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Abstract
Responses of one species to climate change may influence the population dynamics of others, particularly in the Arctic where 
food webs are strongly linked. Specifically, changes to the cryosphere may limit prey availability for predators. We examined 
Arctic (Vulpes lagopus) and red fox (V. vulpes) population dynamics near the southern edge of the Arctic fox distribution 
using fur harvest records from Churchill, Manitoba, Canada between 1955 and 2012. Arctic foxes showed a declining popu-
lation trend over time (inferred from harvest records corrected for trapping effort), whereas the red fox population trend was 
relatively stable. The positive relationship between the annual Arctic and red fox harvests suggested interspecific competition 
did not promote the Arctic fox decline. To investigate alternative mechanisms, we evaluated the relative influence of sea-ice 
phenology, snow depth, snow duration, winter thaws, and summer temperature on the harvest dynamics of both species in 
the most recent 32 years (1980–2012; n = 29) of our data. Arctic fox harvests were negatively related to the length of time 
Hudson Bay was free of sea ice. Shorter sea ice duration may reduce access to seal carrion as an alternative winter food 
source when lemming densities decline. Contrary to our prediction, red fox harvest was not related to summer temperature 
but was positively related to snow depth, suggesting winter prey availability may limit red fox population growth. Predators 
have an important ecological role, so understanding the influence of changes in the cryosphere on predator–prey interactions 
may better illuminate the broader influence of climate change on food-web dynamics.
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Introduction

Climate warming is disproportionately intense in polar and 
mid-latitudes, with even more extreme warming recently 
(Post et al. 2009; Tang et al. 2014; Huang et al. 2017). This 
warming may allow the range expansion of species previ-
ously limited by historical climate conditions (Parmesan 
and Yohe 2003). Further, a warming climate has instigated 
changes to the cryosphere, including reduced snow and sea 
ice cover and extent across the Northern Hemisphere (Brown 
et al. 2010; Comiso 2012; Lunn et al. 2016). These altera-
tions to the climate and cryosphere can impact northern spe-
cies that rely on snow and sea ice as an important winter 

habitat (Kausrud et al. 2008; Lunn et al. 2016). As such, cli-
mate can significantly impact trophic interactions, and rapid 
changes in climate can produce predicted or unanticipated 
effects on the organization and function of an ecosystem 
(Sala et al. 2000; Tylianakis et al. 2007).

Arctic foxes (Vulpes lagopus), an ecologically important 
predator in the Arctic, may be impacted by changes in cli-
mate within the southern extent of their range. Warming 
temperatures and a longer growing season are mechanisms 
that predict further range expansion of southern species into 
the Arctic (Post et al. 2009). The southern edge of the Arctic 
fox and the northern extent of red fox (V. vulpes) ranges 
overlap, but a warming climate may support a growing red 
fox population, generating greater resource competition 
between the two species (Frafjord et al. 1989; Tannerfeldt 
et al. 2002; Rodnikova et al. 2011). Red foxes are larger 
than Arctic foxes and can both overtake their dens and kill 
Arctic foxes (Elmhagen et al. 2017). An increase in red fox 
abundance may promote population declines of Arctic foxes.
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Another important driving force of predator population 
dynamics is food availability. The reproductive success of 
Arctic foxes over much of their range is positively related to 
lemming density (Angerbjörn et al. 1999, MacDonald et al. 
2017), with high juvenile mortality in low lemming years 
(Tannerfeldt and Angerbjörn 1998; McDonald et al. 2017; 
Samelius and Alisauskas 2017). Although the red fox diet 
may be more generalized, a large portion of their diet con-
sists of rodents, similar to the Arctic fox, which may cause 
high dietary overlap between sympatric Arctic and red foxes 
(Elmhagen et al. 2002; Warret Rodrigues 2022).

Climate change may also influence predator population 
dynamics through altered prey habitats and consequently 
the availability of prey. Recently, rodents in northern Mani-
toba and other low Arctic areas have experienced damp-
ened population fluctuations (Ehrich et al. 2020). Northern 
rodents, such as lemmings, may benefit from greater snow 
duration, increased snow depth, fewer winter thaws, and 
warmer summers (Shelford 1943; Pruitt 1970; Kausrud 
et al. 2008; Bilodeau et al. 2013a,b). Since tundra rodents 
primarily live and breed in the subnivean layer, persistent 
and high-quality snow that provides insulation, access to 
food or other resources may benefit lemmings by providing 
habitat conditions that promote population growth (Pruitt 
1970; Fauteux et al. 2015). Snow quality characteristics are 
strongly influenced by weather conditions (wind, precipita-
tion, and temperature); therefore, annual weather patterns 
may also provide insight into the conditions of subnivean 
space for rodents (Pruitt 1970; Callaghan et  al. 2011). 
Changes in weather and reduction in snow quality may fur-
ther limit suitable rodent winter habitats and reduce popula-
tion growth through lower winter survival and reproduction 
(Kausrud et al. 2008; Callaghan et al. 2011; Dushesne et al. 
2011; Fauteux et al. 2015).

In years of low lemming density, alternative prey are 
important resources for foxes (Roth 2002, 2003; McDonald 
et al. 2017; Dudenhoeffer et al. 2021). In summer, migra-
tory birds such as geese can be an important alternative prey 
source for Arctic and red foxes (McDonald et al. 2017; War-
ret Rodrigues 2022). However, the availability of these prey 
may also be affected by changes in the cryosphere, as goose 
reproductive success and the timing of goose nesting have 
been negatively related to the persistence of snow cover and 
spring conditions (Reed et al. 2004; Madson et al. 2007). In 
winter, seals are an important cross-ecosystem resource sub-
sidy for Arctic foxes (Smith 1976; Roth 2002; Tarroux et al. 
2012), which may help stabilize their population (Roth 2003; 
Nater et al. 2021). Smith (1976) estimated that 21–58% of 
newborn ringed seal (Pusa hispida) pups were preyed upon 
by Arctic foxes, and marine species have also been docu-
mented in the red fox diet in the Arctic (Killengreen et al. 
2011; Warret Rodrigues 2022). Reduced access to sea ice 
can also reduce the abundance of seal predators, such as 

polar bears (Ursus maritimus), which are blubber specialists 
whose diet primarily consists of seals (Stirling and McEwan 
1975; Lunn et al. 2016). As polar bears often just consume 
blubber and leave the remainder of seal carcasses, foxes can 
scavenge abandoned seal carcasses (Stirling and McEwan 
1975).

The objectives of our study were to evaluate population 
trends of Arctic foxes and red foxes in the southern Arc-
tic—where the effects of climate change may be particularly 
strong—and investigate how environmental characteristics 
may affect fox population dynamics. If climate change neg-
atively impacts Arctic foxes at the southern edge of their 
range, we would expect a decrease in Arctic fox abundance 
and an increase in red fox abundance over time, and thus we 
predicted a negative relationship between Arctic and red fox 
abundance. We also predicted a positive relationship with 
climate and snow variables associated with higher rodent 
density, seal carrion availability, and goose nest survival for 
Arctic foxes (Fig. 1). These variables include increased snow 
depth, fewer winter thaws, warmer summers, shorter sea 
ice-free period, and shorter snow persistence in late spring. 
As red foxes have a more generalized diet, we predicted a 
weaker relationship with climate variables associated with 
higher food availability and a stronger relationship with a 
warming climate, including warmer summers and earlier 
snow-free dates. Predators have a vital ecological role, so 
understanding how climate, directly and indirectly, influ-
ences fox populations will contribute to a broader under-
standing of the impact of climate change on Arctic species.

Methods

Study area

Our study area near Churchill, Manitoba, Canada (58° N, 
94° W), occurs at the intersection of three biomes: the 
marine biome of Hudson Bay, the Arctic tundra along the 
western shore of Hudson Bay, and the inland boreal forest. 
Hudson Bay remains frozen for up to 9 months of the year 
and has a strong influence on the surrounding habitat (Rouse 
1991). However, the annual sea ice duration in Hudson Bay 
has been shortened recently by a trend of ~ 0.8 days per year 
(Gagnon and Gough 2005). Churchill tundra contains relic 
sand or gravel beach ridges, formed by isostatic rebound, 
that are often used by Arctic foxes to construct dens (Ritchie 
1957; Dredge 1992; Roth 2003; Johnson-Bice et al. 2022). 
Fox dens are conspicuous on these ridges because of the 
lush vegetation promoted by nutrient enhancement and 
small-scale disturbances (Roth 2003; Gharajehdaghipour 
et al. 2016). Historically, red foxes in this area primarily 
den inland within the forest (Roth 2003), but their use of 
tundra dens along the coast has increased since 2010, with 
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up to 22% of these tundra dens now occupied by red foxes in 
some years (Zhao et al. 2022; Moizan et al. 2022).

Collared lemmings (Dicrostonyx richardsoni), the most 
common species of rodent in our study area, are important 
prey for Arctic foxes (Roth 2002, 2003; McDonald et al. 
2017; Dudenhoeffer et al. 2021). Fox and lemming popu-
lations in the area historically cycled regularly, but peak 
lemming densities have declined over time, from 40  ha−1 
in the 1930s to 12  ha−1 in the 1990s to 2  ha−1 in the 2010s 
(Shelford 1943; Roth 2002; Ehrich et al. 2020).

Data sources

We used the number of Arctic foxes and red foxes com-
mercially harvested in the Churchill Registered Trapline 
Section during the trapping season (November-March) to 
reflect annual fox abundance from 1955 to 2012 (harvest and 
license numbers were available for 56 years during that time 
span; subsequent changes in reporting methods by auction 
houses precluded including later years). We also obtained 
the number of trapper permits issued annually in Churchill 
(range 12–117 permits) and the mean annual auction value 
of an Arctic fox pelt sold in Manitoba, adjusted for infla-
tion (range: $13.10–$165.55; Statistics Canada 2022), and 
used these values to correct for annual variation in permit-
ted trappers and financial incentive (Cattadori et al. 2003; 
Dorendorf et al. 2016). In our study area, Arctic fox harvest 
in winter strongly reflects the reproductive success of the 
previous summer (McDonald et al. 2017), as a large propor-
tion of harvested canids are juveniles (Wapenaar et al. 2012; 
Friesen et al. 2015). Because of their large litters (average 
litter size in Canada is 10; Macpherson 1969) and low adult 
survival (average lifespan is 3–4 years; Audet et al. 2002), 

reproductive output strongly drives Arctic fox population 
dynamics (Tannerfeldt and Angerbjörn 1998; Samelius and 
Alisauskas 2017).

We evaluated the role of five independent climate vari-
ables on the population dynamics of the Arctic and red foxes 
in Churchill: (1) average daily snow depth during the month 
of February (‘snow depth’), (2) the number of days during 
winter (November–April) where the maximum temperature 
recorded was > 0 ºC (‘winter thaws’), (3) the average daily 
mean temperature for the month of July (‘mean July temp’), 
(4) the number of days where Hudson Bay was considered 
to be ice-free (‘ice-free period’), and (5) the last ordinal day 
of spring when snow was present on the ground (‘snow-
free date’). All of the climate variables with the exception 
of the ‘ice-free period’ were obtained from Environment 
Canada’s Churchill weather station (Environment Canada 
2022). We obtained data on the length of time Hudson Bay 
was effectively ice-free from Boonstra et al. (2020). Satel-
lite imagery from the National Snow and Ice Data Center 
(Boulder, Colorado, USA) was used to calculate the per-
centage of daily ice coverage in Hudson Bay. The ‘ice-free 
period’ was calculated as the number of days between break-
up (the ordinal date where > 50% of all sea ice pixels had 
been disintegrated for 3 consecutive days) and freeze-up (the 
ordinal date where > 10% of all pixels were identified as sea 
ice for ≥ 3 consecutive days) (Stirling and Parkinson 2006; 
Cherry et al. 2013; Boonstra et al. 2020). Each of these vari-
ables was lagged 1 year prior to the harvest year.

Rationale for climate variables

Mean snow depth in February and mean temperature in July 
were selected to represent winter and summer climates as 

Fig. 1  A conceptual figure illustrating the hypothetical influence 
of the climate variables on the harvest dynamics of Arctic foxes 
(solid lines) and their prey (dotted lines). Climate variables included 
were the average daily snow depth during the month of February 
(‘snow depth’) of the previous year, the number of days during win-
ter (November–April) where the maximum temperature recorded 

was > 0  ºC (‘winter thaws’), the number of days where Hudson Bay 
was considered to be ice-free (‘ice-free period’), the average daily 
mean temperature for the month of July (‘mean July temp’), and 
the last ordinal day of spring when snow was present on the ground 
(‘snow-free date’)
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these months represent the extremes in annual weather (Woo 
and Ohmura 1997). Further, mean July temperature has been 
related to vascular plant growth and can represent a large 
proportion of the growing season for Arctic plants (Scott 
et al 1988; Jonasson et al. 1999; Buchwal et al. 2013). A 
similar study conducted by Gallant et al. (2020) used mean 
February snow depth and mean temperature in July to rep-
resent winter and summer climates related to fox harvest 
records. We estimated winter thaws as the number of days 
in winter (November–April) that maximum temperature 
exceeded 0 °C, following methods similar to a study on the 
effect of climate warming on rodent population dynamics 
(Gliwicz and Jancewicz 2016). We selected the sea ice-free 
period because it encapsulates both changes in the break-up 
and freeze-up date annually, and thus represents the entirety 
of time foxes would not have access to a marine environment 
for food. Sea ice duration has shortened (Gagnon and Gough 
2005; Boonstra et al. 2020), so the sea ice-free period may 
be an important factor for fox reproductive success. Lastly, 
the snow-free date was included to reflect goose reproduc-
tive success, as goose nesting is delayed when snow cover 
persists later (Reed et al. 2004; Madson et al. 2007).

Data analysis

We split our analysis into two separate components. The 
first analysis was concerned with evaluating the long-term 
trend (1955–2012) in the Arctic and red fox populations 
inferred from the harvest data, while the second analysis 
evaluated the role of the five climate variables on fox popu-
lation dynamics from 1980 to 2012. This second time period 
reflects the maximum time series where data on all five vari-
ables were available.

Long‑term population trends

We used a negative binomial generalized additive model 
with a log link implemented in the mgcv R package to evalu-
ate the long-term trends in the Arctic and red fox harvest 
(Wood 2011). Generalized additive models are particularly 
useful for evaluating time series data, where the dependent 
variable often exhibits non-linearity, complex variation, or 
temporal autocorrelation. For both the Arctic and red fox 
models, we used the annual number of pelts harvested from 
each species as the response variable. We adjusted the time 
series to start at year 0 for 1954 (58 for 2012), fit a smooth-
ing component comprised of thin-plate regression splines 
to this time series variable (Wood 2003), and allowed the 
smoother to have a basis size of 20. We used the ‘k.check’ 
function from the mgcv package in R to ensure the basis 
size was adequate (Wood 2011). We then used the log of 
the number of trapper licenses sold annually in Churchill as 
an offset term in each model to account for trapping effort.

We used the previous year’s pelt price as an additional 
explanatory variable in these long-term population trend 
models. However, for Arctic foxes, pelt price lagged 1 year 
was highly correlated with year (r = − 0.81) and therefore 
was excluded from the model with year. We instead evalu-
ated the relationship between the previous year’s pelt price 
and Arctic fox harvest using a generalized linear model 
with a negative binomial distribution and an offset term 
for license sales. The weighted red fox pelt price lagged 
1 year was not correlated (r = − 0.15) with year, and was 
thus included in the red fox long-term population trend 
model (pelt price not fit to a smoother). The residuals for 
each model were checked to evaluate model fit and to assess 
temporal autocorrelation using the ‘acf’ function in R.

Influence of climate on fox population dynamics

We used a negative binomial generalized linear model with 
a log link to evaluate the role of the five climate variables on 
red and Arctic fox population dynamics from 1980 to 2012. 
Our main objective in this analysis was to gain inference on 
the effect these variables had on each fox population, and 
we, therefore, used a single model fit to all climate vari-
ables to evaluate their relative influence. We first scaled and 
centered all climate variables and the previous year’s pelt 
price to a mean of 0 and SD of 1. We then assessed multi-
collinearity among the scaled variables. ‘Snow-free date’ 
and the ‘winter thaws’ were highly correlated (r = − 0.61), 
as were ‘ice-free days’ and the year variable (r = − 0.64). 
Therefore, we excluded the year and the ‘winter thaws’ from 
the final model. All other paired correlation values were less 
than ± 0.5. Thus, the final climate model included four cli-
mate variables and the price, plus the log of the number of 
trappers as an offset term to account for trapper influence. 
We checked the variance inflation factor for all variables 
fit the model (all values were < 2, indicating no lingering 
collinearity; Dormann et al. 2013), checked for temporal 
autocorrelation in the model’s residuals, and used Nagel-
kerke’s pseudo-R2 value to assess the amount of variation 
in Arctic fox harvest that our model explained. We assessed 
the significance of each individual climate variable using 
α = 0.05, and where 95% confidence intervals of parameter 
estimates did not overlap 0. All analyses were conducted in 
R version 4.2.0 (R Core Team 2022).

Results

Long‑term harvest and population trends

The long-term trends in raw harvest totals showed a peak in 
the late 1970s to early 1980s for both Arctic and red foxes 
(Fig. 2a), corresponding with relatively high pelt prices 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



593Oecologia (2023) 202:589–599 

1 3

given at the auction (Fig. 2b). Reported Arctic fox harvest 
ranged from a low of 0 (3 years) to a high of 430 (in 1982), 
whereas red fox harvest ranged from 1 (several years) to 
249 (1982). There was a positive relationship between the 
number of Arctic and red foxes harvested annually (log + 1 
transformed linear model results: r = 0.494, p = 0.002, 95% 
confidence interval [CI] 0.194, 0.795).

After accounting for trapping effort, Arctic fox harvest 
showed a long-term decline throughout the time series 
(n = 56 years of data) (Fig. 2c). Harvest declined until about 
1970, leveled off until 1990, and then showed another steady 
decline through to the end of the time series in 2012. The 
generalized additive model results suggested the long-term 

trend was non-linear, as the smoothing effect of year 
was significant (p = 0.004, effective degrees of freedom 
[edf] = 3.26). The model explained 19.5% of the deviance 
in Arctic fox harvest numbers. Inflation-adjusted pelt price 
lagged 1 yr was significantly positively related to Arctic 
fox harvest after accounting for trapping effort (β = 0.006, 
p = 0.035, 95% CI 0.001, 0.013).

After accounting for trapping effort and pelt price, red 
fox harvest showed a generally long-term stable popula-
tion trend (Fig. 2c). Red fox abundance appeared to have 
declined until 1970, at which point it then began to increase 
and eventually stabilize by around 2000. We also found 
evidence that the red fox population trend showed periods 

Fig. 2  Long-term trends in the 
total number of foxes harvested 
annually (A), the average annual 
pelt price of Arctic and red 
foxes adjusted for inflation (B), 
and the abundance index (C) 
of Arctic and red foxes near 
Churchill, Manitoba, Canada. 
Panel A shows the total number 
of pelts reported to provincial 
authorities in the Churchill Reg-
istered Trapline District. Panel 
C shows the long-term trend 
in abundance index (log of the 
predicted number of foxes har-
vested) for Arctic and red foxes, 
as predicted from the general-
ized additive models fit each 
species’ harvest time series. 
The Arctic fox trend accounted 
for just trapping effort, whereas 
the red fox trend accounted for 
trapping effort and the previous 
year’s inflation-adjusted pelt 
price
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of non-linearity, as the smoother fit to year was significant 
(p = 0.038, edf = 3.73). Inflation-adjusted pelt price lagged 
1 yr had a positive influence on red fox harvest (β = 0.007, 
p = 0.041, 95% CI 0.000, 0.013). The model explained 22.8% 
of the deviance in red fox harvest numbers.

Influence of climate variables on harvest‑inferred 
fox abundance

For Arctic foxes, results from our generalized linear model 
analysis suggested that the average daily snow depth during 
February and the length of time Hudson Bay was ice-free 
each year had a significant influence on annual harvest pat-
terns near Churchill, Manitoba (n = 29 yrs of data). Spe-
cifically, we found a negative relationship between ice-free 
period and Arctic fox harvest (β = − 0.401, p = 0.028, 95% 
CI − 0.775, − 0.032; Fig. 3b, Table 2A), and a positive rela-
tionship between average daily snow depth and Arctic fox 
harvest (β = 0.412, p = 0.034, 95% CI 0.027, 0.865; Fig. 4a, 
Table 2A). However, the relationship between snow depth 
and Arctic fox harvest appeared largely driven by one year 

with extreme snow depth (2004). When we excluded this 
year and re-ran the model, snow depth was no longer sig-
nificantly influential (β = 0.417, p = 0.251, 95% CI − 0.247, 
1.15, Fig. 4b, Table 1). Ice-free period remained influential 
in the model excluding the 2004 extreme snow depth data 
(p = 0.044). The annual ice-free period for Hudson Bay sig-
nificantly increased during 1980–2012 at a rate of ~ 10 days/
decade (β = 1.025, p < 0.0001, 95% CI 0.580, 1.47; Fig. 3a, 
Table 1), suggesting that warming of the bay had a nega-
tive effect on Arctic fox harvest. None of the other variables 
evaluated in the model appeared to have a significant inde-
pendent effect on Arctic fox abundance (Table 1). Pseudo-
R2 values for the climate models with and without the high 
snow depth year (2004) were 0.357 and 0.299, respectively.

For red foxes, results from our generalized linear model 
analysis suggested that the only climate variable with a 
significant influence on annual harvest patterns was aver-
age daily snow depth during February (n = 29 yrs of data; 
β = 0.323, p = 0.005, 95% CI 0.084, 0.596; Table 2A). The 
relationship was still positive after excluding the outlier 
snow depth year, 2004 (β = 0.660, p = 0.002, 95% CI 0.252, 

Fig. 3  Temporal trend and influ-
ence of the length of the ice-free 
period in Hudson Bay on Arctic 
fox harvest near Churchill, 
Manitoba. Panel A shows the 
increasing trend in the length 
of the ice-free period. Panel B 
shows the marginal effect of the 
ice-free period on Arctic fox 
harvest (and 95% confidence 
interval) as predicted from the 
generalized linear model. Points 
in both panels are the observed 
values
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1.09; Table 1). The previous year’s inflation-adjusted pelt 
price also had a significant influence on red fox harvest 
(β = 0.287, p = 0.011, 95% CI 0.071, 0.522).

Discussion

Reproduction strongly drives annual variation in Arctic fox 
abundance (Tannerfeldt and Angerbjörn 1998; Samelius and 
Alisauskas 2017), and Arctic fox harvest in winter is posi-
tively related to fox reproductive output the previous sum-
mer (McDonald et al. 2017). Thus, trends observed in Arctic 
fox harvest likely reflect changes in Arctic fox population 
dynamics. Our results suggest Arctic fox harvest in Churchill 
has declined over time (Fig. 2). However, inflation-adjusted 
pelt price lagged 1 year was positively related to Arctic fox 
harvest after accounting for trapping effort. Due to the nega-
tive relationship between pelt price and year, and the posi-
tive relationship between pelt price and Arctic fox harvest, 
the decline in Arctic fox harvest found in our analysis was 
likely influenced in part by declining pelt value in the longer 
time series (1955–2012). However, in the shorter time series 
(1980–2012) pelt price was not significantly related to Arctic 
fox harvest, suggesting that although pelt price influenced 
Arctic fox harvest when evaluated across the full-time series, 
its influence on Arctic fox harvest patterns was weaker in the 
later portion of the time series where the largest declines in 
Arctic fox harvest were observed.

Contrary to our prediction, red and Arctic fox harvests 
were positively related. Our hypothesis that interspecific 
competition between the species may be promoting declines 
in Arctic fox abundance may not be supported. Moizan et al. 
(2022) showed resource competition for denning sites was 

greater driven by spacing needs than interference competi-
tion between the species. Arctic and red foxes have been 
demonstrated to coexist in our study area (Lai et al. 2022; 
Moizan et al. 2022); therefore, another driver may be pro-
moting changes in Arctic fox harvest dynamics.

Our analysis of harvest suggests a decline in Arctic fox 
numbers, whereas red fox harvest has remained stable. The 
different harvest responses of red and Arctic foxes sug-
gest these species may be responding differently to cryo-
sphere changes near the Arctic treeline. Similarly, interfer-
ence between Arctic foxes and red foxes in the Canadian 
High Arctic is low (Lai et al. 2022). Gallant et al. (2012) 
suggested red fox population growth on Herschel Island, 
Yukon, may be limited by winter prey availability as repro-
duction and relative abundance of Arctic and red foxes did 
not change significantly over four decades, despite increased 
temperatures and a longer growing season. Similar to Gal-
lant et al. (2012), variables associated with a warmer cli-
mate, including warmer summer temperatures and the last 
day snow was present in late spring, were not significantly 
related to fox harvest.

Decreased sea ice duration on Hudson Bay may be con-
tributing to the recent decline in Arctic fox abundance 
(Fig. 3), likely because shorter sea ice duration constrains 
Arctic foxes’ access to important supplementary marine 
food resources. Considering sea ice is an important habi-
tat for polar bears to hunt seals, a reduction in polar bear 
hunting success in response to sea ice freezing later in 
fall and breaking up earlier in spring may consequently 
reduce the availability of seals for foxes (Stirling and 
McEwan 1975; Lunn et al. 2016; Descamps et al. 2017). 
Shorter sea ice duration may further contribute to declines 
in Arctic fox abundance by causing a trophic mismatch. 

Table 1  Results from the 
generalized linear models 
evaluating the influence of 
climate variables and pelt price 
on Arctic and red fox harvest 
trends near Churchill, Manitoba, 
Canada, 1980–2012

Results shown are from the models excluding extreme snow depth year (2004; n = 28 yrs)
Bold indicates significance

Variable Estimate Std. error z value p value 95% CI

Arctic fox
 (Intercept) 0.079 0.348 0.227 0.82 − 0.562, 0.761
 Snow-free date − 0.045 0.228 − 0.200 0.84 − 0.524, 0.408
 Feb. snow depth 0.417 0.363 1.15 0.25 − 0.247, 1.15
 Ice-free period − 0.401 0.199 − 2.02 0.044 − 0.790, − 0.017
 Mean July temp − 0.032 0.187 0.87 0.87 − 0.404, 0.315
 Pelt price (lag-1) 0.006 0.009 0.664 0.51 − 0.010, 0.025

Red fox
 (Intercept) − 0.241 0.104 − 2.33 0.020 − 0.440, − 0.031
 Snow-free date 0.030 0.127 0.234 0.82 − 0.228, 0.289
 Feb. snow depth 0.660 0.203 3.25 0.002 0.252, 1.09
 Ice-free period 0.100 0.114 0.881 0.38 − 0.126, 0.330
 Mean July temp − 0.178 0.011 − 1.68 0.092 − 0.413, 0.051
 Pelt price (lag-1) 0.255 0.108 2.36 0.018 0.044, 0.483
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Delayed sea ice freeze-up may create a lag in reliable food 
resources for foxes between the departure of migratory 
birds in fall and when seal’s carcasses can be scavenged on 
the sea ice, potentially lowering the survival of juveniles 
shortly after they become independent and disperse from 
their natal dens. Furthermore, limited food availability 
on sea ice may impact Arctic fox reproduction, given lit-
ters are produced before migratory birds arrive in spring, 
and access to marine resources during this critical and 
energetically-costly period for Arctic foxes (Audet et al. 
2002) may increase foxes’ body condition during preg-
nancy and lactation. Tannerfeldt et al. (1994) estimated 
21% of juvenile mortality from weaning to 6 weeks of 
age was attributed to starvation and only 8% of juveniles 
survived to reproductive age, so food availability at this 
time, when energetic requirements are high but terrestrial 
resources are still scarce, may be an important factor for 
early juvenile survival. The increasing trend of the number 
of days without sea ice coverage in Hudson Bay is well 
documented (e.g., Boonstra et al. 2020), and this trend is 
likely responsible in large part for the negative relationship 
we found between ice-free days and Arctic fox harvest.

In contrast, red fox abundance appeared unaffected by 
changes to sea ice duration on Hudson Bay. Previous studies 
have demonstrated marine resources have been used by red 
foxes. Killengreen et al. (2011) showed that marine resources 
were important alternative food sources for coastal red foxes 
that lived within 20–25 km of the coast, but foxes that lived 
further from the coast were less reliant on marine resources. 
In our study area, Warret Rodrigues (2022) detected marine 
resources in the red fox diet, but other species (including 
rodents, snowshoe hares, and migratory birds) were relied 
on much more. Further, red foxes use the marine habitat 
much less than Arctic foxes (Warret Rodrigues 2022), which 
may explain the difference in response of fox harvest records 
between the two species to changes in the ice-free period 
(i.e., red foxes have an overall reduced reliance on marine 
subsidies for late-winter food).

Arctic fox harvest was not affected by the length of time 
snow persisted in late spring, suggesting goose reproductive 
success had minimal influence on the observed Arctic fox 
decline. The snow-free date was included as a climate vari-
able as persistent spring snow was shown to influence goose 
nesting success (Reed et al. 2004; Madson et al. 2007). How-
ever, MacDonald et al. (2017) demonstrated that juvenile 
goose density, although an important alternative food source 
for Arctic foxes, was not related to their reproductive suc-
cess, suggesting the seasonal abundance of geese may not 
be sufficient to minimize declines in Arctic fox abundance. 
Similarly, in Svalbard, Eide et al. (2012) also did not meas-
ure a numerical response of Arctic foxes’ reproductive suc-
cess to goose abundance. Goose abundance is hypothesized 
to be less impactful on Arctic fox reproductive success 

in these regions because geese migrate annually and are 
therefore not available during late winter, a critical period 
for Arctic fox reproduction (Roth 2002; Eide et al. 2012; 
McDonald et al. 2017).

Although our results are based on correlations and indi-
ces, these data are the only available sources within the 
Churchill region to evaluate long-term population changes 
of these important Arctic predators. Further comparisons 
of direct relationships may strengthen the support of our 
results. However, the long-term trends in our indices paral-
lel those of shorter-term research in our study area and thus 
have further support for their use here. Moizan et al. (2022) 
demonstrated that Arctic fox den occupancy decreased 
while red fox den occupancy remained stable in late win-
ter between 2011 and 2021 in the Churchill region. These 
trends parallel our results using local harvest data: a decline 
in Arctic foxes continuing from the mid-1990s, while red fox 
harvest appeared stable during the same time period.

Arctic foxes, similar to other tundra-adapted species, may 
experience continued stress from changing climate and cryo-
sphere as marine habitat is less reliable with shortened sea 
ice duration (Gagnon and Gough 2005) and the continued 
northward encroachment of shrubs and forest reducing tun-
dra habitat (Sturm et al. 2005). As our study area is coastal 
and along the southern edge of the Arctic fox distribution, 
these rapid environmental changes appear to be having a 
detrimental effect on Arctic foxes. Continued alteration 
to Arctic ecosystems may result in the future exclusion of 
Arctic foxes within regions of their historical circumpo-
lar distribution (Fuglei and Anker Ims 2008). Conversely, 
although red fox harvest has remained stable in our study 
area so far, as the climate continues to change, the area may 
be able to support higher red fox densities. Arctic and red 
foxes appear able to coexist in areas of North America (Lai 
et al. 2022; Moizan et al. 2022), but future climatic trends 
may lead to greater resource competition and disrupt the 
balance between the two species. Through greater explora-
tion of the mechanisms that drive population trends, we may 
better understand the effects of climate change on northern 
species and predict how these changes may continue to affect 
wildlife going forward.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00442- 023- 05418-6.

Acknowledgements We thank Dean Berezanski and Manitoba’s Wild-
life Branch for providing fox harvest information, including the number 
of permits issued and pelt prices. We also thank John Markham and 
LeeAnn Fishback for their suggestions on previous drafts of the manu-
script, and Alex Roth for creating the conceptual diagram.

Author contributions JV conceived the study and led the writing, SJB 
led the statistical analysis, and JR provided supervisory input at all 
stages. All authors contributed to data interpretations and final revi-
sions of the manuscript.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



597Oecologia (2023) 202:589–599 

1 3

Funding Funding was provided by the Natural Sciences and Engineer-
ing Research Council of Canada (Discovery grant 386704).

Data availability The data are available from the authors upon reason-
able request.

Code availability The codes are available from the authors upon rea-
sonable request.

Declarations 

Conflict of interest The authors declare they have no conflict of inter-
est.

Ethical approval Ethics approval was not required for this study

Consent to participate Not applicable

Consent for publication Not applicable

References

Angerbjörn A, Tannerfeldt M, Erlinge S (1999) Predator-prey rela-
tionships: arctic foxes and lemmings. J Anim Ecol 68:34–49. 
https:// doi. org/ 10. 1046/j. 1365- 2656. 1999. 00258.x

Audet AM, Robbins CB, Lariviere S (2002) Alopex lagopus. Mam-
mal Sp 713:1–10. https:// doi. org/ 10. 1644/0. 713.1

Bilodeau F, Gauthier G, Berteaux D (2013a) The effect of snow 
cover on lemming population cycles in the Canadian High 
Arctic. Oecologia 172:1007–1016. https:// doi. org/ 10. 1007/ 
s00442- 012- 2549-8

Bilodeau F, Reid DG, Gauthier G, Krebs CJ, Berteaux D, Kenney AJ 
(2013b) Demographic response of tundra small mammals to a 
snow fencing experiment. Oikos 122:1167–1176. https:// doi. org/ 
10. 1111/j. 1600- 0706. 2012. 00220.x

Boonstra R et al (2020) The stress of Arctic warming on polar bears. 
Glob Change Biol 26:4197–4214. https:// doi. org/ 10. 1111/ gcb. 
1514

Brown R, Derkson C, Wang L (2010) A multi-data set analysis of varia-
bility and change in Arctic spring snow cover extent, 1967–2008. J 
Geophys Res 115:D16111. https:// doi. org/ 10. 1029/ 2010J D0139 75

Buchwal A, Rachlewicz G, Fonti P, Cherubini P, Gärtner H (2013) 
Temperature modulates intra-plant growth of Salix polaris from 
a high Arctic site (Svalbard). Polar Biol 36:1305–1318. https:// 
doi. org/ 10. 1007/ s00300- 013- 1349-x

Callaghan TV, Johansson M, Brown RD, Groisman PY, Labba N, Radi-
onov V et al (2011) The changing face of Arctic snow cover: a 
synthesis of observed and projected changes. Ambio 40:17–31. 
https:// doi. org/ 10. 1007/ s13280- 011- 0212-y

Cattadori IM, Haydon DT, Thirgood SJ, Hudson PJ (2003) Are indirect 
measures of abundance a useful index of population density? The 
case of red grouse harvesting. Oikos 100:439–446. https:// doi. org/ 
10. 1034/j. 1600- 0706. 2003. 12072.x

Cherry SG, Derocher AE, Thiemann GW, Lunn NJ (2013) Migration 
phenology and seasonal fidelity of an Arctic marine predator in 
relation to sea ice dynamics. J Anim Ecol 82:912–921. https:// doi. 
org/ 10. 1111/ 1365- 2656. 12050

Comiso JC (2012) Large decadal decline of the Arctic multiyear 
ice cover. J Clim 25:1176–1193. https:// doi. org/ 10. 1175/ 
JCLI-D- 11- 00113.1

Descamps S, Aars J, Fuglei E, Kovacs KM, Lydersen C, Pavlova O, 
Pedersen ÅØ, Ravolainen V, Strøm H (2017) Climate change 

impacts on wildlife in a high Arctic archipelago—Svalbard, Nor-
way. Glob Change Biol 23:490–502. https:// doi. org/ 10. 1111/ gcb. 
13381

Dorendorf RR, Fix PJ, Prugh LR (2016) Motivation of fur trappers in 
interior Alaska. Hum Dimen Wildl 21:522–537. https:// doi. org/ 
10. 1080/ 10871 209. 2016. 11939 22

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, Mar-
quéz JRG, Gruber B, Lafourcade B, Leitão PJ, Münkemüller T, 
McClean C, Osborne PE, Reineking B, Schröder B, Skidmore 
AK, Zurell D, Lautenbach S (2013) Collinearity: a review of 
methods to deal with it and a simulation study evaluating their 
performance. Ecography 36:27–46. https:// doi. org/ 10. 1111/j. 
1600- 0587. 2012. 07348.x

Dredge LA (1992) Field guide to the Churchill region, Manitoba. Geol 
Surv Can Misc Rep 53:1–52

Duchesne D, Gauthier G, Berteaux D (2011) Habitat selection, repro-
duction and predation of wintering lemmings in the Arctic. Oeco-
logia 167:967–980. https:// doi. org/ 10. 1007/ s00442- 011- 2045-6

Dudenhoeffer M, Roth JD, Johnson LK, Petersen SD (2021) Arctic 
fox winter dietary response to damped lemming cycles estimated 
from fecal DNA. J Mammal 102:1455–1465. https:// doi. org/ 10. 
1093/ jmamm al/ gyab1 15

Ehrich D, Schmidt NM, Gauthier G, Alisauskas R, Angerbjörn A, 
Clark K, Ecke F, Eide NE, Framstad E, Frandsen J, Franke A, Gilg 
O, Giroux M, Henttonen H, Hornfeldt B, Ims RA, Kataev GD, 
Kharitonov SP, Killengreen ST, Krebs CJ, Lanctot RB, Lecomte 
N, Menyushina IE, Morris DW, Morrisson G, Oksanen L, 
Oksanen OIJ, Pokrovsky IG, Popov IY, Reid D, Roth JD, Saalfeld 
ST, Samelius G, Sittler B, Sleptsov SM, Smith PA, Sokolov AA, 
Sokolova NA, Soloviev MY, Solovyeva DV (2020) Documenting 
lemming population change in the Arctic: can we detect trends? 
Ambio 49:786–800. https:// doi. org/ 10. 1007/ s13280- 019- 01198-7

Eide NE, Stien A, Prestrud P, Yoccoz NG, Fuglei E (2012) Reproduc-
tive responses to spatial and temporal prey availability in a coastal 
Arctic fox population. J Anim Ecol 81:640–648. https:// doi. org/ 
10. 1111/j. 1365- 2656. 2011. 01936.x

Elmhagen B, Tannerfeldt M, Angerbjörn A (2002) Food-niche overlap 
between arctic and red foxes. Can J Zool 80:1274–1285. https:// 
doi. org/ 10. 1139/ z02- 108

Elmhagen B, Berteaux D, Burgess RM, Ehrich D, Gallant D, Henttonen 
H et al (2017) Homage to Hersteinsson and Macdonald: climate 
warming and resource subsidies cause red fox range expansion 
and Arctic fox decline. Polar Res 36:3

Environment Canada (2022) Station results—historical data. https:// 
clima te. weath er. gc. ca/ histo rical_ data/ search_ histo ric_ data_ stati 
ons_e. html? searc hType= stnNa me& timef rame= 1& txtSt ation 
Name= Churc hill& searc hMeth od= conta ins& optLi mit= yearR 
ange& Start Year= 1840& EndYe ar= 2023& Year= 2023& Month= 
1& Day= 6& selRo wPerP age= 25. Accessed 28 Nov 2022

Fauteux D, Gauthier G, Berteaux D (2015) Seasonal demography of a 
cyclic lemming population in the Canadian Arctic. J Anim Ecol 
84:1412–1422. https:// doi. org/ 10. 1111/ 1365- 2656. 12385

Frafjord K, Becker D, Angerbjörn A (1989) Interactions between Arctic 
and red foxes in Scandinavia—predation and aggression. Arctic 
42:354–356. https:// doi. org/ 10. 14430/ arcti c1677

Friesen OC, Roth JD, Graham LC (2015) Sex-biased parasitism in the 
monogamous arctic fox driven by diet. J Mammal 96:417–424. 
https:// doi. org/ 10. 1093/ jmamm al/ gyv043

Fuglei E, Ims RA (2008) Global warming and effects on the arctic fox. 
Sci Prog 91:175–191. https:// doi. org/ 10. 3184/ 00368 5008X 327

Gagnon AS, Gough WA (2005) Trends in the dates of ice freeze-up and 
breakup over Hudson Bay, Canada. Arctic 58:370–382. https:// 
doi. org/ 10. 14430/ arcti c451

Gallant D, Sough BG, Reid DG, Berteaux D (2012) Arctic fox versus 
red fox in the warming Arctic: four decades of den surveys in 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



598 Oecologia (2023) 202:589–599

1 3

north Yukon. Polar Biol 35:1421–1431. https:// doi. org/ 10. 1007/ 
s00300- 012- 1181-8

Gallant D, Lecomte N, Berteaux D (2020) Disentangling the relative 
influences of global drivers of change in biodiversity: a study 
of the twentieth-century red fox expansion into the Canadian 
Arctic. J Anim Ecol 89:565–576. https:// doi. org/ 10. 1111/ 1365- 
2656. 13090

Gharajehdaghipour T, Roth JD, Fafard PM, Markham JH (2016) Arc-
tic foxes as ecosystem engineers: increased soil nutrients lead 
to increased plant productivity on fox dens. Sci Rep 6:24020. 
https:// doi. org/ 10. 1038/ srep2 4020

Gliwicz J, Jancewicz E (2016) Cascade effect of climate warming: 
snow duration—vole population dynamics—biodiversity. Int J 
Environ Clim Change 6:43–52. https:// doi. org/ 10. 9734/ BJECC/ 
2016/ 25313

Huang J, Zhang X, Zhang Q, Lin Y, Hao M, Luo Y, Zhao Z, Yao Y, 
Chen X, Wang L, Nie S, Yin Y, Xu Y, Zhang J (2017) Recently 
amplified arctic warming has contributed to a continual global 
warming trend. Nat Clim Change 7:875–879. https:// doi. org/ 10. 
1038/ s41558- 017- 0009-5

Johnson-Bice SM, Roth JD, Markham JK (2022) A cosmic view of 
‘tundra gardens’: satellite imagery provides a landscape-scale 
perspective of Arctic fox ecosystem engineering. bioRxiv. 
https:// doi. org/ 10. 1101/ 2022. 08. 23. 504941

Jonasson S, Michelsen A, Schmidt IK, Nielsen EV (1999) Responses 
in microbes and plants to changed temperature, nutrient, and 
light regimes in the Arctic. Ecology 80:1828–1843. https:// doi. 
org/ 10. 1890/ 0012- 9658(1999) 080[1828: RIMAPT] 2.0. CO;2

Kausrud KL, Mysterud A, Steen H, Vik JO, Østbye E, Cazelles 
B, Framstad E, Eikeset AM, Mysterud I, Solhøy T, Stenseth 
NC (2008) Linking climate change to lemming cycles. Nature 
456:93–97. https:// doi. org/ 10. 1038/ natur e07442

Killengreen ST, Lecomte N, Ehrich D, Schott T, Yoccoz NG, Ims RA 
(2011) The importance of marine vs. human-induced subsidies 
in the maintenance of an expanding mesocarnivore in the arctic 
tundra. J Anim Ecol 80:1049–1060. https:// doi. org/ 10. 1111/j. 
1365- 2656. 2011. 01840.x

Lai S, Warret Rodrigues C, Gallant D, Roth JD, Berteaux D (2022) 
Red foxes at their northern edge: competition with the Arctic 
fox and winter movements. J Mammal 103:586–597. https:// doi. 
org/ 10. 1093/ jmamm al/ gyab1 64

Lunn NJ, Servanty S, Regehr EV, Converse SJ, Richardson E, Stir-
ling I (2016) Demography of an apex predator at the edge of 
its range: impacts of changing sea ice on polar bears in Hudson 
Bay. Ecol Appl 26:1302–1320. https:// doi. org/ 10. 1890/ 15- 1256

Macpherson AH (1969) The dynamics of Canadian arctic fox popula-
tions. Can Wildl Serv Rep Ser 8:1–52

Madsen J, Tamstorf M, Klaassen M, Eide N, Glahder C, Rigét F, 
Nyegaard H, Cottaar F (2007) Effects of snow cover on the tim-
ing and success of reproduction in high-Artic pink-footed geese 
(Anser brachyrhynchus). Polar Biol 30:1363–1372. https:// doi. 
org/ 10. 1007/ s00300- 007- 0296-9

McDonald RS, Roth JD, Baldwin FB (2017) Goose persistence in fall 
strongly influences Arctic fox diet, but not reproduction, in the 
southern Arctic. Polar Res 36(sup1):5. https:// doi. org/ 10. 1080/ 
17518 369. 2017. 13246 52

Moizan A, Warret Rodrigues C, Roth JD (2022) Different selection 
criteria may relax competition for denning sites between sym-
patric predators on the low-Arctic tundra. Res Sq. https:// doi. 
org/ 10. 21203/ rs.3. rs- 22193 12/ v1

Nater CR, Eide NE, Pedersen ÅØ, Yoccoz NG, Fuglei E (2021) 
Contributions from terrestrial and marine resources stabilize 
predator populations in a rapidly changing climate. Ecosphere 
12:e03546. https:// doi. org/ 10. 1002/ ecs2. 3546

Parmesan C, Yohe G (2003) A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature 421:37–42. 
https:// doi. org/ 10. 1038/ natur e01286

Post E, Forchhammer MC, Bret-Harte MS, Callaghan TV, Chris-
tensen TR, Elberling B et al (2009) Ecological dynamics across 
the Arctic associated with recent climate change. Science 
325:1355–1358. https:// doi. org/ 10. 1126/ scien ce. 11731 13

Pruitt WO Jr (1970) Some ecological aspects of snow. Ecology of the 
Subarctic regions. UNESCO, Paris, pp 83–100

R Core Team (2022) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. 
URL https:// www.R- proje ct. org/

Reed ET, Gauthier G, Giroux JF (2004) Effects of spring conditions 
on breeding propensity of Greater Snow Goose females. Anim 
Biodiv Conserv 27(1):35–46

Ritchie JC (1957) The vegetation of northern Manitoba II: a prisere 
on the Hudson Bay lowlands. Ecology 38:429–435. https:// doi. 
org/ 10. 2307/ 19298 86

Rodnikova A, Ims RA, Sokolov A, Skogstad G, Sokolov V, Shtro V 
et al (2011) Red fox takeover of Arctic fox breeding den: an obser-
vation from Yamal Peninsula, Russia. Polar Biol 34:1609–1614. 
https:// doi. org/ 10. 1007/ s00300- 011- 0987-0

Roth JD (2002) Temporal variability in Arctic fox diet as reflected 
in stable-carbon isotopes; the importance of sea ice. Oecologia 
133:70–77. https:// doi. org/ 10. 1007/ s00442- 002- 1004-7

Roth JD (2003) Variability in marine resources affects Arctic fox pop-
ulation dynamics. J Anim Ecol 72:668–676. https:// doi. org/ 10. 
1046/j. 1365- 2656. 2003. 00739.x

Rouse WR (1991) Impacts of Hudson Bay on the terrestrial climate of 
the Hudson Bay Lowlands. Arct Antarct Alp Res 1:24–30. https:// 
doi. org/ 10. 2307/ 15514 33

Sala OE, Chapin FS III, Armesto JJ, Berlow E, Bloomfield J et al 
(2000) Global biodiversity scenarios for the year 2100. Science 
287:1770–1774. https:// doi. org/ 10. 1126/ scien ce. 287. 5459. 1770

Samelius G, Alisauskas RT (2017) Components of population growth 
for Arctic foxes at a large Arctic goose colony: the relative contri-
butions of adult survival and recruitment. Polar Res 36(sup1):6. 
https:// doi. org/ 10. 1080/ 17518 369. 2017. 13329 48

Scott PA, Fayle DCF, Bentley CV, Hansell RIC (1988) Large-scale 
changes in atmospheric circulation interpreted from patterns of 
tree growth at Churchill, Manitoba, Canada. Arct Alp Res 20:199–
211. https:// doi. org/ 10. 1080/ 00040 851. 1988. 12002 665

Shelford VE (1943) The abundance of the collared lemming (Dicros-
tonyx groenlandicus (TR) VAR. Richardsoni Mer.) in the Church-
ill Area, 1929–1940. Ecology 24:472–484. https:// doi. org/ 10. 
2307/ 19305 58

Smith TG (1976) Predation of ringed seal pups (Phoca hispida) by the 
arctic fox (Alopex lagopus). Can J Zool 54:1610–1616. https:// 
doi. org/ 10. 1139/ z76- 188

Statistics Canada (2022) Consumer price indexes for Canada, monthly 
(V41690973 series). https:// www. banko fcana da. ca/ rates/ relat ed/ 
infla tion- calcu lator/. Accessed 25 Jul 2022

Stirling I, McEwan EH (1975) The caloric value of whole ringed seals 
(Phoca hispida) in relation to polar bear (Ursus maritimus) ecol-
ogy and hunting behavior. Can J Zool 53:1021–1027. https:// doi. 
org/ 10. 1139/ z75- 117

Stirling I, Parkinson CL (2006) Possible effects of climate warming 
on selected populations of polar bears (Ursus maritimus) in the 
Canadian Arctic. Arctic 59:261–275. https:// doi. org/ 10. 14430/ 
arcti c312

Sturm M, Schimel J, Michaelson G, Welker JM, Oberbauer SF, Liston 
GE, Fahnestock J, Romanovsky VE (2005) Winter biological pro-
cesses could help convert arctic tundra to shrubland. Bioscience 
55:17–26. https:// doi. org/ 10. 1641/ 0006- 3568(2005) 055[0017: 
WBPCHC] 2.0. CO;2

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



599Oecologia (2023) 202:589–599 

1 3

Tang Q, Zhang X, Francis JA (2014) Extreme summer weather in 
northern mid-latitudes linked to a vanishing cryosphere. Nat Clim 
Change 4:45–50. https:// doi. org/ 10. 1038/ nclim ate20 65

Tannerfeldt M, Angerbjörn A (1998) Fluctuating resources and the evo-
lution of litter size in the Arctic fox. Oikos 83:545–559. https:// 
doi. org/ 10. 2307/ 35466 81

Tannerfeldt M, Angerbjörn A, Arvidson B (1994) The effect of sum-
mer feeding on juvenile Arctic fox survival: a field experiment. 
Ecography 17:88–96. https:// doi. org/ 10. 1111/j. 1600- 0587. 1994. 
tb000 80.x

Tannerfeldt M, Elmhagen B, Angerbjörn A (2002) Exclusion by 
interference competition? The relationship between red and 
Arctic foxes. Oecologia 132:213–220. https:// doi. org/ 10. 1007/ 
s00442- 002- 0967-8

Tarroux A, Bety J, Gauthier G, Berteaux D (2012) The marine side of 
a terrestrial carnivore: intra-population variation in use of alloch-
thonous resources by arctic foxes. PLoS ONE. https:// doi. org/ 10. 
1371/ journ al. pone. 00424 27

Tylianakis JM, Tscharntke T, Lewis OT (2007) Habitat modification 
alters the structure of tropical host–parasitoid food webs. Nature 
445:202–205. https:// doi. org/ 10. 1038/ natur e05429

Wapenaar W, de Bie F, Johnston D, O’Handley RM, Barkema HW 
(2012) Population structure of harvested red foxes (Vulpes vulpes) 
and coyotes (Canis latrans) on Prince Edward Island, Canada. 

Can Field-Nat 126:288–294. https:// doi. org/ 10. 22621/ cfn. v126i4. 
1374

Warret Rodrigues C (2022) Use of space and resources by red foxes and 
Arctic foxes in a coastal tundra transitional ecosystem. PhD dis-
sertation, University of Manitoba, Winnipeg, Manitoba, Canada

Woo MK, Ohmura A (1997) The arctic islands. In: Bailey WG, Oke T, 
Rouse WR (eds) The surface climates of Canada. McGill-Queen’s 
University Press, Montreal, pp 172–197

Wood SN (2003) Thin plate regression splines. J R Stat Soc: Ser B (stat 
Methodol) 65:95–114. https:// doi. org/ 10. 1111/ 1467- 9868. 00374

Wood SN (2011) Fast stable restricted maximum likelihood and mar-
ginal likelihood estimation of semiparametric generalized linear 
models. J R Stat Soc: Ser B (stat Methodol) 73:3–36. https:// doi. 
org/ 10. 1111/j. 1467- 9868. 2010. 00749.x

Zhao ST, Johnson-Bice SM, Roth JD (2022) Foxes engineer hotspots of 
wildlife activity on the nutrient-limited Arctic tundra. Glob Ecol 
Conserv. https:// doi. org/ 10. 1016/j. gecco. 2022. e02310

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

