to 12/ha in the 1990s and 2/ha in the 2010s, meadow voles are becoming more 

common (Shelford 1943; Roth 2002; Ehrich et al. 2020), potentially due to climate change. 

These two species are the most common small mammals in our study area, but western heather 

voles (Phenacomys intermedius) and northern bog-lemmings (Synaptomys borealis) are 

occasionally found in the vicinity of Churchill (Smith and Foster 1957; Scott and Hansell 1989). 

Sample Collection and Preparation 

To estimate collared lemming and meadow vole spring/summer diet, we used stable 

isotope analysis of lemming and vole hair. This technique compares stable isotope ratios in 

consumers’ tissues to those of potential food sources to determine their diet (DeNiro and Epstein 

1978, 1981). We measured the stable isotope ratios of carbon (δ13C) and nitrogen (δ15N), 

representing 13C/12C and 15N/14N, respectively. Stable isotope ratios of hair represent the diet 

during hair growth. Lemmings and voles moult in the spring; thus, the hair represents their 

spring diet as new hair is generally grown in May (Hansen 1959; Al-Khateeh and Johnson 1971; 

Sealander 1979). Additionally, both species breed throughout the summer and reach maturity 

within 40 days (Hansen 1957) (Reich 1981), so the hair of an individual born in summer would 

represent summer diet. Therefore, our hair samples collectively represent the spring/summer diet. 

Hair samples were collected from 1994-1995 and 2010-2021 for collared lemmings and since 

2010 for meadow voles on long-term live-trapping grids on the tundra (June-Aug each year; 

McDonald et al. 2017) and from incidental captures throughout the summer. We also collected 

plant samples in 2020 and 2021 from our long-term trapping grids and identified them to species 

when possible. The plant samples represent the entire plant above ground, including the stem and 

leaves for shrubs and the stalk and flowers for herbs. Plant samples were categorized into six 
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functional groups: graminoids, herbs, shrubs, Equisetum variegatum, lichen, and moss. 

Evergreen aromatic shrubs, including Rhododendron lapponicum, Empetrum nigrum, Ledum 

decumbens, and Andromeda polifolia, were excluded because they are unpalatable to both 

lemmings and voles (Batzli and Jung 1980; Jung and Batzli 1981). Therefore, only plant species 

likely to be consumed by both species were included in the analyses. 

To prepare hair samples for stable isotope analysis, samples were washed with soap and 

water to remove surface oil and debris, rinsed thoroughly, dried for 48 hours at 60˚C and 

homogenized using scissors (Elliot et al. 2017). We adjusted hair δ13C to account for the Suess 

effect, a reduction in 13C in the atmosphere over time as CO2 concentrations increase, using the 

equation in Long et al. 2005. Plant samples were thoroughly rinsed with water to remove 

particulates, dried for 48 hours at 60˚C, and homogenized using a mortar and pestle. We packed 

subsamples of hair (0.4-0.6 mg) and plants (4-6 mg) into tin capsules and sent them to the 

Chemical Tracers Laboratory, Great Lakes Institute for Environmental Research, at the 

University of Windsor to determine δ13C and δ15N. We verified the precision of δ13C and δ15N by 

submitting three subsamples from 19 individual small mammal or plant samples. The mean δ13C 

and δ15N values of the three samples were used in subsequent analyses, and the standard 

deviation was used to determine precision. 

Data Analysis 

We tested for an effect of site (CNSC and Nester One) on lemming and vole stable 

isotope ratios using a linear mixed-effects model with year as a random effect to account for 

annual variation in predation risk, food availability, and sample size (Gillies et al. 2006). We also 

tested if δ15N or δ13C varied by sex using a linear mixed-effects model with year as a random 

effect. Because sex was not recorded for each individual, separate models were run for sex and 
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location. δ15N values were first normalized using a log transformation, and linear models were 

applied using the package “nlme” (Version 3.1-153) (Pinheiro et al. 2021) in R Studio (Version 

4.0.5) (R Core Team 2021). We also used linear models to determine if plant groups δ15N and 

δ13C varied by location. The data met all the assumptions for linear models (Zuur et al. 2009).  

To determine the dietary proportions of each plant functional group, we used the package 

MixSIAR in R (Version 3.1.12) (Stock and Semmens 2013; Stock et al. 2018). MixSIAR is a 

Bayesian mixing model used to identify the dietary proportion of each source in a consumer’s 

diet based on tracer values. The primary advantage of MixSIAR over other mixing models is 

MixSIAR can incorporate covariates through fixed and random effects in both the source and 

consumer data (Stock et al. 2018). The datasets met the assumptions for MixSIAR (Stock et al. 

2018), and we adjusted source values using trophic discrimination factors (TDF) estimated for 

red-backed voles (Clethrionomys gapperi) (Sare et al. 2005), using the TDF for the most similar 

diet δ15N values in that study. Thus, Δ15N = 2.77 ± 1.67‰ for graminoids and 4.59 ± 1.17‰ for 

the other functional groups, and Δ13C = 2.38 ± 1.01‰ for all sources.  

We used informative Dirichlet priors based on published stomach and fecal contents for 

collared lemmings and tundra voles (Microtus oeconomus) – no published diet studies for 

meadow voles on the tundra exist, but both vole species use wet grassland meadows (Smith and 

Foster 1957; Batzli and Jung 1980; Adler and Wilson 1989; Lambin et al. 1992; Ale et al. 2011). 

Since the same priors must be applied to the entire model in MixSIAR, we ran two separate 

models for lemmings and voles, with different priors for each species, reflecting the proportion 

of their diet for graminoids (0.10, 0.70), herbs (0.03, 0.11), shrubs (0.78, 0.10), Equisetum (0.05, 

0.07), lichen (0.01, 0.01), and moss (0.03, 0.01, respectively) (Batzli and Jung 1980; Scott 1987; 

Batzli and Henttonen 1990; Bergman and Krebs 1993). We included year as a random effect in 
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both lemming and vole models and used raw source δ13C and δ15N values. We also determined if 

diet varies by sex for each species. For lemmings, we also ran a subsequent analysis where we 

removed sources that the initial MixSIAR analysis indicated that lemmings do not consume and 

divided our shrub category into 3 subcategories (Dryas, Salix, and other dwarf shrubs), as 

MixSIAR only allows seven sources and fewer sources are generally better (Stock et al. 2018). 

These categories were chosen because past studies have found that lemming diet is largely 

comprised of either Dryas or Salix (Bergman and Krebs 1993; Berg et al. 2008) and these shrubs 

are common in our study area. We used uninformative Dirichlet priors, where the consumer 

ingests all sources in equal proportion for this mixing model, as the contribution of Dryas, Salix, 

and dwarf shrubs varies substantially by region, thus the proportion of each shrub group in 

lemming diet is not well-known, preventing us from using informative priors. All models were 

estimated using Markov chain Monte Carlo (MCMC) with a chain length of 3 000 000, thinned 

by 500, and a burn-in of 1 500 000, with three chains. To assess model convergence, we used the 

Gelman-Rubin diagnostic. Models were considered to converge if all variables fell below 1.1 

(Brooks and Gelman 1998). 

To compare niche breadth and dietary overlap, we used the package SIBER (Version 

2.1.6) to calculate the 95% Bayesian standard ellipse area (SEAB) (Jackson et al. 2011). The 95% 

SEAB was then used to estimate niche overlap for both species. The overlap represents the 

percentage of lemming isotopic niche that overlapped with meadow vole isotopic niche and the 

percentage of meadow vole isotopic niche that overlapped with lemming isotopic niche.  

Results 

We collected hair samples from 52 lemmings (three from the CNSC and 49 from Nester 

One) and 29 meadow voles (23 from the CNSC and six from Nester One), plus 110 vegetation 
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samples (Table 1.1, A1). Location did not affect plant δ13C (F1,99 = 0.912, p = 0.342) or δ15N 

(F1,99 = 0.001, p = 0.974) as a main effect, and we found no significant interaction between plant 

group and location for δ13C (F4,99 = 1.799, p = 0.136) or δ15N (F4,99 = 0.488, p = 0.744). 

Likewise, location did not affect lemming δ13C (F1,40 = 0.350, p = 0.556), lemming δ15N (F1,40 = 

0.049, p = 0.826), vole δ13C (carbon F1,5 = 0.082, p = 0.786) or vole δ15N (F1,5 =0.386, p = 

0.562). Therefore, samples from both locations were combined for subsequent analyses. Sex was 

recorded in 25 lemmings (8 female, 17 male) and 24 voles (7 female, 17 male). In lemmings, 

sexes did not differ in δ13C (F1,13 = 0.600, p = 0.451) or δ15N (F1,13 = 3.983, p = 0.067). In voles, 

sexes differed in δ13C (F1,18 = 5.387, p = 0.032) but not δ15N (F1,18 = 2.322, p = 0.145; Fig. A1). 

However, as our research question focussed on the whole population, and not dietary differences 

between males and females, we combined both sexes for subsequent analyses.  

 The mean 95% SEAB was 2.815 (95% CI: 2.057 – 3.616) for lemmings and 2.603 (95% 

CI: 1.665 – 3.571) for voles, with 65% of the vole SEAB estimates smaller than lemming SEAB. 

On average, 18% (95% CI: 8-29%) of lemming SEAB overlapped with meadow vole SEAB and 

20% (95% CI: 8-33%) of meadow vole SEAB overlapped with lemming SEAB (Fig. 1.2). Dietary 

proportions of graminoids and herbs were combined a posteriori for both meadow voles and 

lemmings because the two source groups were highly correlated for vole diet (Fig. A2). 

Graminoids and herbs were only a small portion of lemming diet (median = 0.060, CI = 0.001-

0.179) but were the primary food source for meadow voles (median = 0.966, CI = 0.665-0.999). 

However, the isotopic signatures of seven lemmings were more similar to voles, falling near 

graminoids/herbs in isotopic space (Fig. 1.3). Lemmings primarily consumed shrubs (median = 

0.740, CI = 0.626-0.864), whereas <5% of meadow vole diet was composed of shrubs (Fig. 1.4). 

All other plant functional groups only comprised a small portion of lemming and meadow vole 
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diet (Fig. 1.4). The mixing model with shrubs further divided into three subcategories for 

lemmings shows high levels of variability, with no indication that lemmings consume one shrub 

type more than others (Fig. A3). Gelman-Rubin diagnostics indicated successful model 

convergence. The standard deviation for all triplicate samples (n=19) ranged from 0.011 to 

0.626.  

Discussion 

 The minimal dietary overlap between lemmings, which consumed mainly shrubs, and 

meadow voles, which consumed graminoids, suggests the potential for competition between the 

two species for food resources is minimal. These distinct differences in diet suggest that the two 

species may be able to coexist in a low-productivity environment by consuming different 

resources. However, changes in the composition of the vegetative community through climate 

change may result in differences in the dietary proportions of each plant functional group over 

time, potentially leading to greater dietary overlap.  

 Lemming summer diet in our study area was primarily comprised of shrubs, followed by 

lichens, with all other plant groups making up a very small proportion of lemming diet (Fig. 1.4). 

In Zackenberg, Greenland, and NWT, Canada, lemming summer diet is also primarily comprised 

of shrubs (~80%), mostly Dryas spp. and Salix arctica (Bergman and Krebs 1993; Berg et al. 

2008). The remainder of lemming diet consists of graminoids and herbs, with a small portion of 

lichen and moss (Bergman and Krebs 1993; Berg et al. 2008). Similar results were found in the 

High Arctic in Alaska using stomach contents (Batzli and Jung 1980; Batzli and Pitelka 1983), 

although these studies found moss made up a larger proportion of their diet than the Greenland 

study (~7% and ~1%, respectively) (Berg et al. 2008). Secondary plant compounds may explain 

the lack of other food sources in lemming diet, as secondary compounds in the sedge genus 
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Carex decreased the growth of collared lemmings and resulted in enlarged kidneys and livers in 

the lab (Jung and Batzli 1981). One study in Alaska examined resource partitioning in small 

mammals using Bayesian stable isotope mixing models (Baltensperger et al. 2015) and found 

lemmings consumed a larger proportion of herbs and moss than in our study area. These 

observations suggest lemming diet may vary regionally based on differences in moisture levels, 

community composition, and productivity across the Arctic (Gould et al. 2003). 

 Lichens comprised a larger portion of lemming diet (~15%) than generally has been 

found elsewhere (Batzli and Jung 1980; Batzli and Pitelka 1983; Bergman and Krebs 1993; but 

see Baltensperger et al. 2015). Although most previous studies found lichens were not an 

important food source (~0-10%) for lemmings (Batzli and Jung 1980; Batzli and Pitelka 1983; 

Bergman and Krebs 1993), other Arctic herbivores rely heavily on lichens as a food source. For 

example, lichens are the preferred forage of caribou (Rangifer tarandus tarandus), which 

consume lichens year-round, despite more nutritious sources being available in the summer 

(Thompson et al. 2015). Lichen consumption by caribou suggests there may be beneficial 

characteristics of lichens that have yet to be identified. Additionally, lemmings may consume 

lichens unintentionally when eating terrestrial vegetation, particularly low-lying shrubs. 

Alternatively, our results could have been affected by the TDF values we used in our mixing 

model, as these values can impact study results (Bond and Diamond 2011; Swan et al. 2020). No 

TDFs are available for collared lemmings, and the true TDF could potentially differ slightly from 

the value for red-backed voles we used, as we didn’t conduct a feeding study and the size of the 

gastrointestinal tract differs between lemmings and voles (Hammond and Wunder 1995). 

Gastrointestinal tract length may impact the digestibility of certain food sources, potentially 

impacting the TDF value. Mixing models are sensitive to the sources and TDF used (Bond and 
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Diamond 2011; Stock et al. 2018), so while our results for lichen consumption may be explained 

by regional differences in diet or unintentional lichen consumption, potential discrepancies in 

TDFs could also affect these results. 

 Meadow vole diet was primarily comprised of graminoids and herbs (Fig. 1.4). Although 

no other studies have examined meadow vole diet on the tundra, meadow voles and tundra voles, 

which range across northern Eurasia, Alaska, and into northwestern Canada, are similar in size 

(Galster and Morrison 1976) and have similar habitat use, as both species are generally found in 

mesic grassland meadows (Smith and Foster 1957; Batzli and Jung 1980; Adler and Wilson 

1989; Lambin et al. 1992; Ale et al. 2011). These similarities suggest meadow voles could have a 

similar diet to tundra voles, given their size and habitat preferences. Our results are consistent 

with previous studies using stomach and fecal contents of tundra voles, where graminoids make 

up the majority of their diet (Batzli and Jung 1980; Bergman and Krebs 1993). Furthermore, 

tundra vole abundance increases in habitats with increasing Eriophorum angustifolium and 

Carex spp., both of which are graminoids (Batzli and Lesieutre 1991), further suggesting that 

graminoids are an important food source to voles. Previous studies found a larger portion of 

shrubs, moss, and Equisetum in vole diet, however, than in our study (Batzli and Jung 1980; 

Bergman and Krebs 1993; Baltensperger et al. 2015). Diet may vary regionally based on 

resource availability and environment, and because of differences in species interactions. The 

only other studies that examined meadow vole diet using stable isotope analysis, to my 

knowledge, were conducted in more southern regions and did not determine the contributions of 

different plant groups to vole diet (Darling and Bayne 2010; Balčiauskas et al. 2021).  

 Ultimately, lemming diet is comprised primarily of shrubs, while graminoids/herbs make 

up the majority of meadow vole diet, suggesting that, in general, these species have different 



27 

food preferences. In our study area, both species occur at low densities, with less than two 

individuals per hectare during peak years (Ehrich et al. 2020). These distinct dietary preferences 

and low population densities suggest competition for food occurs between collared lemmings 

and meadow voles is unlikely. However, some individuals of each species may compete for 

resources when individual home ranges overlap. Seven lemmings appeared to consume more 

graminoids/herbs than shrubs (Fig. 1.3), potentially explaining the isotopic niche overlap 

between these species, despite their clear differences in diet. Co-existence of boreal and Arctic 

species through resource partitioning has been documented elsewhere. For example, moose 

expanded onto the Arctic and alpine tundra due to shrubification in the 1940s/1950s (Tape et al. 

2016; Christopherson et al. 2019), but competition with the Atlantic-Gaspésie caribou (Rangifer 

tarandus caribou), an Arctic species, was low due to the separation in diet between moose and 

caribou (Christopherson et al. 2019). While there is potential for co-existence among boreal and 

Arctic species, the degree to which species compete may depend on the region and time period, 

as both may influence resource availability and thus consumer diet.  

 Dietary overlap between species may change with climate change as resource availability 

changes. As temperatures rise, the tundra is ‘greening’ (Epstein et al. 2013) with an overall 

increase in shrub density and canopy height, and a decline in lichen and moss abundance 

(Epstein et al. 2004; Walker et al. 2006; Elmendorf et al. 2012; Fraser et al. 2014). Some studies 

have also found an increase in graminoids (Walker et al. 2006; Joly et al. 2007). The Low Arctic 

and sub-Arctic are experiencing the greatest increase in plant biomass (Epstein et al. 2013; 

Hobbie et al. 2017) and canopy height (Walker et al. 2006). In particular, graminoids, herbs, and 

shrubs are increasing in the Low Arctic (Hobbie et al. 2017). With increases in both shrub and 

graminoid abundance in the Low Arctic, the potential for competition between lemmings and 
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voles will remain low in the immediate future. However, the dietary overlap between lemmings 

and voles may change if shrubs or graminoids become more dominant in the future with shifts in 

temperature and precipitation (Van Der Kolk et al. 2016). Additionally, warmer temperatures 

and increasing tree cover may increase red-backed vole and western heather vole populations, 

which are common in the forested region south of our study sites (Smith and Foster 1957; Scott 

and Hansell 1989). Although we have not captured either of these species at our tundra sites (J. 

Roth. unpubl), range expansion with increasing tree cover is possible, and red-backed voles are 

projected to move northward by 2100 (Baltensperger and Huettmann 2015). Thus, changes to the 

vegetative community may result in greater dietary overlap between voles and lemmings, 

potentially leading to competition for resources.  

The results from this study may help further understand the relationship between 

expanding boreal species and native Arctic species. With range boundaries expanding and 

contracting with climate change (Hope et al. 2013; Baltensperger and Huettmann 2015; 

Elmhagen et al. 2015; Pecl et al. 2017), species interactions may change and further constrict 

Arctic species ranges. Future work could build on this study to examine how the degree of 

competition between boreal and tundra small mammal species may change over time. While 

interspecific competition may limit each species’ population abundance or range, apparent 

competition (Holt 1977) may also indirectly impact each species through shared predators. Voles 

and lemmings are the predominant food source for Arctic foxes in our study area (Dudenhoeffer 

et al. 2021). Thus, the increasing presence of voles on the tundra may increase or sustain 

predator populations, thereby predation pressure on both species. Therefore, Apparent 

competition may explain why lemming abundance is declining in regions where they are 

sympatric with voles. Arctic foxes exhibit a numerical response to lemmings (McDonald et al. 



29 

2017), but whether they exhibit the same response for voles is unclear. Future studies that 

address if foxes exhibit a numerical response to meadow voles would help determine if apparent 

competition influences lemming and vole dynamics in regions where they have recently become 

sympatric (Ehrich et al. 2020).  

In conclusion, the impact of poleward range expansion of boreal forest species on Arctic 

species may be mitigated by distinct differences in dietary preferences between boreal and Arctic 

species. However, boreal-Arctic species interactions should continue to be monitored as resource 

availability and species interactions change with climate change, as vole expansion may have 

indirect effects on lemming through shared predators.  
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Tables and Figures 

Table 1.1. Stable isotope ratios and C:N ratios (mean ± SE) of rodent hair and vegetation 

samples collected near Churchill, Manitoba, Canada.  

 

Taxon n δ13C δ15N C:N 

Lemming 52 -25.51 ± 0.07 -0.66 ± 0.29 3.41 ± 0.02 

        Female 8 -25.68 ± 0.11 -0.55 ± 0.52 3.38 ± 0.03 

        Male 17 -25.43 ± 0.14 -1.16 ± 0.42 3.44 ± 0.03 

Vole 29 -26.34 ± 0.11 5.2 ± 0.25 3.36 ± 0.02 

        Female 7 -26.63 ± 0.20 5.77 ± 0.50 3.34 ± 0.03 

        Male 17 -26.26 ± 0.12 5.1 ± 0.33 3.35 ± 0.02 

Equisetum 6 -25.70 ± 0.19 0.13 ± 0.25 28.66 ± 1.47 

Graminoid 17 -27.83 ± 0.20 0.86 ± 0.38 28.31 ± 3.55 

Herb 21 -28.62 ± 0.38 -0.97 ± 0.72 25.89 ± 2.96 

Lichen 16 -24.33 ± 0.40 -4.51 ± 0.65 105.22 ± 7.95 

Moss 20 -27.47 ± 0.40 -1.37 ± 0.37 71.77 ± 7.67 

Shrub 31 -28.84 ± 0.16 -5.36 ± 0.40 30.97 ± 2.13 

        Dryas 12 -29.10 ± 0.17 -4.99 ± 0.59 32.22 ± 1.54 

        Dwarf 6 -29.33 ± 0.50 -7.46 ± 0.93 42.91 ± 8.60 

        Salix 9 -28.32 ± 0.27 -5.26 ± 0.50 24.89 ± 1.47 

 1 
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Figure 1.1. Location of our study area in northeastern Manitoba, Canada, including our sampling 

sites near the Churchill Northern Studies Centre (blue) and Nester One Research Camp (yellow), 

and the Arctic sub-regions.  
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Figure 1.2. Diet breadth of collared lemmings and meadow voles from northeastern Manitoba, 

Canada, based on δ13C and δ15N values of hair. The solid ovals represent the 95% standard 

ellipse area, and the dashed lines represent the convex hull, containing every individual.  
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Figure 1.3. Biplot of collared lemming (black), meadow vole (grey), and source (mean + SD) 

δ13C and δ15N values from northeastern Manitoba, Canada. Source values were corrected for 

trophic discrimination.  
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Figure 1.4. Diet proportions (median) of collared lemmings (n=52) and meadow voles (n=29) in 

northeastern Manitoba, Canada, estimated using MixSIAR. The error bars represent the 95% 

credible intervals. 
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Appendix A. 

Tables A1. Raw stable isotope ratios and C:N ratios of vegetation samples identified to species 

or genus collected near Churchill, Manitoba, Canada. Shrubs were identified into three types, 

Dryas, Salix, and other dwarf shrubs (Betula, Potentilla, and Shepherdia species were excluded 

from the diet analysis with shrubs divided into three categories). Note: Moss samples were not 

identified to species or genus, as well as some graminoid and lichen samples. 

Group Taxon Location δ13C δ15N C:N 

Shrub Arctostaphylos alpina  CNSC -29.6 -7.7 39.7 

  Arctostaphylos alpina  Nester 1 -27.4 -3.9 25.5 

  Betula glandulosa CNSC -29.5 -4.1 23.9 

  Betula glandulosa Nester 1 -27.5 -6.4 22.4 

  Dryas integrifolia CNSC -29.0 -9.3 32.9 

  Dryas integrifolia CNSC -28.9 -0.7 31.7 

  Dryas integrifolia Nester 1 -30.1 -3.5 39.5 

  Dryas integrifolia Nester 1 -29.6 -4.1 38.1 

  Dryas integrifolia Nester 1 -29.3 -4.2 25.1 

  Dryas integrifolia Nester 1 -28.4 -4.5 32.2 

  Dryas integrifolia Nester 1 -29.8 -4.6 34.8 

  Dryas integrifolia Nester 1 -28.9 -4.9 27.8 

  Dryas integrifolia Nester 1 -28.3 -5.2 31.2 

  Dryas integrifolia Nester 1 -29.6 -6.0 40.4 

  Dryas integrifolia Nester 1 -28.4 -6.4 23.8 

  Dryas integrifolia Nester 1 -28.9 -6.4 29.0 

  Potentilla palustris CNSC -27.9 -1.4 29.1 

  Salix arctophila Nester 1 -28.9 -4.4 19.6 

  Salix lanata Nester 1 -28.7 -7.5 21.9 

  Salix reticulata CNSC -28.0 -6.6 29.6 

  Salix reticulata Nester 1 -29.4 -5.9 23.4 

  Salix spp.  CNSC -27.1 -3.5 30.3 

  Salix spp.  CNSC -28.8 -2.9 21.9 

  Salix spp.  CNSC -28.7 -4.7 20.8 

  Salix spp.  CNSC -27.1 -5.7 31.2 

  Salix spp.  Nester 1 -28.3 -6.2 25.3 

  Shepherdia canadensis CNSC -28.9 -2.4 16.4 

  Vaccinium uliginosum CNSC -30.4 -6.6 38.3 

  Vaccinium uliginosum Nester 1 -30.0 -8.2 29.7 

  Vaccinium vitis-idaea CNSC -30.3 -10.9 84.2 

  Vaccinium vitis-idaea Nester 1 -28.2 -7.4 40.1 

Equisetum Equisetum variegatum Nester 1 -25.7 1.2 26.3 

  Equisetum variegatum Nester 1 -25.2 0.3 26.1 

  Equisetum variegatum Nester 1 -25.6 0.2 32.9 
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  Equisetum variegatum Nester 1 -25.3 0.2 24.1 

  Equisetum variegatum Nester 1 -26.5 -0.5 30.8 

  Equisetum variegatum Nester 1 -26.0 -0.5 31.8 

Graminoid Graminoid spp.  CNSC -28.8 0.0 42.8 

  Graminoid spp.  CNSC -28.0 2.6 34.1 

  Graminoid spp.  CNSC -29.0 -0.2 59.5 

  Graminoid spp.  CNSC -28.6 -2.2 65.8 

  Graminoid spp.  CNSC -26.8 2.1 18.2 

  Graminoid spp.  CNSC -27.1 -1.1 20.4 

  Graminoid spp.  CNSC -28.3 3.0 17.2 

  Graminoid spp.  CNSC -27.4 2.1 14.2 

  Graminoid spp.  CNSC -28.8 0.9 22.0 

  Carex aquatilis Nester 1 -27.2 3.0 24.2 

  Carex aquatilis Nester 1 -26.0 2.9 31.2 

  Carex rupestris  Nester 1 -27.9 0.9 23.6 

  Carex rupestris  Nester 1 -28.3 -0.6 20.7 

  Eleocharis palustris Nester 1 -27.9 0.9 21.7 

  Scirpus caespitosus Nester 1 -27.7 -0.2 20.7 

  Scirpus caespitosus Nester 1 -27.5 0.6 23.8 

  Scirpus caespitosus Nester 1 -27.8 -0.1 21.1 

Herb Achillea nigrescens CNSC -31.1 -0.9 29.7 

  Astragalus alpinus CNSC -28.3 0.2 12.9 

  Bartsia alpina CNSC -27.9 -0.2 22.3 

  Bartsia alpina Nester 1 -27.0 -7.0 18.4 

  Epilobium latifolium CNSC -28.5 -3.4 10.4 

  Habenaria obtusata Nester 1 -30.8 0.7 20.6 

  Hedysarum mackenzii CNSC -26.1 -0.2 11.2 

  Orchis rotundifolia Nester 1 -30.8 -0.4 24.0 

  Parnassia palustris CNSC -32.2 -2.7 27.6 

  Pedicullaris laponica Nester 1 -28.3 -8.2 23.6 

  Pedicullaris sudetica Nester 1 -28.2 1.8 12.9 

  Pinguicula vulgaris CNSC -27.9 1.8 23.3 

  Pinguicula vulgaris Nester 1 -29.1 -0.9 28.9 

  Pyrola grandiflora Nester 1 -28.9 -1.4 35.5 

  Rubus chamaemorus CNSC -26.5 1.6 22.5 

  Rubus chamaemorus Nester 1 -28.3 -0.3 21.6 

  Saxifrage oppositifolia CNSC -29.4 -3.9 48.5 

  Saxirage tricuspidata CNSC -30.7 -4.4 71.5 

  Stellaria longipes Nester 1 -28.6 0.4 21.8 

  Tofieldia pusilla CNSC -26.2 -0.4 28.5 

Lichen Cladonia spp. Nester 1 -24.3 -5.0 101.7 

  Flavocetraria nivalis Nester 1 -23.6 -5.9 107.9 

  Flavocetraria nivalis Nester 1 -22.9 -1.1 100.6 

  Lichen spp. CNSC -22.6 -7.3 170.5 

  Lichen spp. CNSC -23.0 -9.8 157.1 
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  Lichen spp. CNSC -22.3 -8.9 118.6 

  Lichen spp. CNSC -26.5 -1.8 97.6 

  Lichen spp. CNSC -26.0 -2.3 59.0 

  Lichen spp. CNSC -25.8 -2.7 50.7 

  Lichen spp. CNSC -22.5 -3.6 117.6 

  Lichen spp. CNSC -26.3 -4.2 91.8 

  Lichen spp. CNSC -26.6 -4.5 80.8 

  Lichen spp. CNSC -22.7 -4.7 108.7 

  Sphaerophorus spp. Nester 1 -25.3 -1.1 75.3 

  Sphaerophorus spp. Nester 1 -23.8 -2.8 109.2 

  Sphaerophorus spp. Nester 1 -25.2 -6.4 136.5 

Moss Hylocomium splendenes CNSC -28.7 -4.1 94.4 

  Moss spp. CNSC -28.2 -1.8 27.0 

  Moss spp. CNSC -27.0 -4.0 84.7 

  Moss spp. CNSC -27.7 -3.4 120.4 

  Moss spp. CNSC -27.4 1.7 13.1 

  Moss spp. CNSC -26.7 -0.6 122.7 

  Moss spp. CNSC -26.0 -1.0 32.0 

  Moss spp. CNSC -25.4 -1.2 88.2 

  Moss spp. CNSC -25.7 -1.2 36.1 

  Moss spp. CNSC -27.3 -1.2 32.7 

  Moss spp. CNSC -24.5 0.5 78.4 

  Moss spp. Nester 1 -25.7 1.6 52.4 

  Moss spp. Nester 1 -28.6 -0.6 91.7 

  Moss spp. Nester 1 -26.6 -0.7 52.2 

  Moss spp. Nester 1 -27.2 -0.7 77.4 

  Moss spp. Nester 1 -31.9 -0.9 36.9 

  Moss spp. Nester 1 -27.3 -1.0 78.5 

  Moss spp. Nester 1 -28.2 -2.2 127.3 

  Moss spp. Nester 1 -30.8 -2.5 95.3 

  Moss spp. Nester 1 -28.9 -4.2 93.9 
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Figure A1. Comparison of collared lemming (orange) and meadow vole (blue) δ15N and δ13C 

values for males and females. Note the different scales for the y-axis. Sample sizes were small 

for each sex and species (vole male: 17, vole female: 7; lemming male: 17, lemming female: 8). 

The whiskers represent the range of the data, with potential outliers (black dots).  
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Figure A2. Matrix plot of δ13C and δ15N for meadow vole diet mixing models. “Other” 

represents Equisetum variegatum. The correlation coefficients increase in font size from weakly 

correlated to strongly correlated. The x and y-axis both represent the proportions. 
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Figure A3. Lemming diet (median) with shrubs divided into Dryas, dwarf shrubs, and Salix 

Error bars represent the 95% credible interval (n=52). 
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Chapter 2: Habitat degradation by an overabundant goose population affects collared 

lemming winter habitat selection 

 

Abstract 

Temperatures in the Arctic are rising at a greater rate than the rest of the globe, 

deteriorating snow quality, which can negatively impact species that rely on the subnivean zone. 

Additionally, anthropogenic food subsidies in the winter range of a migratory species, the lesser 

snow goose (Chen caerulescens caerulescens), has resulted in an exponential increase in goose 

populations in the last 50 years. Overgrazing by snow geese has changed the Arctic ecosystem 

by creating large expanses of unvegetated land. Meanwhile, peak densities of cyclic lemming 

populations are decreasing across the Arctic, potentially due to changes in snow quality and 

species interactions. Lemmings are key herbivores on the tundra and are consumed by many 

predators, so their damped cycles have cascading impacts on the entire terrestrial food web. We 

examined habitat selection of collared lemmings (Dicrostonyx richardsoni) in Wapusk National 

Park using locations of winter nests detected along transects over seven years in a generalized 

additive model. Habitat use and availability were calculated using a habitat map of Wapusk 

National Park. Lemmings showed slight selection for beach ridges in winter, likely due to 

increased snow accumulation on the leeward side, greater access to food resources, and 

accessible nesting material. Additionally, lemmings avoided goose-affected areas where resource 

availability is likely lower. Our results indicate that while changes to snow quality may impact 

lemming populations, habitat degradation by overabundant geese also affects lemming habitat 

selection. Therefore, habitat degradation by overabundant species should be considered as a 

potential driver for changes in species interactions and resulting food web dynamics.  
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Introduction 

Species exhibiting population cycles can have dramatic effects on food web dynamics 

(Ims and Fuglei 2005) by altering predation pressure (O’Donoghue et al. 1998; Ims et al. 2013), 

the reproductive success of predators (McDonald et al. 2017), and resource abundance (Olofsson 

et al. 2012). Monitoring cyclic species is particularly crucial in the Arctic because of the low 

biodiversity within the food web (Ims and Fuglei 2005), resulting in few alternative prey options 

during low years, particularly in winter when migratory species are absent (Krebs et al. 2002). 

Therefore, cyclic species can have profound effects on ecosystem interactions across the food 

web during peak and low years. For example, snowshoe hares (Lepus americanus) exhibit 

population cycles every 9-11 years (Keith and Windberg 1978), and these cycles have been 

extensively studied due to their close relationship with lynx (Lynx canadensis) cycles (Elton and 

Nicholson 1942) and their impact as prey for other predators, including Northern goshawks 

(Accipiter gentilis), great-horned owls (Bubo virginianus), coyotes (Canis latrans), and red foxes 

(Vulpes vulpes) (Krebs 2011). The hare cycle is likely driven both by predation risk and food 

availability (Krebs et al. 1995, 2001; Majchrzak et al. 2022; but see Krebs et al. 2018), 

suggesting changes in hare abundance impacts the vegetative community as well. Therefore, 

snowshoe hare population cycles can strongly affect the entire boreal food web. Population 

cycles are well-document in other Arctic species, including voles (Microtus and Myodes spp.), 

lemmings (Lemmus and Dicrostonyx spp.), and ptarmigan (Lagopus spp.), but some regions in 

the Arctic are experiencing a collapse in population cycles (Ims et al. 2008). 

Lemming population cycles are damping or decreasing in many places in the Arctic, 

potentially due to climate change (Hörnfeldt et al. 2005; Kausrud et al. 2008; Ehrich et al. 2020). 

One hypothesis for damped lemming cycles is decreased snow quality, particularly increased 
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hardness in the basal snow layer (Kausrud et al. 2008; Bilodeau et al. 2013; Domine et al. 2018) 

(Fig. 2.1). Changes in snow quality and duration can negatively affect subnivean species who 

rely on the depth hoar layer by creating a functionally colder winter, as species are exposed to 

cold temperatures for a longer period (Zhu et al. 2019), and by making it more difficult to create 

tunnels to access mates and vegetation (MacLean et al. 1974; Poirier et al. 2019, 2021). High-

quality snow is important as lemmings breed year-round (MacLean et al. 1974; Millar 2001; Gilg 

2002; Ims and Fuglei 2005). With fewer seasonal predators in winter, populations can 

dramatically increase before they emerge from the snow in spring (Fauteux et al. 2015), making 

winter a crucial season for population growth. However, temperatures in the Arctic are rising at a 

greater rate than the rest of the globe (Huang et al. 2017), which decreases snow cover duration 

and extent (Peng et al. 2013) and may increase the number of thaw/refreeze and rain-on-snow 

events (McCabe and Wolock 2010, SWIPA 2017, AMAP 2021). Changes to snow conditions 

may reduce lemming breeding success, and when coupled with decreased overwinter survival 

from increased energy expenditure and exposure to cold temperatures, lemming populations may 

decrease and have a profound impact across the Arctic ecosystem. 

In addition to climate change, lemming cycle damping may be from habitat degradation 

by overabundant goose populations (Samelius and Alisauskas 2009) (Fig. 2.1). Snow geese 

traditionally nest in saltmarshes and primarily feed on the subterranean parts of graminoids 

within the marsh (Lynch et al. 1947; Alisauskas et al. 1988). However, as rice, corn, and wheat 

yields increased from 1950 to 1975 from the use of nitrogen fertilizers, snow goose population 

densities increased, and their winter range expanded into the prairies (Alisauskas 1998; Abraham 

et al. 2005a). As a result of increased food availability due to anthropogenic changes, the 

midcontinent lesser snow goose (Chen caerulescens caerulescens) population has grown 
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exponentially since the 1970s in their winter home range (Robertson and Slack 1995; Alisauskas 

1998; Abraham et al. 2005a). They have been designated as ‘overabundant’ in Canada over the 

past two decades (Canadian Wildlife Service Waterfowl Committee 2022). At their peak 

abundance, the midcontinent snow goose population was estimated to be 19.1 million (Canadian 

Wildlife Service Waterfowl Committee 2022), and as a migratory species, snow geese can 

impact multiple habitats through migratory connectivity (Webster et al. 2002). The midcontinent 

lesser snow goose breeds in the Central and Eastern Canadian Arctic (Abraham et al. 2005a). In 

the Arctic, overabundant geese convert wetlands with sedge meadows to areas with large 

portions of bare ground and moss, lower shrub and graminoid abundance, increased soil salinity, 

and decreased density of seeds in the seed bank (Iacobelli and Jefferies 1991; Chang et al. 2001; 

Milakovic and Jefferies 2003; Sammler et al. 2008; Peterson et al. 2013, 2014; Flemming et al. 

2019b). Grubbing impacts species assemblages in all coastal habitats surrounding the goose 

colony (Abraham et al. 2005b), negatively impacting Arctic species that rely on the same 

resources. Although most research on habitat degradation by overabundant geese has focused on 

its impact on tundra-nesting birds or shorebirds (Rockwell et al. 2003; Sammler et al. 2008; 

Peterson et al. 2014; Flemming et al. 2016, 2019b), goose alterations to tundra habitats may also 

affect small mammals such as lemmings and voles (Samelius and Alisauskas 2009). 

Lemmings represent an important component of the Arctic food web (Ims and Fuglei 

2005), and therefore, it is important to understand the potential factors contributing to their 

decline. Lemming cycles influence numerical and functional responses of Arctic foxes (Vulpes 

lagopus) and some birds of prey (Gilg et al. 2003; McDonald et al. 2017). They also indirectly 

affect shorebirds (McKinnon et al. 2014) and waterfowl through increased predation pressure 

(Bêty et al. 2002; McDonald et al. 2017). Geese and lemmings interact indirectly through shared 
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predators, namely birds of prey and foxes (Bêty et al. 2002; Krebs et al. 2002; Ims and Fuglei 

2005), and resource use. Geese consume the shoots and leaves of graminoids in the 

spring/summer when they arrive at their breeding grounds (Kerbes et al. 1990), while lemmings 

use graminoids to build winter nests in the subnivean layer (MacLean et al. 1974). Without 

access to nesting material, lemming winter reproduction and survival may be limited. Ultimately, 

changes in goose population abundance can profoundly impact lemmings through habitat 

degradation, changes in resource availability, and by altering predation pressure.  

To better understand factors contributing to changes in lemming population cycles and 

abundance, we examined lemming winter habitat selection in the Low Arctic. We hypothesized 

that (1) snow depth and (2) goose habitat degradation influence lemming winter habitat selection. 

We predicted lemmings would select habitats that accumulate greater snow depth because deeper 

snow provides greater insulation against fluctuating ambient temperatures (Pruitt 1970). We also 

predicted that lemmings avoid areas affected by geese, as these areas contain less vegetation for 

food and nesting resources, and for effectively trapping snow. 

Methods 

Study area 

Our study was conducted on the west coast of Hudson Bay near Cape Churchill 

(58°45′N, 94°10′W) within Wapusk National Park, Manitoba, Canada (Fig. 2.2), approximately 

15 km southeast of La Pérouse Bay (LPB) (Sammler et al. 2008). This area is within the Hudson 

Bay Lowlands, the largest contiguous wetland in North America (Macrae et al. 2014). The area 

is comprised primarily of peatland, with upland gravel and sand relict beach ridges formed by 

isostatic rebound, underlain by continuous permafrost (Dredge 1992; Zhang et al. 2012). 

Temperatures in this area are highly influenced by Hudson Bay, which is frozen for 
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approximately seven months per year (Gagnon and Gough 2005). Mean winter temperatures in 

Churchill, MB, ranged from -12.6 ˚C in November to -23.5 ˚C in January across our study’s 

duration (2014-2021) (Environment Canada, 2022).  

In Wapusk National Park, the impact of overabundant goose populations has been 

extensively studied since 1968 (Jefferies et al. 2003). The snow goose population that breeds in 

our study area (the LPB population), which is a part of the midcontinent population (Jefferies et 

al. 2003), increased tenfold from the early 1970s to the late 1990s, from 5 600 individuals to over 

59 000 (Kerbes 1975; Jefferies et al. 2006; Kerbes et al. 2014). By 2006, the population had 

increased to 84 000 (Kerbes et al. 2014) and recently was estimated to be approximately 110 000 

(Rockwell et al. 2011). The LPB goose colony expanded eastward towards the Cape Churchill 

Peninsula and more inland in the 1990s to access greater food resources (Cooch et al. 2001; 

Aubry et al. 2013). Since the 2000s, <1 breeding pair/ha remained in the original core area of 

LPB (Peterson et al. 2014). Apart from snow geese, the Hudson Bay Lowlands is home to 

approximately 200 bird species throughout the summer (Rockwell et al. 2009). Our study area is 

also home to two small mammal species, collared lemmings (Dicrostonyx richardsoni) and 

meadow voles (Microtus pennsylvanicus) (Ehrich et al. 2020). Peak lemming densities have 

declined from 40/ha in the 1930s to 12/ha in the 1990s to less than 2/ha in 2010s (Shelford 1943; 

Roth 2002; Ehrich et al. 2020). In the 1990s, only collared lemmings were captured in our study 

area (Roth 2002), but when trapping resumed in 2010 meadow voles were also captured (Ehrich 

et al. 2020). However, voles appear to remain at low densities based on summer trap data (Ehrich 

et al. 2020). The main predators of geese and small mammals in the summer include Arctic 

foxes, red foxes, and birds of prey (Shelford 1943; Smith and Foster 1957; Roth 2002). 
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Winter nest locations 

Lemmings and voles create nests of dead vegetation during winter (MacLean et al. 1974), 

which are easily located on the tundra after the snow melts (Duchesne et al. 2011a). We located 

nests along 15 transects approximately 2 km in length annually from 2014 to 2021, excluding 

2020. Transects were orientated east and west, generally perpendicular to beach ridges, and were 

separated by 1 km (Fig. 2.2). The northing of the northernmost transect was randomly generated 

each year between 6505000 and 6506000. We recorded the locations of lemming nests observed 

from transect lines with a GPS. Although both lemmings and voles are present on the tundra, we 

assumed all nests found were created by lemmings because of their greater population abundance 

(Ehrich et al. 2020). Since 2010, we have captured 30 lemmings at our long-term live-trapping 

sites, but have only captured five meadow voles (Roth unpubl.), suggesting most of our nests 

belong to lemmings and will be referred to as “lemming nests” hereafter. 

Habitat data 

Nest locations were plotted in ArcMap (version 10.8) over a habitat map of Wapusk 

National Park (Ponomarenko et al. 2014). Our study area contained nine habitat classes: riparian 

tall willow, water/ice, emerging sedge fen/shallow water, coastal low willow, dry Dryas heath, 

moist Rhododendron Dryas heath, unvegetated, and goose-affected severe and mild (see 

Ponomarenko et al. 2014 for a detailed description of the methods used to develop the map and 

the habitat classifications). We combined severe and mild goose-affected habitats because of 

their similarity (referred to as “goose-affected” from here on), and dry Dryas heath and moist 

Rhododendron Dryas heath were also combined. The tops of beach ridges are generally 

unvegetated in early stages but transition into dry Dryas heath over time, and the slopes of beach 

ridges were identified as moist Rhododendron Dryas heath (Brook and Kenkel 2002; 

Ponomarenko et al. 2014). Dry Dryas heath and moist Rhododendron Dryas heath are both 
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largely composed of dwarf shrubs and lichens and it is often difficult to classify the transition 

zone between these two habitats. When assessing the accuracy of each habitat class, moist 

Rhododendron Dryas heath was misclassified 37% of the time, and 77% of the misclassifications 

were classified as dry Dryas heath (Ponomarenko et al. 2014). Therefore, dry Dryas heath and 

moist Rhododendron Dryas heath were combined to improve the map accuracy and called 

“beach ridge” hereafter. Water/ice and wet sedge fen/shallow water were also combined because 

both are largely composed of standing/frozen water, which is not available to be used by 

lemmings and was removed from subsequent analyses. Lastly, coastal low willow and riparian 

tall willow were also combined due to their similarity in species composition (Ponomarenko et 

al. 2014) and are referred to as “coastal willow” from hereon. Overall, our analysis included five 

habitat classes (Table 2.1).  

Data analysis  

We created points along each transect every 5m in ArcGIS and extracted the associated 

habitat class. We assumed each point represented a location available to lemmings, and 5m 

represents the map resolution (Ponomarenko et al. 2014); on average, it is difficult to detect nests 

beyond 7.1 m (Duchesne et al. 2011b). Locations were classified as used or unused based on the 

presence of lemming winter nests, resulting in a ratio of 1:160 for used:unused locations. We 

then used resource selection functions to determine lemming habitat selection (Manly et al. 

2002). We used a hierarchical generalized additive model to evaluate the probability of use of 

each habitat class (Guisan et al. 2002; McCabe et al. 2021), as it allows for a non-linear 

relationship between variables and the inclusion of random effects (see overview by Pedersen et 

al. 2019). Presence or absence is binary, so we used a logit link function. We included habitat 

type as a categorical variable, and when used in logistic regression, categorical parameters are 
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compared to a reference category (Fieberg et al. 2021). We used coastal fen as the reference 

category because it was the most abundant habitat class in our study area. Easting and northing 

were included to account for spatial autocorrelation and were fit with a Gaussian process 

smoothing spline (Simpson 2018). We also included the sample year and transect ID as random 

intercepts to account for unbalanced sample sizes and non-independence for nests located within 

the same year or transect (Gillies et al. 2006; Harrison et al. 2018). Nests located within the same 

year are not independent because weather and nest density varies annually, which may influence 

habitat selection. However, lemming habitat selection is not density dependent (Beckerath et al. 

2021), so habitat selection should not vary by year based on density. Lastly, the model was fitted 

using restricted maximum likelihood (REML) to reduce the likelihood of overfitting (Wood 

2011; Pedersen et al. 2019). The model was run using the function ‘gam’ in the package ‘mgcv’ 

(version 1.8.37; Wood 2011). All analyses were run in R version 4.0.5 (R Core Team 2021).  

We converted the parameter estimates to odds ratios by taking the exponential and 

incorporating availability through integrated intensities (Fieberg et al. 2021). Integrated 

intensities calculate the odds ratio for using one habitat type over another while considering 

habitat availability and other covariates included in the model, i.e., year and transect ID. Values 

<1 indicate avoidance, and values >1 indicate selection of one habitat class over another (Fieberg 

et al. 2021).  

We evaluated the performance of our model using 5-fold cross-validation (Boyce et al. 

2002; Rodríguez et al. 2010). We binned the data by transect ID and space, where the transects 

were grouped along a N-S gradient, with transects in close proximity being binned together. 

Spatial binning by groups provides a more accurate R2 estimate, as randomly dividing the dataset 

tends to overestimate model performance (Roberts et al. 2017). We excluded 21 transects (20%) 
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to generate a training dataset and fit the original model to the remaining 80% of the data. We 

repeated this step five times. Using the coefficients from each model, we predicted the 

probability of habitat selection using the training dataset. We binned the estimates into ten 

quantiles, where one represents a low probability of selection and ten represents a high 

probability of selection. The number of used locations within each bin was counted, and 

Spearman rank correlations were calculated between bin number and the number of used 

locations (Boyce et al. 2002). Spearman rank correlations results were averaged across the five 

models. If the model has high predictive accuracy, the number of used locations and the bin 

number should be highly correlated (Boyce et al. 2002).  

Results 

We recorded 195 winter nest locations: 102 in coastal fen, 4 in coastal willow, 13 in 

goose-affected areas, 60 on beach ridges, and 16 in unvegetated areas. The number of nests 

varied by year (Fig. 2.3), reflecting variation in lemming density over time. The most abundant 

habitat in our analysis was coastal fen (~50%), and the least abundant habitat was coastal willow 

(~5%) and unvegetated areas (~5%) (Fig. 2.4b).  

Lemmings avoided goose-affected areas (β=-1.161, 95% CI= [-1.767, -0.554]) and were 

approximately eight times more likely to use coastal fen (Table 2.2, Table 2.3). Lemmings also 

showed slight avoidance for coastal willow and no selection or avoidance for unvegetated areas 

(Table 2.2). However, when accounting for habitat availability in our study system, lemming 

nests were 25 times more likely to be found in coastal fen than coastal willow and six times more 

likely to be found in coastal fen than unvegetated areas (Table 2.3). Lemmings showed slight 

selection for beach ridges (β=0.372, 95% CI= [0.016, 0.728]) over coastal fen when both habitats 

were equally available. Still, the odds of finding a nest in coastal fen were two times greater than 
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on a beach ridge when accounting for habitat availability (Table 2.3). The average Spearman 

rank correlation coefficient between the bin rank, reflecting the predicted habitat selection 

estimate, and the number of lemming nests per bin ranged from 0.58 to 0.87, with a mean and 

standard error of 0.72 +/- 0.06, suggesting a good model fit.  

Discussion 

Lemmings selected areas with the potential for accumulating greater snow depth, namely 

beach ridges, while avoiding areas that have been degraded by geese (Table 2.2), suggesting 

migratory species, which reside in the Arctic only in the summer, can have year-round impacts 

on Arctic residents. Therefore, Arctic species may not only face challenges with environmental 

changes associated with climate change, but also habitat modification by migratory species 

whose abundance is increasing in other parts of their range.  

Lemmings selected beach ridges over coastal fen, supporting our first hypothesis that 

snow depth influences lemming habitat selection (Fig. 2.1). Topographic relief is minimal in the 

Hudson Bay Lowlands, and even more so in Wapusk National Park (Slaymaker and Catto 2020), 

so any areas with steeper slopes have the potential to trap windblown snow (Domine et al. 

2016a). In our study area, elevated beach ridges run parallel to the coastline (Brook and Kenkel 

2002). Beach ridges may effectively trap snow on the leeward side, resulting in deeper snow than 

coastal fen. Lemming also use areas with topographic features that trap snow in other regions, 

including peat polygon troughs, and areas between hummocks and stream banks (Duchesne et al. 

2011b; Reid et al. 2012; Domine et al. 2016a; Beckerath et al. 2021). Regions that accumulate 

snow faster in fall are more likely to develop a deeper depth hoar, the snow layer predominately 

used by lemmings (Poirier et al. 2019) as it has the lowest thermal conductivity (Domine et al. 

2016b; Poirier et al. 2019) and is the most insulated against Arctic temperatures. Depth hoar 
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generally forms in fall when the temperature gradient between the ground and the ambient 

temperature is the greatest (Dominé et al. 2002). Therefore, it is unsurprising lemmings select 

beach ridges in winter. However, greater snow depth may only be beneficial to a certain depth. 

Duchesne (2011b) found lemmings in the High Arctic favour areas with greater snow depth, up 

to 60cm. Beyond 60cm, the benefit of nesting under deeper snow may be minimal. Deeper snow 

does not offer greater protection from foxes, one of their main predators (Bilodeau et al. 2013), 

and deeper snow (>60cm) may also impede lemming movement by requiring lemmings to dig 

through more hard wind slab layers, thereby increasing energetic costs (Poirier et al. 2021). 

Although we did not have snow depth data, our results show lemmings show slight selection for 

beach ridges, potentially for the snow cover they provide.  

Lemmings may also select beach ridges to access food resources as this habitat class has 

the highest cover of Dryas integrifolia (Brook 2001; Ponomarenko et al. 2014), a preferred food 

for lemmings in the Canadian High Arctic during winter (Bergman and Krebs 1993) and in our 

study area during summer (Chapter 1). In Greenland and Igloolik Island, N.W.T, Canada, 

lemmings also selected areas with a higher proportion of Dryas (Rodgers and Lewis 1986; 

Beckerath et al. 2021). Apart from food resources, beach ridges are located near areas of coastal 

fen, which could provide graminoids for building winter nests. Accessing sufficient nesting 

material is critical for successful reproduction. Nests with actively breeding females or females 

with young are generally larger and more insulative (MacLean 1974), thus requiring greater 

access to graminoids. Overall, lemmings may select beach ridges because they may provide 

access to deeper snow, increased food resources, and to access nesting materials.  

In Greenland, lemmings select areas with a higher proportion of Salix spp., where snow 

accumulation is greater (Schmidt et al. 2021). However, our results show moderate avoidance of 
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coastal willow, which is dominated by Salix spp. (Table 2.1). These results are surprising 

because Salix comprises over 80% of collared lemming winter diet in Nunavut, CA (Soininen et 

al. 2015), and was also a preferred food source for lemmings in our study area in summer 

(Chapter 1). Lemming avoidance of coastal willow is also unexpected because shrubs effectively 

trap snow (Domine et al. 2016a; Schmidt et al. 2021), resulting in deeper snow conditions, which 

we predicted lemmings would select for. However, snow accumulation often does not surpass 

the top of the shrubs (Domine et al. 2016a), and most of the coastal willow habitat in our study 

area is compromised of low to medium height shrubs (Fig. 2.4a), with only a small portion of tall 

shrubs (Table 2.1). Additionally, in spring, areas with shrubs are the first to melt due to their 

decreased albedo compared to snow (Domine et al. 2016a), and the coastal willow habitat class 

in our area is prone to flooding (Ponomarenko et al. 2014). Because our study site in the Hudson 

Bay Lowland has minimal topographic relief and many ponds and lakes (Slaymaker and Catto 

2020), flood risk may be greater than in other regions in the Arctic. Spring flooding may wash 

away nests created in the winter, impeding nest detection in the summer. Thus, lemmings may 

select coastal willow habitat in the winter, but we are unable to detect nests in this habitat in the 

summer due to flooding.  

Habitat degradation by an overabundant goose population has affected lemming habitat 

selection (Table 2.2). Geese positively impact the ecosystem when the population size is below 

the environment’s carrying capacity by increasing nutrient deposition in the soil through 

defecation (Walker et al. 2003). However, when geese are overabundant, they negatively impact 

the environment through overgrazing, altering the soil chemistry and preventing the vegetation 

from regrowing (Iacobelli and Jefferies 1991; Srivastava and Jefferies 1995; Jefferies et al. 2003; 

Peterson et al. 2013). Our results show lemmings avoid goose-affected areas, supporting our 
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second hypothesis, that habitat degradation by geese influences lemming winter habitat selection 

(Fig. 2.2). Goose-affected areas have lower graminoid cover (Peterson et al. 2013), potentially 

reducing lemmings’ access to nest material. It is unlikely that lemmings would successfully 

reproduce without nest material, thereby limiting population growth. Reduced graminoid 

abundance may also potentially impact lemming winter diet, but the effect is likely minimal, as 

graminoids only make up approximately 10% of lemming winter diet (Bergman and Krebs 1993; 

Soininen et al. 2015). Lastly, while graminoids are not very effective at trapping windblown 

snow (Domine et al. 2016a), they are likely more effective than sparsely or unvegetated areas, 

suggesting the overall decrease in graminoids may explain why lemmings avoid this habitat. 

Similar results were found in Karrak Lake, NU, Canada, where lower lemming abundance in 

goose-affected areas was primarily attributed to habitat degradation, particularly the loss of 

graminoids, because lemming abundance only decreased in a lowland colony where graminoids 

were more prevalent (Samelius and Alisauskas 2009). Lemming abundance did not decrease in 

an upland goose colony with a naturally lower proportion of graminoids, compared to sites 

located >5 km away, which would be expected if lemming abundance was related to predation 

risk (Samelius and Alisauskas 2009). It is also more likely that geese indirectly impact lemmings 

negatively through habitat degradation than through apparent competition because foxes do not 

respond numerically to variation in goose abundance in our study area (McDonald et al. 2017). 

Ultimately, lemmings likely avoid goose-affected areas as they provide fewer nest materials and 

potentially lesser snow quality. 

Effects of habitat degradation have been observed over 30 years after goose populations 

drastically increased in La Pérouse Bay (Peterson et al. 2013). Some revegetation in the area is 

possible, but the extent is spatially dependent on soil conditions and grazing pressure (Handa et 
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al. 2002). Similarly, in other areas within the Hudson Bay Lowlands (~1000 km southeast of La 

Pérouse Bay), a small portion of vegetation has recovered (Kotanen and Abraham 2013). 

However, in most degraded areas, large patches of barren land still remain over a decade after 

geese have vacated the area (Handa et al. 2002; Peterson et al. 2013). Additionally, when 

vegetation can recover, it is generally to a much lesser extent than historically (Kotanen and 

Abraham 2013), suggesting it may be insufficient to support species that previously inhabited the 

region. For example, although snow geese largely left LPB in 1990s and the vegetation has had 

decades to recover, savannah sparrow (Passerculus sandwichensis) nest occurrence has still not 

recovered to pre-1990s levels (Peterson et al. 2014). Geese have already impacted ~20% of our 

study area (Fig. 2.4), and, given the slow recovery time of the ecosystem to habitat degradation, 

it is likely the amount of this habitat in our area impacted by geese will increase and have lasting 

effects on local species.  

In conclusion, this research demonstrates two key aspects of lemming winter habitat 

selection. Firstly, lemmings select beach ridges, likely because they offer greater snow depth 

than the surrounding habitats and access to nest and food resources. Although coastal willow 

habitat may offer similar benefits, nest detection in summer may be limited due to spring 

flooding, suggesting lemmings may still select coastal willow habitat. Secondly, lemmings avoid 

areas degraded by geese. The impact of goose habitat degradation on sympatric species has been 

extensively studied (Milakovic and Jefferies 2003; Rockwell et al. 2003; Sammler et al. 2008; 

Peterson et al. 2014; Flemming et al. 2019b), but few studies have focused on lemmings 

(Samelius and Alisauskas 2009), particularly in winter. Winter is the primary driver of seasonal 

variation in brown lemming (Lemmus lemmus) abundance (Fauteux et al. 2015), suggesting 

winter is arguably the most important season for lemming reproduction. While lemmings show 
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slight selection for areas with deeper snow, the negative response to goose habitat degradation is 

stronger. Therefore, reducing lesser snow goose populations may protect lemming winter habitat. 

However, with the slow recovery from goose overgrazing in the Arctic ecosystem, lemming 

populations may have a difficult time recovering, even with a severe reduction in lesser snow 

goose populations. Overall, this research highlights the need to monitor changes in species 

interactions through habitat degradation, as the overall impact may have cascading effects across 

the entire ecosystem. For example, snowy owls (Bubos scandiacus), a lemming specialist, nest 

density greatly increases in certain regions in the Arctic during peak years (Gauthier et al. 2004, 

Therrien et al. 2014), but they have almost ceased to breed in regions in Greenland where 

lemming cycles have collapsed in periodicity and density (Schmidt et al. 2012). Thus, if 

lemming population densities continue to decline due to habitat degradation, other herbivores, 

including snow geese, may experience reduced predation pressure. With fewer avian predators, 

geese populations may increase, leading to further habitat degradation. Alternatively, predators 

may consume more alternative prey sources, including geese, which has been observed in 

lemming low years (Bêty et al. 2002); Gauthier et al. 2004), potentially regulating the goose 

population. Therefore, continued monitoring of lemming and geese populations is necessary to 

understand not only how the two species may interact indirectly, but to also predict how other 

species may respond to changes in lemming and goose abundance.  
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Tables and Figures 

Table 2.1. Description of the habitat classifications in our study area (see Ponomarenko et al. 

2014). The beach ridge category is a combination of moist Rhododendron Dryas heath and dry 

Dryas heath. Goose affected is a combination of goose affected mild and severe. 

Habitat Description 

Goose Affected 

Characterized by non-vegetated peat, short sedge vegetation, and shallow 

ponds. Signs of erosion with exposed organic substrate. Occasional patches 

of tall grasses and hummocks with shrubs.  

Coastal Fen 

Dominated by sedges. May periodically be flooded with water. Few shrubs, 

but when present, includes Salix sp. and Betula grandulosa. Generally found 

between beach ridges.  

Unvegetated 
Located along raised beach ridge and the intertidal region. Very little to no 

vegetation present.  

Beach Ridge 

Dominated by dwarf shrubs and lichen, including Dryas integrifolia,  

Saxifraga tricuspidata, and Rhododendrom lapponicum. Other shrubs 

include Empetrum nigrum, Vaccinium uliginosum, Ledum decumbens, Salix 

reticular, Sheperdia canadensis, and Betula grandulosa. Herb species 

constitute a minor component. Generally found on top of and the slopes of 

beach ridges.  

Coastal Willow 

Dominated by low, medium, and tall willows (Salix spp.), with Dryas 

integrifolia in the dwarf shrub layer. Betula grandulosa may also be present. 

Generally located along or near pond/lake edges. Prone to flooding or was 

historically covered by water. Bottom layer composed of various herbs and 

graminoids.  
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Table 2.2. Results of the generalized additive model examining winter habitat selection by 

lemmings in Wapusk National Park, Canada, with coastal fen as a reference category.  

Habitat Estimate SE Z-value p CI 

Coastal Willow -1.027 0.524 0.524 0.050 (-2.053, -0.000) 

Goose Affected -1.161 0.310 0.310 <0.001 (-1.767, -0.554) 

Beach Ridge 0.372 0.182 0.182 0.041 (0.016, 0.728) 

Unvegetated 0.352 0.312 0.312 0.259 (-0.259, 0.964) 

Smooth terms edf Chi-square p   

Easting, Northing 34.241 82.9 <0.001   

Year 4.706 381.6 0.016   

Transect 49.720 159.9 0.002   
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Table 2.3. Odds ratios of winter habitat use by lemmings in Wapusk National Park using 

integrated spatial intensities. Odds ratios were adjusted for habitat availability and random 

effects (year and transect ID), following Fieberg et al. (2021). Each value is the odds of using the 

habitat class in the row over the habitat class in the column. Values <1 indicate a lower 

probability of use and values >1 indicate a higher probability of use. 

  

Habitat Coastal Fen Coastal Willow Goose Affected Beach Ridge Unvegetated 

Coastal Fen   25.275 7.806 1.825 6.372 

Coastal Willow 0.040   0.309 0.072 0.252 

Goose Affected 0.128 3.238   0.234 0.816 

Beach Ridge 0.548 13.850 4.278   3.491 

Unvegetated 0.157 3.967 1.225 0.286   
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Figure 2.1. Potential hypotheses explaining lemming population decline in northeastern 

Manitoba, Canada. H1: rising Arctic temperatures reduce snow quality, which decreases winter 

survival and thus lemming abundance. H2: habitat degradation by geese reduces availability of 

high-quality habitat for lemmings, thereby reducing lemming population abundance. 
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Figure 2.2. Map of our study area within Wapusk National Park (inset), Canada, including 

transect locations in one year (2021) and winter nest locations from all years. Blue represents 

water and the habitat categories used for this project are represented by shades of grey. 
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Figure 2.3. Total number of lemming winter nests observed from 2014-2021. Nests were located 

on 15 2-km transects annually. Travel restrictions during the pandemic prevented data collection 

in 2020. 
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Figure 2.4. Proportion of all used (orange) and available (blue) habitats in our study area (mean 

+ std err), considering (A) all available habitat classes and (B) habitat categories used in our 

study, where we combined goose affected severe and mild, riparian tall willow and coastal low 

willow, as well as moist Rhododendron Dryas heath and Dryas heath due to their similarities. 

Results are averaged across seven years.  

A. 

 

B. 
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Thesis Conclusion 

In this thesis, I examined potential factors limiting lemming population growth. In my 

first chapter, I used Bayesian mixing models to calculate the dietary proportion of plant 

functional groups (graminoids, herbs, Equisetum, shrubs, lichen, and moss) in lemming and vole 

diets. I also used the 95% Bayesian standard ellipse area to calculate the dietary overlap between 

meadow voles and collared lemmings and vice versa. My results suggest meadow voles and 

lemmings coexist on the tundra dietary differences, where lemmings consume mostly shrubs, 

particularly Salix spp. and Dryas integrifolia, and voles consume mostly graminoids and herbs. 

While there is some overlap between individual lemmings and voles, the overall population 

shows minimal dietary overlap. The low dietary overlap between the two species suggests it is 

unlikely that competition for food resources between lemmings and voles is a potential driver for 

lemming cycle damping. However, the degree of dietary overlap between lemmings and voles 

may change with climate change. Graminoid and shrub abundance are increasing on the tundra 

(Walker et al. 2006; Heijmans et al. 2022), but over time, depending on changes in temperature, 

precipitation, and permafrost thawing, shrub or graminoid abundance will be favored, providing 

a substantial food resource for either lemmings or voles (Van Der Kolk et al. 2016).  

My second chapter focused on understanding lemming winter habitat selection based on 

winter nest locations over seven years. I used a hierarchical generalized additive model to 

determine lemming habitat selection compared to the most common habitat in our study area, 

coastal fen. My results suggest that lemmings select areas where there is greater potential for 

snow accumulation, namely beach ridge areas, and avoid areas that have been impacted by 

geese. Ultimately, habitat degradation by snow geese may impact lemming habitat selection. 

Alternatively, snow geese also reduce graminoid cover (Peterson et al. 2013), the main food 
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source of meadow voles, and may therefore limit meadow vole expansion as well and reduce any 

potential future stressors on lemmings.  

Overall, multiple factors may limit lemming population growth in our study area. First, as 

lemmings show slight preference for areas that are likely to have greater snow accumulation, 

climate change may limit the habitat available to them in winter. Additionally, increasing snow 

hardness from melt-freeze makes it more difficult for lemmings to traverse through the 

snowpack layers (Poirier et al. 2021). Increased energy expenditure for locomotion decreases 

energy for reproduction, thus changing snow conditions may limit lemming population growth. 

Secondly, while currently meadow vole and lemming diets do not overlap, there is potential in 

the future that dietary overlap may increase with changes in resource availability due to climate 

change (Van der Kolk et al. 2016). Lastly, habitat degradation by overabundant snow geese 

populations limits habitat and resource availability for lemmings. Ultimately, a combination of 

decreasing snow quality, competition with sympatric species, and limited resource availability 

may influence lemming population abundance.  

In conclusion, while there is no documented overall trend in declining lemming 

populations across the Arctic (Ehrich et al. 2020) despite climate change, the results from this 

thesis outline potential factors to monitor in the future. In the Arctic, many goose populations are 

continuing to increase (Fox and Leafloor 2018), suggesting the area of goose impacted areas will 

increase. Additionally, boreal forest small mammal ranges are expected to expand northward 

(Hope et al. 2013). Shifting small mammal distributions and increasing goose abundance may 

further alter species interactions in the Arctic. Changes in species interactions can negatively 

impact Arctic species, which already face range contractions due to climate change (Virkkala et 

al. 2008; Niskanen et al. 2019). As a key herbivore in the Arctic and an intricate part of the food 
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web (Ims and Fuglei 2005; Krebs 2011), lemming population decline could be detrimental to the 

Arctic ecosystem. Thus, it is important to understand factors that may impact lemming 

populations in the future. Additionally, continued long-term monitoring programs are crucial to 

understanding the impacts of climate change in the Arctic and the results from this thesis can be 

used as a baseline to understand changes in lemming diet and winter habitat use over time.  
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