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Park and Preserve, Alaska. The implications of height-
specific cover of potential forage and non-forage vegeta-
tion on burrowing behaviour and habitat suitability for arc-
tic ground squirrels were investigated using hierarchical 
Bayesian modelling. Increased cover of forbs was associ-
ated with more burrows and burrow systems, and higher 
activity of systems, for all forb heights. No other potential 
forage functional group was related to burrow distribution 
and activity. In contrast, height-dependent negative effects 
of non-forage vegetation were observed, with cover over 
50-cm height negatively affecting the number of burrows, 
systems and system activity. Our results demonstrate that 
increases in vegetation productivity have dual, potentially 
counteracting effects on arctic ground squirrels via changes 
in forage and vegetation stature. Importantly, increases in 
tall-growing woody vegetation (shrubs and trees) have 
clear negative effects, whereas increases in forb should 
benefit arctic ground squirrels.

Keywords Climate change · Predation risk · Shrub 
encroachment · Shrubification · Vegetation structure

Introduction

Changing climate is leading to substantial vegetation 
changes in many arctic and northern alpine ecosystems. 
Responses of arctic vertebrates to recent climate warming 
have been difficult to identify, and the influence of indirect 
responses has been stressed (Gauthier et al. 2013). For arc-
tic herbivores, climate can have effects on populations via 
altered forage dynamics (Post and Forchhammer 2008). 
However, interactions with forage can be further modified 
by other components of environmental change such as for-
age accessibility [e.g. through icing events (Hansen et al. 

Abstract Increases in terrestrial primary productivity 
across the Arctic and northern alpine ecosystems are lead-
ing to altered vegetation composition and stature. Changes 
in vegetation stature may affect predator–prey interac-
tions via changes in the prey’s ability to detect predators, 
changes in predation pressure, predator identity and preda-
tor foraging strategy. Changes in productivity and vegeta-
tion composition may also affect herbivores via effects on 
forage availability and quality. We investigated if height-
dependent effects of forage and non-forage vegetation 
determine burrowing extent and activity of arctic ground 
squirrels (Urocitellus parryii). We collected data on bur-
row networks and activity of arctic ground squirrels across 
long-term vegetation monitoring sites in Denali National 
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2011)], and interactions with pests and predators (Sharma 
et al. 2009). Physical vegetation structure can have major 
effects on predator–prey interactions (Kauffman et al. 
2007). These effects could all lead to changes in herbi-
vore abundance, distribution, and further associated eco-
logical impacts with changing arctic and northern alpine 
vegetation.

Widespread increases in primary terrestrial productiv-
ity are occurring across the Arctic and northern latitudes, 
associated with rapid warming (Jia et al. 2003), and further 
increases in primary productivity are projected (Epstein 
et al. 2004). Increasing primary terrestrial productivity in 
tundra habitats is associated with changes in plant stature 
and community composition (Henry et al. 2012). In par-
ticular, local expansion of shrub cover has been observed 
(Sturm et al. 2001; Myers-Smith et al. 2011) and northward 
expansion of shrub cover is projected in many locations 
(Pearson et al. 2013). Large herbivores can alter the trajec-
tories of vegetation communities under change (Blinnikov 
et al. 2011; Willerslev et al. 2014). In the Arctic, two dif-
ferent trajectories are observed. In some ecosystems, shrub 
expansion occurs and above-ground biomass increases, 
whereas in others herbivory moderates biomass increases 
and shrub expansion (Post and Pedersen 2008; Olofsson 
et al. 2009; Zamin and Grogan 2013; Ravolainen et al. 
2014). The ability of vertebrate herbivores to reduce local 
biomass and suppress canopy-forming shrubs may depend 
a number of interlinked factors. These include the produc-
tivity of the environment and any allochthonous inputs to 
the system, the dynamics and interactions between predator 
and prey populations, and the level of herbivore regulation 
by predators (Oksanen 1983; Batzli et al. 1980; Aunapuu 
et al. 2008; Gauthier et al. 2011; Hoset et al. 2014). As 
semi-domesticated reindeer can suppress shrub (Olofsson 
et al. 2009), humans may therefore also influence herbivory 
processes through herding practices. These processes will 
contribute to ecosystem trajectories and future dynamics in 
above-ground biomass, plant species composition and can-
opy-forming shrub cover.

Which of these two trajectories occurs could have major 
impacts on the entire community. Expansion of woody spe-
cies can alter the composition of vertebrate fauna, from 
assemblages more associated with open habitats to assem-
blages typical of boreal forest (Sokolov et al. 2012). Alpine 
and arctic small herbivores may be negatively affected by 
changes in vegetation stature associated with warming-
driven productivity increases via effects on predation. Veg-
etation change may alter predator–prey interactions via 
a number of mechanisms. Firstly, some prey species rely 
on high visibility for predator detection (Blumstein et al. 
2006) and open escape routes (Schooley et al. 1996). Sec-
ondly vegetation stature can affect the type of predator, 
predator foraging strategy (Gillis et al. 2005a), or predator 

density. Tall vegetation may, however, also have positive 
effects by providing cover for foraging herbivores (Hannon 
et al. 2006).

Small herbivores may benefit from increased produc-
tivity if forage quality or quantity is improved (Bennett 
1999; Byrom et al. 2000), or experience negative effects if 
favoured forage species are less abundant under commu-
nity changes. Changes in potential forage functional groups 
may occur both with warming and associated with changes 
in shrub cover. Trends in cover of herbaceous plants appear 
highly contingent on local factors (Elmendorf et al. 2012; 
Gough et al. 2012). This variety of vegetation effects may 
have complex interplays. In Uinta ground squirrels (Uroci-
tellus armatus, Kennicott 1863), shrubs may have antago-
nistic effects as both visual obstructions and as beneficial 
cover, with the result that effects on forage are likely to 
determine the net effect on the squirrels (Hannon et al. 
2006). Understanding the contributions of these different 
roles of vegetation stature and forage to the distribution 
and local abundance of alpine and arctic small herbivores is 
key to understanding the likely impacts of future vegetation 
change.

Arctic ground squirrels (Urocitellus parryii, Richardson 
1825) are distributed broadly across arctic and northern 
alpine areas. Their densities and distribution may be sub-
stantially affected by changes in forage and vegetation stat-
ure. Changes to their density may result in feedbacks to the 
ecosystem state, due to the ecosystem effects they impose 
via extensive burrowing and as prey to many avian and 
terrestrial predators (Wheeler and Hik 2013). Compara-
tive survival and density trends at boreal, shrub-dominated 
and more open alpine tundra sites show characteristics of 
source-sink dynamics, and elevated predation risk in sites 
with taller vegetation may underlie these site differences 
(Gillis et al. 2005a; Donker and Krebs 2011, 2012; Wheeler 
2012). However, experimental food enrichment and subse-
quent population trends after cessation of enrichment sug-
gest that forage may also play an important role in popu-
lation dynamics (Byrom et al. 2000; Karels and Boonstra 
2000). Previous studies suggest that both food and preda-
tors limit population sizes in boreal forest habitat, whereas 
studies in alpine tundra have highlighted food and territo-
riality as most important for population size (Batzli et al. 
1980; Byrom et al. 2000; Karels and Boonstra 2000; Karels 
et al. 2000). At the ecosystem level, support for the eco-
system exploitation hypothesis has been found in northern 
habitats (Aunapuu et al. 2008). This hypothesis suggests 
that the role of predator regulation should increase with 
increases in productivity. By assessing the relative role of 
vegetation as potential forage and vegetation structure via 
its effects on visibility and consequently predation risk, we 
explore the role of these processes in determining habitat 
quality.
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In this study, the effects of vegetation composition and 
stature upon the burrowing activity of arctic ground squir-
rels were investigated in an area undergoing vegetation 
change. In Denali National Park and Preserve, the upslope 
advance of tree line by 150-m elevation was documented 
between 1953 and 2005, accompanied by local increases in 
tree density (Stueve et al. 2010), indicating the movement 
of lower elevation vegetation communities to higher eleva-
tions. Our objectives were to:

1. Identify key plant functional groups that constitute 
important forage by evaluating if burrowing was likely 
to be more extensively associated with cover of poten-
tial forage functional groups (graminoids, forbs, dwarf 
shrub and shrub).

2. Assess the effect of non-forage and forage vegetation 
on burrow distribution and activity. In particular, we 
predicted more extensive burrowing and greater activ-
ity in areas of higher cover of preferred forage. We 
predicted that the effect of non-forage cover would 
depend on the relative role of cover in providing shel-
ter and safety versus obscuring visibility. We predicted 
that greater non-forage cover would be associated with 
increased burrowing and activity if cover provided 
shelter and safety, but decreased burrowing and activ-
ity if non-forage cover increased predation risk, or that 
there might be trade-offs between these two opposing 
effects.

3. Investigate how vertical vegetation height affects the 
influence of forage and non-forage vegetation upon 
burrow distribution and activity; in particular whether 
negative effects of cover were greater when vegeta-
tion was taller. This will improve our understanding 
of the pressures that will influence landscape response 
of this species to vegetation changes. Specifically, the 
response of burrowing distribution and activity to veg-
etation are documented as an indicator of occupancy, 
habitat quality and the extent of the ecosystem role of 
arctic ground squirrels as bioturbators.

Materials and methods

Study species

Arctic ground squirrels are a colonial burrowing rodent, 
distributed across northern Canada, Alaska and east-
ern Siberia. Squirrels are active from April/May to until 
August/September and hibernate for the rest of the year 
(Buck and Barnes 1999a). Squirrels can reach up to 1.1 kg 
in mass (Morrison and Galster 1975) and mass varies con-
siderably throughout the active season (Buck and Barnes 
1999). Arctic ground squirrels occur in alpine and arctic 

tundra, shrub-tundra, shrub, boreal forest and meadow hab-
itats; reported densities vary from 0.1 to 16 squirrels per 
hectare (Wheeler and Hik 2013). Although broadly gen-
eralist in their diet, evidence from caching behaviour and 
stomach contents suggests there is a degree of selectivity in 
foraging, with particular avoidance of evergreen shrub and 
lichen (Batzli and Sobaski 1980; Gillis et al. 2005b). Diet 
at one site varied seasonally, with a preference for forbs 
in the middle of the active season and more varied diet at 
the start and end. This broad diet at the start and end of the 
active season may reflect changing forage availability in the 
short active season, driven by snow cover and senescence 
(Batzli and Sobaski 1980).

Arctic ground squirrels are prey to a wide range of both 
terrestrial and avian predators including arctic foxes (Vulpes 
lagopus), red foxes (Vulpes vulpes), coyotes (Canis latrans), 
lynx (Lynx canadensis), grizzly bears (Ursus arctos), golden 
eagles (Aquila chrysaetos), goshawks (Accipiter gentilis), 
great horned owls (Bubo virginianus) and gyrfalcons (Falco 
rusticolus) (Wheeler and Hik 2013). Predation can contrib-
ute substantially to active season mortality [e.g. of juveniles 
(Byrom and Krebs 1999)] and differences in predation risk 
may explain some of the temporal and spatial variation in 
active season survival and reproduction (Gillis et al. 2005a; 
Donker and Krebs 2011). Winter survival has been found 
to vary between boreal forest and alpine tundra sites (Gillis 
et al. 2005a), but did not differ between sites across a shrub 
to alpine tundra ecotone (Wheeler 2012). In winter, snow 
accumulation appears important for insulation of hibernac-
ula (winter hibernation burrows) and arctic ground squirrel 
survival as ground squirrels select areas with warmer soil 
temperatures (Buck and Barnes 1999b).

Study site

Sampling was conducted in the northeastern region of 
Denali National Park and Preserve, south-central Alaska, 
USA (63°41′N, 150°25′W), co-located with long-term 
vegetation monitoring plots (details in Roland et al. 2012) 
sampled between mid June and early August 2006–2012. 
Within this design, a systematic grid with random start 
spans a 12,800-km2 area of the park, with nodes spaced 
every 20 km and additional nodes added at 10-km inter-
vals in certain cases. At each node, a nested sampling grid 
is located with sampling stations in a five by five arrange-
ment and each station separated by 500 m. Selection of 
stations for this study was determined by hiking acces-
sibility due to the remote nature of the park, and encom-
passed 34 sampling stations across six different grids with 
5.7 ± 1.3 stations sampled per grid (Supplementary mate-
rial S1). All burrow recordings were made between 13 and 
29 June 2013. Although the vegetated areas of the park 
cover a wide range of habitat types, from boreal forest at 
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lowest elevations to high tundra at higher elevations, only 
sampling stations in shrub tundra and alpine tundra habi-
tats were used in this study. These stations were located 
between 903 and 1,454-m elevation.

Vegetation cover and abiotic data

Plot slope, plot equivalent latitude and soil depth were 
measured at every sampling station as part of long-term 
monitoring (Roland et al. 2004). Plot slope was measured 
as the slope across the 16-m diameter of the plot. Plot equiv-
alent latitude (θ′) was used as a measure of potential solar 
isolation to the land surface, calculated from a combination 
of latitude (θ), slope (k) and aspect (h) using the following 
formula (Dingman and Koutz 1974; Densmore 2008):

Plot soil depth was the mean of 16 soil-depth measure-
ments derived by insertion of a steel tile probe into the 
ground surface.

Vegetation data

Percent cover of vegetation functional groups in 0–30-, 30–50-
cm and greater than 50-cm above-ground vertical height strata 
were calculated. Vegetation sampling was conducted along 
two perpendicular 16-m transects running east–west and 
north–south across the centre of the sampling station. Along 
each transect, vegetation cover was assessed every 50 cm 
(Roland et al. 2004). Cover in 0–10, 10–20, 20–30, 30–50, 
50-cm to 1, 1–1.5, 1.5–2, 2–3 m. 3–4-m and over 4-m above-
ground height categories were recorded. In order to estimate 
cover, a pin was dropped from 1.5 m to the ground surface, 
and vegetation was viewed through a point densitometer 
above this level. Proportional plant cover for each height stra-
tum was derived by dividing the number of vegetation ‘hits’ 
in a stratum by the number of transect stations (with the result 
expressed as percentage cover by stratum). Species were com-
bined by functional groups to obtain cover at this level.

Cover which did not contribute to vertical structure, 
such as moss and lichen, was excluded from the non-forage 
category. As standing dead material can also contribute to 
cover, this was included in the non-forage category. The 
final groups included in the non-forage category (excluding 
forb, graminoid or shrub and dwarf shrub, which were only 
included in models where they were not included as forage) 
were: fern, horsetail, lycophyte, tree, dead forb, dead tree, 
woody debris and dead shrub.

Burrowing metrics

Three burrowing metrics were estimated at each sampling 
station to reflect the local burrow networks and activity of 

θ ′ = sin−1 (sin k cos h cos θ + cos k sin θ).

arctic ground squirrels at each location. The total number 
of burrow entrances within 30 m of the plot centre was 
recorded. Next, the total number of burrow systems was 
recorded; this was estimated as the number of collections 
of burrow entrances connected by burrows that had no 
more than 3 m between them. A distance of 3 m between 
burrows was considered appropriate based on descriptions 
of arctic ground squirrel behaviour and apparent female 
rejection of more distant burrows (Carl 1971) and map-
ping of underground connections for arctic ground squirrels 
(Batzli and Sobaski 1980) and similar species [e.g. Rich-
ardson’s ground squirrel, Urocitellus richarsonii (Ovens 
2011)]. Both metrics were recorded independently by two 
observers. One observer also recorded the number of bur-
rows in each system and the activity status of each system. 
Burrow systems were recorded as ‘active’ if arctic ground 
squirrel faeces were present or there was evidence of fresh 
squirrel digging.

Modelling of burrow networks and activity

This study aims to analyse the three response variables: the 
number of burrows, the number of systems, and the number 
of active systems. These variables are not independent from 
each other: the total number of burrows at a site is related 
to the number of systems and the mean number of burrows 
per system and the total number of active burrows are, in 
part, determined by the total number of burrows at a site. 
This dependence between the variables describing the bur-
rowing characteristics of the ground squirrels obscures the 
amount of inference that can be drawn from many standard 
forms of statistical analysis. For example, the observation 
that there are more burrows in one location over another 
could be explained by an increase in the number of sys-
tems or by there being more burrowing in each system. To 
facilitate the disentangling of the separate environmental 
effects on each of these variables we developed a hierar-
chical model (see Fig. 1 for a graphical overview) linking 
each of the response variables of interest to the environ-
mental and floral characteristics of the area. This hierarchi-
cal model had three submodel components: the system den-
sity and burrow density submodels, and the burrow activity 
submodel.

System density submodel

The following linear submodel was constructed to relate 
the mean number of systems at a site to an n × ds matrix 
(where the mean number of systems present at site i as is 
defined as msi n represents the number of sites, and ds rep-
resents the number of covariates for the system density sub-
model) of environmental and vegetation covariates, Cs, and 
the column vector (of length ds) of model coefficients, βs:
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Here, the covariate matrix Cs contains one row for 
each of the n sites with each column containing the 
value of the relevant covariate. This covariate matrix 
can contain columns of polynomial terms of the covari-
ates and also included an intercept term through the use 
of a ‘dummy’ column containing only the value 1 at all 
sites.

The mean system density at a site was related to the 
counts of systems made by two observers at that site, os1i 
and os2i for each observer respectively, by using a standard 
Poisson error model such that:

where the * notation is a convenience to denote that both 
observer counts follow the same error model.

logmsi =

ds
∑

l = 1

βslCsil

os∗i

∣

∣msi ∼ Poisson
(

msi

)

Burrow density submodel

Similarly to the system density submodel described above, 
an n × db covariate matrix was defined for the burrow den-
sity submodel (where db represents the number of covari-
ates used in the burrow density submodel) as Cb and the 
coefficient vector (of length db) as βb. The mean number 
of burrows per system at site i, mbi, was then related to the 
covariate matrix using the linear submodel:

The total number of burrows expected at any given site, 
tbi, is then the product of the number of burrows per system 
at the site (mbi) and the number of systems at the site (msi). 
The total number of burrows counted by two observers at 
site i, ob1i and ob2i for each observer respectively, was there-
fore be related to tbi using a similar Poisson error model to 
that applied in the system density submodel:

System activity submodel

In addition to a count of the number of systems at a given 
site, there were also data available for the second observer 
on the number of active systems at that site, oa2i. In a simi-
lar fashion to the other submodels, an n × da matrix of 
covariates was constructed (where da represents the num-
ber of covariates used in the system activity submodel), Ca, 
and a vector of corresponding coefficients βa (of length da). 
However, unlike the other submodels, a logistic regression 
submodel was created for the variable ρi, the probability of 
a system being active at site i, such that:

The number of systems that were observed as active at site 
i, oa2i, was then related to the number of systems recorded by 
the relevant observer (here denoted as observer 2, os2i) and 
the probability of activity (ρi) with the binomial error model:

Model parameterisation and inference

A formulation of the model was implemented in the Bayes-
ian analysis package JAGS (Plummer 2003) that could be 
called from the R statistical platform using the package 
rjags. A variety of different specifications for the num-
ber and types of covariates for the linear submodels were 

logmbi =

db
∑

k = 1

βbkCbik

ob∗i

∣

∣tbi ∼ Poisson
(

tbi
)

logit ρi =

da
∑

j = 1

βajCaij

oa2i

∣

∣os2i , ρi ∼ Binomial
(

os2i , ρi
)
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Fig. 1  Directed acyclic graph detailing the structure of the model-
ling approach used to analyse the relationship between environmental 
and vegetation covariates of burrowing density and activity. Ellipti-
cal nodes represent stochastic nodes (nodes related to other nodes by 
a probability distribution) and rectangular nodes represent logical 
nodes (nodes related to other nodes by arithmetic functions). Grey 
nodes denote nodes for which we have data directly available, such 
that the white nodes represent those nodes with values for which we 
wish to draw an inference. Multiple copies of a set of nodes (such as 
nodes that have a different value at each site) are denoted by a bound-
ing box with a stacked border and the index for each copy is given by 
the variable in the top-right corner of the bounding box
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analysed. Non-informative priors were chosen for the coef-
ficients of the linear submodels using an approximation to 
the improper unbounded-flat distribution [corresponding to 
the relevant Jeffrey’s prior for Bayesian linear regression 
(Ibrahim and Laud 1991)].

In all analyses, 1,010,000 Markov chain Monte Carlo 
iterations were performed, discarding the first 10,000 itera-
tions, for each of four chains. Chains were thinned so that 
only every 10th iteration was retained for final analysis due 
to computer memory constraints. For each tested model, 
convergence was assessed through the calculation of the 
multivariate and univariate Gelman–Rubin convergence 
diagnostics (Gelman and Rubin 1992; Brooks and Gel-
man 1998), ensuring that all models with highest (top 50) 
Bayes factor weights values were close to one (defined here 
as less than 1.05). Convergence diagnostics for models and 
plots over time for the best model are supplied in Supple-
mentary materials S2 and S4.

Model testing and selection

Associations between environmental and vegetation charac-
teristics, and burrow distribution and activity, were evaluated 
in alternate models. Three environmental variables were con-
sidered in candidate models. Equivalent latitude was used as 
an index of the climatic conditions of the sampling station, 
where included, a quadratic term was included, reflecting an 
optimum climate with less optimal conditions at high and 
low extremes. Slope is likely to have effects on local drain-
age and was therefore also included as a possible covariate 
(linear on the link scale). Finally, a link-linear term for soil 
depth was considered in candidate models given that a suf-
ficient depth of soil is likely to be required for burrowing.

Models with vegetation covariates were considered in 
three vertical strata; 0–30, 30–50 and 50 m and over. In any 
given model, vegetation was either attributed to forage or 
non-forage. Attribution to either class was specific to each 
model; if potential forage functional groups were not being 
considered as forage in a given model they would con-
tribute to cover of the non-forage category for that model. 
Dwarf shrub, forb, graminoid and shrub were evaluated 
as candidate forage functional groups with possible linear 
relationships to burrowing metrics. Non-forage was any 
vegetation cover in a vertical stratum not considered for-
age in that model. Models for both linear and quadratic 
relationships between non-forage species and burrow met-
rics were considered as candidate models to reflect possi-
ble positive and negative effects of non-forage cover and 
where a cover-dependent trade-off between the two might 
be found.

Given there were no a priori reasons to believe certain 
predictor variables would act in concert or exclude oth-
ers, we considered the combinations of predictor variables 

detailed in Supplementary material S2. This reflected all 
possible combinations of predictor variables, but modelled 
each response variable (number of burrows, number of sys-
tems and proportion of systems active) with the same pre-
dictors. Subsequently, effect sizes of our best model were 
evaluated to assess which predictors were important to each 
specific response variable to be evaluated. The most par-
simonious model given the amount of variation explained 
was selected using comparison of Bayes factors.

Results

The best model explaining number of burrows, number of bur-
row systems and proportion of systems active contained linear 
effects of slope and forb cover as well as of non-forage vegeta-
tion. Positive effects of forb cover on burrow distribution and 
activity were found, whereas dominant effects of non-forage 
were negative. There was strong support for this model over 
other candidate models (posterior weight > 0.9999). The mul-
tivariate Gelman–Rubin metric of this model was calculated 
to be <1.005, ensuring that convergence was reached. Greater 
numbers of burrows and greater numbers of systems were 
associated with steeper slopes (Table 1; Fig. 2). The positive 
association between slope and proportion of burrows active 
had a particularly large effect size. Neither soil depth nor 
equivalent latitude was contained in the best model to explain 
burrowing metrics (Appendix S1).

Of our potential forage functional groups, only forbs 
were included in our best model. Increased cover of forbs 
was associated with more burrow entrances, more burrow 
systems and greater system activity (Table 1; Supplemen-
tary material S3). The effects of forb cover on total number 
of burrows, number of system and the probability of sys-
tem activity were greater for forb in the 30–50-cm than the 
0–30-cm height stratum (Table 1; Fig. 3; Supplementary 
material S3). However, variation in forb cover at the 30–50-
cm height stratum was relatively low, reaching 1.7 % cover 
at its maximum, compared to 10.6 % in the 0–30-cm height 
stratum. The 95 % credible intervals for forb cover effects 
on burrowing metrics did not encompass a coefficient value 
of zero, except for the effect of forb in the 30–50-cm strata 
on proportion of burrows active, which, despite a poten-
tially large effect size, had high associated uncertainty.

Effects of vertical structure of non-forage vegetation 
were also observed; non-forage vegetation showed height-
dependent effects on all burrowing metrics (Fig. 4). There 
were consistent strong negative effects of increasing non-
forage vegetation cover at the 50-cm and higher stratum 
on all burrowing metrics (Table 1; Fig. 3; Supplementary 
material S3). Effects of non-forage cover in the 0–30- 
and 30–50-cm height strata were strongest on the num-
ber of burrow systems, with positive effects of cover on 
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the number of systems in the 0–30-cm strata and negative 
effect of cover on the number of systems in the 30–50-cm 
strata, and 95 % credible interval of the estimates not span-
ning zero. Effects of non-forage cover in the 0–30- and 
30-50-cm strata had only weak effects on the total number 
of burrows and probability of systems being active with 

credible intervals of all estimates spanning zero. The great-
est negative effect of cover in the 50-cm and higher strata 
was on activity of systems (Table 1; Fig. 3; Supplementary 
material S3). In general, the variable with greatest effect on 
burrowing metrics was non-forage cover in the 50-cm and 
higher stratum followed by effects of forb cover.

Table 1  Estimates of the effects of slope, forb cover and non-forage cover on burrowing metrics of arctic ground squirrels

Effects of slope and cover of forb and non-forage in a number of vertical strata on total number of burrows and number of burrow systems within 
a 30-cm-diameter plot are shown from the best model of these associations selected by comparison of Bayes factors. The range of predictor 
values for each predictor is also given. Standardised estimates of each coefficient are given (where the covariate values are divided by their SD 
before inclusion in the model)
a Denotes where 95 % credible intervals for an estimate do not overlap with zero

Burrowing metric Predictor  
variable

Vertical  
strata (m)

Standardised  
estimate

95 % Credible  
interval

Range of  
predictor values

Total number of  
burrows

Slope 0.176a 0.039–0.314 1–37°

Forb cover 0–30 0.325a 0.169–0.481 0.000–10.648 %

30–50 0.489a 0.178–0.801 0.000–1.695 %

Cover of other  
functional groups

0–30 −0.107 −0.273 to 0.058 0.362–34.420 %

30–50 0.039 −0.172 to 0.256 0.000–28.814 %

50+ −0.734a −1.311 to −0.125 0.000–20.057 %

Number of systems Slope 0.400a 0.287–0.514

Forb cover 0–30 0.305a 0.172–0.437

30–50 0.310a 0.047–0.571

Cover of other  
functional groups

0–30 0.349a 0.211–0.488

30–50 −0.249a −0.434 to −0.075

50+ −1.122a −1.633 to −0.667

Proportion of burrows active Slope 0.303 −0.047 to 0.662

Forb cover 0−30 0.526a 0.033–1.053

30−50 0.770 −0.220 to 1.777

Cover of other  
functional groups

0–30 −0.146 −0.538 to 0.244

30–50 0.048 −0.496 to 0.567

50+ −2.754a −5.230 to −0.515
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Fig. 2  Response curve showing contributions of plot slope to arctic 
ground squirrel burrowing metrics and activity from the best model 
explaining these responses selected using Bayes factors. The effect of 
slope on a number of burrows, b number of systems and c probabil-
ity of arctic ground squirrel activity as measured by the multiplica-
tive effect on respective burrowing metrics estimated in a hierarchical 
Bayesian framework. The y-axis is therefore the expected number of 

burrows, number of systems, and the probability of system activity, 
respectively, in the absence of all other covariates (except the inter-
cept term). Solid line shows the mean of the submodel responses cal-
culated from the sampled covariate coefficients, whereas the dashed 
line represents the median of these responses. Grey area depicts 95 % 
credible interval of the calculated responses
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Shrub was the dominant plant functional group contrib-
uting to non-forage vegetation cover in all height strata 
(Fig. 5). In the 0–30-cm stratum, dead shrub and grami-
noids were also considerable components of cover. In the 
30–50-cm height stratum, the dominance of living shrub 
cover was greatest and dead shrub and graminoid also pro-
vided a little cover. In the 50-cm and higher stratum, cover 
additional to that created by living shrub was from tree and 
dead shrub. Given alternative models allowing both positive 
and negative effects of potential forage species and shrub 
were included in the modelling, results indicated that vari-
ation in total non-forage cover across all functional groups 
has a stronger association with burrowing metrics than any 
effects of shrubs alone.

Discussion

Arctic vegetation is changing under climate change, with 
increasing productivity and expansions of woody plants 
(Sturm et al. 2001; Myers-Smith et al. 2011; Henry et al. 

2012). This study shows that these vegetation changes are 
likely to have impacts on an important prey species and 
bioturbator, the arctic ground squirrel. Consistent posi-
tive effects of forb cover on the number of arctic ground 
squirrel burrows and systems, and the activity of those 
systems, suggest that more favourable habitat is associ-
ated with high forb cover. Similarly, there were consistent 
negative effects of cover over 50 cm in height of all non-
forage functional groups. This suggests that tall vertical 
structures result in less favourable habitat, most likely as 
a result of reduced visibility and possibly changes in asso-
ciated predator communities. Changes in characteristics 
of burrow networks with increased cover of low-stature 
(below 50 cm tall) vegetation suggest that high cover in 
lower vertical strata may affect the type of burrow sys-
tems with respect to their likelihood of long-term and 
consistent occupancy. Steeper slopes had higher numbers 
of burrows and systems. Steep slopes may aid drainage, 
reducing waterlogging and saturation of soils, which may 
increase burrowing activity. Another possibility is that 
steeper slopes are associated with better visibility and 
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Fig. 3  Response curve showing contributions of forb cover to arctic 
ground squirrel burrowing metrics and activity from the best model 
explaining these responses selected using Bayes factors. Effects of 
forb cover in two vertical strata are shown. The effect of forb cover 
from 0- to 30-cm height on a number of burrows, b number of sys-
tems and c probability of arctic ground squirrel activity as measured 
by the multiplicative effect on respective burrowing metrics estimated 
in a hierarchical Bayesian framework; d–f shows equivalent effects of 

forb cover in the 30–50-cm height stratum. The y-axis is therefore the 
expected number of burrows, number of systems, and the probability 
of system activity, respectively, in the absence of all other covariates 
(except the intercept term). Solid line shows the mean of the sub-
model responses calculated from the sampled covariate coefficients, 
whilst the dashed line represents the median of these responses. Grey 
area depicts 95 % credible interval of the calculated responses
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thereby create higher quality habitat (Barker and Dero-
cher 2010).

Our results indicate that forbs are likely to be impor-
tant forage for arctic ground squirrels. This is supported by 
prior evidence from analysis of stomach contents, seasonal 
diet and cheek pouch contents (Batzli and Sobaski 1980; 
McLean 1985; Gillis et al. 2005b). There was no evidence 
that other functional groups were routinely important to the 
same extent, although single species within other functional 
groups may be individually influential. A dietary preference 

for forbs has been found in a number of sciuirids, includ-
ing arctic ground squirrels, and may be related to greater 
digestibility and higher nutrient concentrations relative 
to other available forage functional groups (Batzli and 
Sobaski 1980; Carey 1985; Garin et al. 2008). In addition, 
forbs and particularly their flowers and seeds are rich in 
fatty acids, a core source of energy during hibernation (Hill 
and Florant 1999; Lyman 2013). Recent evidence also sug-
gests the Pleistocene steppe-tundra landscape, under which 
most of the evolutionary history of arctic ground squirrels 
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Fig. 4  Response curve showing contributions of non-forage cover 
to arctic ground squirrel burrowing metrics and activity from the 
best model explaining these responses selected using Bayes factors. 
Effects of forb cover in two vertical strata are shown. The effect of 
forb cover from 0- to 30-cm height on a number of burrows, b num-
ber of systems and c probability of arctic ground squirrel activity 
as measured by the multiplicative effect on respective burrowing 
metrics estimated in a hierarchical Bayesian framework; d–f shows 
equivalent effects of non-forage cover in the 30–50-cm height stra-

tum and g–i in the height stratum containing vegetation over 50 cm. 
The y-axis is therefore the expected number of burrows, number of 
systems, and the probability of system activity, respectively, in the 
absence of all other covariates (except the intercept term). Solid 
line shows the mean of the submodel responses calculated from the 
sampled covariate coefficients, whilst the dashed line represents the 
median of these responses. Grey area depicts 95 % credible interval 
of the calculated responses
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occurred, was more forb dominated than previously recog-
nised (Willerslev et al. 2014). We found no evidence that 
the benefit of taller forbs was reduced due to their dual role 
as forage and visual obstruction. This may be partly due to 
a relatively low level of cover of taller forbs.

Effects of arctic ground squirrels on vegetation through 
burrowing and foraging could also contribute to associa-
tions with biotic variables; however, at the scale in question, 
most evidence suggests the positive association with forbs 

is more likely to reflect habitat selection than effects of arc-
tic ground squirrels on vegetation. Small mammal central-
place foragers can have substantial effects on vegetation 
community structure (Huntly 1987; Gálvez-Bravo et al. 
2011; Davidson, Detling and Brown 2012). Arctic ground 
squirrels alter habitats via extensive burrowing behaviour 
and potentially through localised fertilisation of soils from 
faeces and selective foraging (Price 1971; McKendrick 
et al. 1980). Associations with vegetation might represent 
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the effects of these species via mechanisms of disturbance 
(through burrowing behaviour), fertilization or selective or 
more generalist foraging. For example, low-stature forbs 
or species with adaptations to regrow after foraging may 
gain a competitive advantage under high herbivory (Evju 
et al. 2010), while dicot herbs may gain an advantage under 
grazing in low-productivity habitats (Hawkes and Sulli-
van 2001). However, most arctic studies to date focus on 
large grazing herbivores (e.g. Post and Pedersen 2008). 
Unlike large browsing herbivores, burrowing rodents may 
have access to below-ground plant material and are also 
observed to pull up roots and tubers in addition to clipping 
above-ground biomass. Despite elevated local nitrogen 
and phosphorus in the immediate vicinity of arctic ground 
squirrel burrow systems, no local increase in forbs has been 
reported, rather an increase in graminoids was observed 
(McKendrick et al. 1980). In addition, a decreased abun-
dance of leguminous forbs has been observed directly sur-
rounding burrow systems, possibly reflecting the effects of 
very localised foraging and depletions of preferred forage 
(McKendrick et al. 1980). Given this information, it seems 
likely that the scale of vegetation measurements within this 
study reflects the broader habitat selection of this species, 
rather than more localised effects on vegetation.

The implications of the strong association between bur-
rowing, activity and forb cover for future distributions 
of arctic ground squirrels will depend on future trends in 
forb abundance and distribution. Likely future trends in 
forb cover are less clear than for shrubs and graminoids 
(Elmendorf et al. 2012). Trends in forb cover at the level 
of the functional group have shown no major change with 
experimental warming either in wet or dry sites (Wahren 
et al. 2005) and no consistent temporal trends in a large-
scale analysis of tundra responses to warming (Elmendorf 
et al. 2012). This study suggests the contingencies which 
determine success of forbs under changing ecological 
structure of communities are likely to strongly influence 
arctic ground squirrel success. Such contingencies include 
the presence of large grazing herbivores (Post and Pedersen 
2008), nitrogen and phosphorus fertilisation, and the initial 
community composition and soil conditions (Gough et al. 
2012). Local heterogeneity in these characteristics may 
substantially influence source–sink dynamics and regional 
distribution of this species.

Our results indicate a negative effect of high-stature 
vegetation on arctic ground squirrel burrowing and activ-
ity. Negative effects were stronger when all non-forage 
species were combined rather than occurring for any sin-
gle functional group, suggesting negative effects are stature 
related. High-stature vegetation has a negative effect on a 
number of ground-dwelling sciuirid species (Blumstein 
et al. 2006; Ordenana et al. 2012). One effect of increased 
stature is visual obstruction, which may create poorer 

arctic ground squirrel habitat (Karels and Boonstra 1999; 
Wheeler 2012). Increased vegetation stature can cause a 
change in predator assemblage and thereby predator for-
aging strategy (Gillis et al. 2005a), or in direct predation 
pressure (van Vuren 2001; Aaltonen et al. 2009; Lehrer 
et al. 2011). Indirect effects of predator–prey interactions 
via changes in predator sensitivity may also affect these 
species (Creel and Christianson 2008). In arctic ground 
squirrels, increased predator-sensitive behaviour has been 
observed to be associated with spatial transitions from open 
tundra to shrub habitat (Wheeler and Hik 2014). Shrub and 
tree line advance may reduce both the suitability of habitats 
for arctic ground squirrels and the ecosystem role of both 
their burrowing and activity; however, increases in vegeta-
tion stature, associated with increased productivity, that do 
not exceed approximately 50 cm in height may exert less 
influence.

In addition to documenting decreased burrowing in tall 
vegetation cover, this study indicates a more subtle change 
in the nature of burrowing behaviour associated with non-
forage cover at lower heights. From heights of 0–30 cm, 
increases in the number of burrow systems are observed 
without concomitant increases in the total number of bur-
rows in the area, such that burrow systems comprised 
fewer burrows. Such systems, defined as ‘duck holes’, 
may represent more transient colonies in marginal habitat 
or burrowing activity associated with territorial disputes or 
interactions with predators (Carl 1971). The potential for 
source-sink dynamics has been suggested for arctic ground 
squirrels (Gillis et al. 2005a; Donker and Krebs 2012). Bur-
rowing activity with such characteristics may be indicative 
of sink-like populations or transient habitat associations. 
Conversely, a decrease in the number of systems without 
a decline in the number of burrows was observed associ-
ated with increasing non-forage cover in the 30–50-cm 
strata. This would suggest a transition to more permanent 
burrow systems with greater intermediate-height cover. 
For this reason, increases in vegetation cover at heights 
under 50 cm may also affect population processes in arctic 
ground squirrels.

Our study uses a space-for-time substitution to assess the 
likely effects of vegetation change on arctic ground squir-
rels. Here, we consider some of the uncertainties associated 
with this approach. Perhaps the most important of these is 
how changing climate will affect the large-scale distribution 
of shrub across the landscape. When predicting the impacts 
of vegetation at larger scales, regional processes may be 
important. In this study, the effect of vegetation cover on 
burrowing and activity was estimated in a landscape with 
high heterogeneity with respect to vegetation stature, with 
more open alpine tundra habitats generally at higher eleva-
tions. However, if encroachment of woody species is sub-
stantial, open areas could become fewer and more isolated. 
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Indications of source-sink dynamics have been identified 
in arctic ground squirrels (Donker and Krebs 2012) and 
allow this species to occur in marginal habitat. Habitats 
of marginal quality may become less frequently occupied 
if high-quality (presumably forb-rich and lacking in dense 
high-stature vegetation) habitat becomes rarer. If this is the 
case, stronger relationships between habitat quality-related 
variables and occurrence and activity should be observed 
where local heterogeneity in these quality-related variables 
in reduced and may cause an underestimation of effects of 
future change.

Other concerns relating to space-for-time substitutions 
include the concern that spatial and temporal transitions 
may not produce comparable habitats if, for example the 
processes driving temporal transitions are not equivalent 
to those driving spatial variation. For example, warming 
might create non-analogue vegetation communities, which 
differ from those observed across space today. One benefit 
of working in an area undergoing substantial current veg-
etation change, with a altitudinal increase in the tree line 
averaging approximately 3 m year−1 from 1953 to 2005 
(Stueve et al. 2010), is that current vegetation observed 
may actually reflect recent temporal vegetation transitions. 
As much of our interest relates to temperature-related vari-
ation in vegetation, similarities might be expected in the 
temperature-driven vegetation transitions observed with 
elevation in the study area and those driven by altitudinal 
variation in temperature, and therefore montane landscapes 
such as these are a good candidate for space-for-time sub-
stitutions. Given the relative proximity of sites, we also 
minimise confounding factors such as variation in the spe-
cies pool of predators. However, shrub expansion is not 
driven by solely temperature. In the arctic, the three core 
factors affecting shrub expansion are temperature, distur-
bance and herbivory (Myers-Smith et al. 2011) and these 
may change if warming induces geomorphic processes, e.g. 
through melting of permafrost and thermokarst formation 
or alters the browsing herbivore community, e.g. through 
changing forage. Despite this, our study broadly implies 
that where processes (e.g. herbivory) suppress tall veg-
etation there is a greater likelihood of high-quality arctic 
ground squirrel habitat, and where processes promote taller 
vegetation, habitat quality might decline. In addition, pro-
cesses that favour high cover of forbs should promote more 
extensive arctic ground squirrel communities.

The processes that regulate herbivores across produc-
tivity gradients have received considerable attention both 
in arctic ecosystems (e.g. Oksanen 1983; Aunapuu et al. 
2008; Gauthier et al. 2011) and for the specific case of 
arctic ground squirrels (Batzli et al. 1980; Byrom et al. 
2000; Karels and Boonstra 2000; Karels et al. 2000). We 
found a positive association of burrowing metrics with forb 
cover and a negative association with shrub, suggesting 

that the joint effect of predation risk and food may extend 
beyond the boreal forest, where they have been previ-
ously described (Karels and Boonstra 2000), into shrub 
and potentially alpine habitats. Two potential mechanisms 
which could create predation costs for arctic ground squir-
rels under increased vegetation productivity are: increased 
predator abundance, and increased perceived or realised 
predation risk under changes in visibility. Increased preda-
tion pressure could occur under increases in productivity. It 
has been suggested that arctic food webs along productivity 
gradients follow the predictions of the ecosystem exploi-
tation hypothesis (e.g. Aunapuu et al. 2008). This would 
result in more productive habitats under warming also sup-
porting a larger predator community. This should increase 
both direct and indirect effects of predators on prey 
and reduce habitat suitability for arctic ground squirrel. 
Changes in visibility could reduce the ability of squirrels to 
detect predators and subsequent direct mortality related to 
increased risk or indirect fitness effects associated with an 
increased need for investment in predator-sensitive behav-
iour. Monitoring predator and prey populations across spa-
tial gradients from shrub to tundra and over time as these 
transitions occur will be key to separating these processes 
and ecosystem shifts under ongoing future warming.

Vegetation in arctic habitats is transitioning (Myers-
Smith et al. 2011; Normand et al. 2013; Pearson et al. 2013) 
and associated with these changes, alterations to fauna are 
expected (Sokolov et al. 2012). Changes in productivity 
associated with warming may enrich food supplies for her-
bivores with more forage; however, changes in vegetation 
stature may also alter a suite of biotic interactions. Here, 
height-dependent relationships between cover of non-for-
age and arctic ground squirrel burrowing and activity sug-
gest that the nature of vegetation transitions with respect to 
vegetation stature may be core to the landscape response of 
predator-sensitive herbivores. In particular, encroachment 
of taller canopy-forming vegetation such as shrub and trees 
may greatly alter the landscape dynamics of arctic species 
adapted to open landscapes. However, projections of these 
effects must be balanced against changes in forage associ-
ated with changes in community composition under warm-
ing, likely to be contingent upon local and landscape-scale 
conditions.
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