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Abstract
As top or mesopredators, carnivores play a key role in food webs. Their survival and reproduction are usually thought to 
be influenced by prey availability. However, simultaneous monitoring of prey and predators is difficult, making it challeng-
ing to evaluate the impacts of prey on carnivores’ demography. Using 13 years of field data on arctic foxes Vulpes lagopus 
in the Canadian High Arctic and a capture–recapture multi-event statistical approach, we investigated the hypothesis that 
increases in lemming abundance (a cyclic and unpredictable food source) and goose colony proximity (a stable but spatially 
and temporally limited food source) would be associated with increased apparent survival and reproduction probabilities of 
adults. Adult apparent survival varied greatly across years (0.13–1.00) but was neither affected by lemming nor goose vari-
ations in abundance. However, reproduction probabilities were strongly influenced by both lemming abundance and access 
to the goose colony. A fox breeding in the best conditions of food availability (year of high lemming density inside the goose 
colony) had a reproduction probability four times higher than one experiencing the worst conditions (year of low lemming 
density outside the goose colony). Breeding status of individuals also played a role, with breeders having a 10–20% higher 
probability of survival and 30% higher probability of reproduction the following year than non-breeders. As the Arctic 
ecosystem changes due to increased temperatures and species ranges, this study will allow better predictions of predator 
responses to management or environmental changes and a better understanding of ecosystem functioning.
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Introduction

Carnivores are among the most threatened vertebrates which 
can play a keystone role as top or mesopredators, serve as 
umbrella species for the conservation of many other taxa, 
and generate formidable public interest (van de Kerk et al. 

2013; Treves et al. 2017). As 25% of carnivore species are 
declared endangered (van de Kerk et al. 2013), obtaining 
detailed, high-quality data on their reproduction and survival 
as well as information on factors which influence demo-
graphic parameters is particularly pertinent and in high 
demand for fundamental research, ecosystem management, 
and conservation. However, carnivores often live at low den-
sities, have large home ranges, and tend to be elusive and 
difficult to catch (Karanth and Chellam 2009). In addition, 
since all carnivores are predators, the dynamics of their pop-
ulations should be influenced by their prey, either directly 
through bottom-up control (Fuller and Sievert 2001) or indi-
rectly through interspecific competition, including intraguild 
predation (Martínez-García et al. 2010). Yet, studying the 
natural variation of vital rates in response to prey fluctua-
tions is usually difficult since most monitored carnivore 
populations experience a heavy human-induced mortality 
related to hunting (e.g., collared leopard, Panthera pardus, 
Williams et al. 2017), road accidents (e.g., amur tiger, Pan-
thera tigris altaica, Kerley et al. 2002) or population control 
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(e.g., free-ranging dogs, Canis familiaris, Belo et al. 2017). 
Conducting long-term and simultaneous monitoring of pred-
ator and prey populations is also logistically challenging. As 
a result, reliable estimates of vital rates, especially survival, 
are still relatively rare for wild carnivore populations exempt 
of anthropogenic pressure (Gorman et al. 2008).

In carnivores, it is much more difficult to estimate the 
effects of resource fluctuation on adult survival rates than 
on reproductive rates. Estimating adult survival requires the 
application of expensive or logistically challenging tech-
niques such as telemetry (e.g., Mace et al. 2012; Loveridge 
et al. 2016), molecular tracking (e.g., Meijer et al. 2008), or 
resighting of a large number of marked or visually recog-
nizable individuals (e.g., M’soka et al. 2016). Additionally, 
changes in food availability do not always result in changes 
in carnivore survival probability. For example, while in 
wolves (Canis lupus, Peterson et al. 1998) or lynx (Lynx lynx, 
O’Donoghue 1997), food shortage does increase mortality of 
adults through starvation or intraspecific strife, survival of 
spotted hyenas (Crocuta crocuta) in Zambia seems impacted 
neither by food density, interspecific competition, nor human 
proximity (M’soka et al. 2016). As such, the effects of food 
availability on survival remain unclear, especially because 
of potential time lags (Fryxell et al. 1999; Dennis and Otten 
2000) or compensatory mechanisms (Sedinger et al. 2010; 
Chevallier et al. 2015a). In contrast, assessing reproductive 
success is facilitated by the dependence of many species on 
dens for breeding (e.g., Tannerfeldt and Angerbjörn 1996; 
Breitenmoser et al. 2007; Rauset et al. 2015), and positive 
effects of food abundance on reproduction parameters such 
as fecundity, litter size, and pup survival have been reported 
for several carnivore species (wolverines, Gulo gulo, Persson 
2005; iberian lynx, Lynx pardimus, Lopez-Bao et al. 2010; 
arctic fox, Vulpes lagopus, Meijer et al. 2013; coyote, Canis 
latrans, Gese et al. 2016; see other examples in Fuller and 
Sievert 2001 and Rauset et al. 2015).

The arctic fox is a small circumpolar canid (Angerbjörn 
et al. 2004a) and one of the most important predators in 
the tundra food web (Legagneux et al. 2012, 2014). Arctic 
foxes rely on food sources that show contrasted patterns of 
temporal and spatial variability in abundance (Angerbjörn 
et al. 2004a). Due to the relatively simple structure of the 
tundra ecosystem, these fluctuations in food sources can be 
readily quantified. In most inland and some coastal tundra 
areas, two types of prey constitute the main food sources for 
arctic foxes: microtine rodents and migratory birds (Audet 
et al. 2002). Both are pulsed resources showing periodic 
superabundance, albeit on different time scales (Angerbjörn 
et al. 2004b; Samelius et al. 2007). Migratory birds, such 
as geese, represent an abundant allochthonous input to the 
ecosystem (Gauthier et al. 2011) available every year but 
only during summer months (Giroux et al. 2012), whereas 
lemming or vole populations usually exhibit 3–5-year cycles 

in abundance (Krebs 2013). Temporal fluctuations of micro-
tines are key drivers of the population dynamics of many 
arctic predators (Angerbjörn et al. 1999; Therrien et al. 
2014). Previous studies reported that some arctic fox popu-
lations exhibit cyclic dynamics and are resource depend-
ent (Angerbjörn et al. 1999). In particular, strong resource 
dependence was linked to den occupancy, litter size and 
juvenile survival in Fennoscandian and Canadian fox popu-
lations (Tannerfeldt and Angerbjörn 1996; Tannerfeldt et al. 
1998; Angerbjörn et al. 2004b; Eide et al. 2012; Giroux et al. 
2012). This was confirmed through supplementary feeding 
experiments (Angerbjörn et al. 1991; Meijer et al. 2013). 
However, most estimates of adult survival for the species 
come from carcass analyses (Macpherson 1969; Hiruki and 
Stirling 1989; Fay and Rausch 1992; Eide et al. 2012) or 
recapture studies based on modest sample sizes (Tannerfeldt 
and Angerbjörn 1996; Meijer et al. 2008, but see Samelius 
and Alisauskas 2017).

Here, we report on 13 years of capture–mark–recaptures 
of arctic foxes involving live trapping, visual observations, 
camera trapping, and carcass recovery. We studied the preda-
tor within a multiple prey system that demonstrates different 
spatio-temporal dynamics (geese being seasonal migrants 
and spatially restricted in the study area, and lemmings 
being cyclic) and in an area where the population is nei-
ther heavily hunted nor managed. We used data to their full 
potential through multi-event analytical approaches combin-
ing data from both live and dead encounters (Pradel 2005). 
One assumption in several capture–mark–recapture models 
is that all marked individuals have the same probability of 
being sighted (Amstrup et al. 2005), which is rarely the case. 
In addition, long-term monitoring programs often include 
changes in protocols over time, such as the use of new tech-
nologies, an increase of the study area or temporal changes 
in sampling efforts. We, thus, incorporated such potential 
confounding effects in our analyses to minimize biases on 
parameter estimation. We predicted that in adult foxes, sur-
vival probabilities and reproduction probabilities would be 
higher during years of high lemming abundance and inside 
the goose colony.

Materials and methods

(a) Study area and studied species

We worked in the south plain of Bylot Island (73°N, 
80°W), which is part of Sirmilik National Park, Nunavut, 
Canada. Our study area covered 600 km2 and included more 
than 100 known denning sites visited at least twice every 
summer. The arctic fox is the main terrestrial predator in 
the ecosystem (Legagneux et al. 2012). Its diet is essentially 
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composed of lemmings all year long, geese (mostly eggs and 
goslings) in summer and marine resources (mainly ringed 
seals, Pusa hispida) in winter (Tarroux et al. 2012; Giroux 
et al. 2012). The two species of lemmings on Bylot Island, 
the brown (Lemmus trimucronatus) and the collared lem-
ming (Dicrostonyx groenlandicus), follow a 3–4-year cycle 
in abundance although the fluctuations in abundance are 
much stronger for brown lemmings (from < 1 to 10 ind./
ha for brown and remaining < 1 ind./ha for collared lem-
mings; Gruyer et al. 2008; Gauthier et al. 2013; Fauteux 
et al. 2015). A large greater snow goose (Chen caerulescens 
atlantica) colony is present in this area, with over 20,000 
nesting pairs mostly in a single colony (Reed et al. 2002). 
Adult geese arrive in early May and begin to lay eggs in 
mid-June, eggs hatch around the 9th of July, and all geese 
migrate to the south in late August (Gauthier et al. 2011, 
2013). This nesting colony represents an abundant and pre-
dictable pulsed resource and foxes can cache an important 
quantity of eggs for later consumption (Samelius 2004; Car-
eau et al. 2007b). Foxes also have access to seal carcasses 
left by polar bears (Ursus maritimus) during winter and seal 
pups in March–April (Gagnon and Berteaux 2009) though 
quantification of these resources was not part of this study.

(b) Collection of field data

From 2003 to 2015, we captured arctic foxes (adults and 
pups) every summer between mid-May and mid-August 
throughout the study area, often near known dens. Detailed 
trapping methods and techniques are described in Lai et al. 
(2015). We individually marked foxes using colored and 
numbered plastic ear tags (Rototags, Dalton Supplies). 
Starting in 2007, some of the adults were equipped with 
telemetry collars as part of a study of movement patterns, 
as described in Tarroux et al. (2010) and Lai et al. (2017). 
When trapping in an area, we also conducted visual obser-
vations at active dens to determine the identity of adults 
and the presence of pups. At least three observation ses-
sions lasting 12 consecutive hours each were usually made 
for monitored dens (see details in Cameron et al. 2011). 
Weather permitting, observation sessions were conducted 
during three consecutive days; otherwise, they were sus-
pended until the weather improved. We intensified our field 
monitoring in 2007, since the study area increased from 425 
to 600 km2 (89–111 known dens) and observers increased 
from two to four, improving our monitoring efficiency as 
well as capture and observation probabilities. Importantly, 
automated cameras were installed every summer on selected 
dens showing signs of fox activity, as described in Chevallier 
et al. (2015b).

Encounters of animals occurred in three ways. First, 
marked animals could be captured in traps (“capture”). 
Second, marked animals could be visually resighted in the 

field (“direct observation”) or identified on pictures taken 
by cameras (“photographic observation”) during the sum-
mer. Third, marked individuals could be found dead in the 
field opportunistically, or returned to us by local hunters 
who had trapped them (“recovery”). Trappers returning a 
collar received a $50 reward.

(c) Multi-event model design

We used a capture–recapture model based on the multi-
event approach (Pradel 2005). As we monitor foxes only 
during the reproduction season in summer, young of the 
year have not yet reached adult size by the end of our field 
season (early August) and adults (≥ 1 year old) are easily 
recognizable by their larger body size and shape upon cap-
ture, visual or photography observations. We considered 
only adult individuals in the analyses. The capture events 
occurred during the summer season (between mid-May 
and mid-August) and included individuals encountered 
and identified as non-breeder (1), breeder (2), or uncertain 
(3). An individual was identified as breeder when observed 
(directly or through photography) providing care to pups 
at dens, or when found lactating upon capture. Foxes 
could also be recovered dead (4) or not encountered (0). 
Because recoveries could happen at any time of the year, 
an individual found or reported dead between occasions 
t and t + 1 was coded at occasion t + 1. We relied only on 
resightings in the field to determine the state of an indi-
vidual (alive or dead) and did not use data from telemetry 
collars due to early battery failure of some collars dur-
ing winter. Preliminary data (2006–2012) indicated that 
all breeding individuals and 84.6% of non-breeders with 
an actively transmitting collar within the study area are 
sighted during the field season (Lai 2017). We, however, 
included the presence of a collar (active or not) in the 
analyses to evaluate its potential effects on recovery and 
survival probabilities of individuals.

The events coded in the encounter histories are related 
to the biological states of individuals (Fig. 1). We consid-
ered the following states: Alive and Breeding (AB), Alive 
and Non-Breeding (ANB), Newly Dead (ND), and Dead 
(D). The Newly Dead state was used for recovery of indi-
viduals only in the year of death. The state Dead was for 
foxes that died during an earlier interval and were, thus, no 
longer available for recoveries. Three kinds of parameters 
are used in a multi-event approach: the initial state prob-
abilities, the probabilities of transition between states, and 
the probabilities of the events conditional on the underly-
ing states. Here, transition probabilities correspond to the 
annual apparent survival (s) and the annual probability of 
breeding (b). The combined transition matrix is defined as 
(see Online Appendix S1 for step-by-step matrices),
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AB ANB ND D

AB sb s(1 − b) 1 − s 0
ANB s′b′ s′(1 − b′) 1 − s′ 0
ND 0 0 0 1
D 0 0 0 1

where rows and columns represent, respectively, pre- and 
post-transition states. For example, the probability for a non-
breeder to survive and become a breeder is s′b′.

The event probabilities correspond to the probabilities of 
being encountered alive during the breeding season (p), of 
correctly assigning the breeding status (uncertainty, d), or of 
being recovered dead (r). The event matrix relating events 
to states is, thus,

“0” “1” “2” “3” “4”

AB 1 – p 0 pd p(1 – d) 0
ANB 1 – p′ p′d′ 0 p′(1 – d′) 0
ND 1 – r 0 0 0 r
D 1 0 0 0 0

where rows and columns relate biological states of individu-
als and events encountered in the field as described in the 
previous paragraph, respectively (see Online Appendix S1 
for step by step matrices).

Our study design combined multiple sources of encoun-
ters (captures, direct or photographic observations, recov-
eries) that ran concurrently and which could have different 
detection rates. To minimize potential sources of hetero-
geneity related to these different sources, we separated 
recaptures from resightings (direct and photographic 
observations combined) using two encounter occasions 

each summer, one “dummy” and one real (Online Appen-
dix S2), following Juillet et al. (2010). Direct and pho-
tographic observations were combined as resighting 
probabilities to improve the model ability to converge. 
Individuals observed or physically captured during the 
summer were coded in their corresponding occasion and 
probabilities of survival and reproduction were fixed at 1 
for the time interval between these two occasions.

(d) Resource covariates

Annual lemming densities (both lemming species 
combined) were obtained in July from live-trapping cap-
ture–recapture estimates for 2004–2015 or from snap-
trapping estimates converted to densities using known 
relationships for 2003 (see Gauthier et  al. 2013 and 
Fauteux et al. 2015 for methods; Online Appendix S3). 
Lemmings reproduce in winter so that their spring densi-
ties are much better reflected by estimates obtained the 
following summer than by those obtained the preceding 
summer (Fauteux et al. 2015). The fates of foxes between 
summer season t and summer season t + 1 can, thus, be 
influenced by lemming density as measured during both 
summer seasons. As in Millon and Bretagnolle (2008), 
this covariate was used in two ways. First, we compared 
annual arctic fox survival or breeding probabilities across 
the different phases of the lemming cycle: low (L) and 
high (H) during both summer season t and summer season 
t + 1 (respectively, coded as “LH” and “LH + 1”). Second, 
we performed the same analyses using lemming density as 
a continuous variable (coded as “lem” for lemming den-
sity in summer season t and “lem + 1” for summer season 
t + 1).

Fig. 1  Possible fates on summer 
season t + 1 of adult arctic foxes 
marked on Bylot Island (Nuna-
vut, Canada) during summer 
season t. The transition prob-
abilities indicated within arrows 
correspond to the probabilities 
of surviving (s) and breeding 
(b). Event probabilities cor-
respond to the probabilities of 
being encountered alive (p) and 
correctly identified as breeder 
or non-breeder (d), or of being 
recovered dead (r)
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Starting in 2007, we delimited the contour of the goose 
colony with a helicopter and a GPS receiver each year in 
late June. The shape of the goose colony may vary slightly 
between years; therefore, we averaged the colony extent over 
the course of the study (see Online Appendix S4 for details). 
Foxes were classified as “in” or “out” of the goose colony 
if the average location of their captures and observations 
was inside or outside the average extent of the colony plus 
a 1.75-km buffer zone beyond which the colony was not 
considered a significant food resource for foxes (1.75 km is 
approximately half the radius of an arctic fox home range 
in our study area; Rioux et al. 2017; see Online Appendix 
S4 for details).

(e) Goodness-of-fit test and model selection

Before analyzing the data, we performed a goodness-of-
fit (GOF) test for multi-state models (Pradel et al. 2003) 
using U-CARE (version 2.3.2; Choquet et al. 2009a), which 
considers absorbing states (state that cannot be left) such as 
the dead state. This allowed us to test for potential effects of 
trap-shyness, trap-happiness, or heterogeneity in the data-
set. The GOF tests were conducted on a 13-occasion data-
set where the dummy occasions were merged with the real 
occasions each year. Tests were conducted on sub-groups 
based on sex, colony access, and presence/absence of a col-
lar. The general assumptions of the model were met since 
the goodness-of-fit tests revealed no lack of fit (females: 
χ2 = 3.76, df = 23, p > 0.9; males: χ2 = 8.31, df = 22, p > 0.9; 
inside the colony: χ2 = 6.93, df = 20, p > 0.9; outside the col-
ony: χ2 = 8.48, df = 23, p > 0.9; with collar: χ2 = 7.98, df = 26, 
p > 0.9; without collar: χ2 = 3.29, df = 11, p > 0.9) and thus 
no overdispersion, allowing us to proceed with the multi-
state modeling.

We performed data analysis using E-SURGE (version 
1.9.0; Choquet et  al. 2009b). We followed a step-down 
approach for model selection starting by modeling only 
event (i.e., encounter type) probabilities and then event and 
transition probabilities (i.e., survival and reproduction; per 
matrices described in Appendices S1 and S2) combined 
(Lebreton et al. 1992). For encounter probabilities, we tested 
the effects of monitoring intensification in 2007, presence/
absence of a collar, sex, and breeding status. Intensification 
of monitoring was tested using different resighting prob-
abilities before and after 2007, but constant within each 
of these two periods (noted t7 in model selection tables). 
We also tested if the probability of correctly assigning the 
breeding status differed between sexes. For breeding and 
survival probabilities, we tested effects related to the indi-
vidual (i.e., presence/absence of a collar, sex, breeding sta-
tus), and food resources (lemming densities and access to 
the goose colony per our predictions). We cannot distinguish 
between mortality and permanent emigration for foxes that 

were not resighted, which is a common problem in studies 
of carnivore survival (Barthold et al. 2016) and may lead 
to an underestimation of survival. We believe this problem 
was limited for our study population since a satellite tracking 
study showed that our study population was mainly resident 
and that the risk of dying was 3.4 times higher for foxes quit-
ting the island compared to the residents (Lai et al. 2017). 
An underestimation of survival due to uncertain fate was, 
thus, likely limited.

Model selection was based on the AIC corrected for small 
sample size (Akaike’s Information Criterion; Burnham and 
Anderson 2002). If several models were within two points of 
the lowest  AICc, the most parsimonious model was retained 
as the best supported model. Once we reached a best model 
at the end of our two-step approach, we re-examined some 
effects not retained on encounter probabilities during our ini-
tial model selection but nonetheless present in neighboring 
models. E-SURGE coding of effects retained in our preferred 
model is presented in Online Appendix S5. To assess the sta-
tistical significance of some covariates, we did an analysis of 
deviance (ANODEV) when relevant (Grosbois et al. 2008). 
Encounter probabilities are reported as mean ± SE; whereas, 
effects on breeding and survival probabilities are reported as 
beta values with their 95% confidence intervals.

Results

A total of 229 adult arctic foxes (116 M and 113 F) were 
captured and ear-tagged in this study, of which 134 were 
equipped with a collar. We recaptured 65 ear-tagged foxes 
at least once (for a total of 79 recaptures) and 119 were 
resighted at least once through direct or photographic obser-
vation (for a total of 193 resightings). We recorded 11 dead 
foxes (5 from hunters).

Encounter probabilities

When modeling encounter probabilities alone, the most par-
simonious of the best supported models (model 15) retained 
an effect of breeding status on capture and observation 
probabilities, and an additive effect of monitoring inten-
sification in 2007 on observations (Online Appendix S6). 
Capture probability was higher for breeders (0.33 ± 0.04) 
than for non-breeders (0.09 ± 0.03). Observation probabili-
ties were also higher for breeders than for non-breeders and 
increased after monitoring intensification (breeders before 
2007, 0.22 ± 0.06; breeders after 2007, 0.42 ± 0.03; non-
breeders before 2007, 0.16 ± 0.05; non-breeders after 2007, 
0.32 ± 0.04). Moreover, although a sex effect on the proba-
bility of correctly assigning the breeding status was retained 
(model 21), the model without sex effect fitted equally well 
(ΔAICc = 0.04, see Online Appendix S6) and had one less 
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parameter (d = 0.94 ± 0.01). We thus pursued model selec-
tion on reproductive and survival parameters without this 
sex effect on d. When modeling encounter probabilities 
alongside survival and reproductive probabilities, there were 
similar effects of breeding status and monitoring intensity 
on encounters (Online Appendix S7). Additionally, there 
was no evidence that sex or presence of a collar affected 
capture or observation probabilities (ΔAICc of models with 
such effects was > 25, see Online Appendix S7). Recovery 
probability was low (0.07 ± 0.02). Although the model with 
collar effect on recovery was not retained when modeling 
encounter probabilities alone (Online Appendix S6), this 
effect was retained in our preferred model once survival and 
reproductive probabilities were added (Online Appendix 
S7). Recovery probability for individuals wearing a collar 
was slightly higher (0.10 ± 0.03) than for those without a 
collar (0.03 ± 0.02).

Individual effects on survival and reproduction

When modeling survival or breeding probabilities with only 
collar presence, sex, and breeding status, we found no effect 
of the presence of a collar or sex (Table 1). However, both 
survival and breeding probabilities varied temporally and 
according to the breeding status (Table 1; in the best model, 
beta for survival probabilities = 1.08 [0.06, 2.1]; beta for 
breeding probabilities = 1.75 [0.52, 2.99]). Breeders experi-
enced higher survival than non-breeders (Fig. 2a). Similarly, 
foxes had a higher probability to breed if they had bred in the 
previous year than if they had not (Fig. 2b). Both survival 

and reproduction probabilities appeared highly variable 
between years (Fig. 2).

Resource effects on survival and reproduction

We found no evidence that the presence of geese or lem-
ming abundance affected survival. None of these covari-
ates was retained among our preferred models (Table 2; 
Fig. 3a). Furthermore, the ANODEV test was not significant 
when using either lemming density (models 75 vs 67 vs 70, 
Table 2; F1,10 = 1.1, p > 0.1) or the phase of the lemming 
cycle (models 75 vs 68 vs 70, Table 2; F1,10 = 2.2, p > 0.1) 
as a covariate.

We found strong evidence that the presence of geese and 
lemming abundance affected breeding probability as all 
or most of our preferred models (i.e., ΔAICc < 2) retained 
those two variables (Table 2). Foxes located inside the goose 
colony had higher breeding probabilities than those outside 
(Fig. 3b; beta = 0.76 [0.04, 1.49]). The strong positive effect 
of lemming abundance on fox breeding probability was 
confirmed by the ANODEV test (models 79 vs 66 vs 64, 
Table 2; F1,10 = 27.0, p < 0.001). Regardless of the breeding 
status at time t, the probability to breed again at time t + 1 
was strongly affected by lemming density at t + 1 (Fig. 3b; 
beta = 0.62 [0.43, 0.82]).

Discussion

We used a unique opportunity to test whether demographic 
parameters of an arctic carnivore can be affected by the 
availability of multiple preys. Our long-term data set com-
bined with a robust multi-event capture–recapture model 
allowed us to integrate multiple sources of encounter (live 
captures, visual and photographic observations, carcass 
recoveries) to improve precision of our estimates. Our results 
do not indicate an effect of food resources on adult appar-
ent survival, but confirm that reproduction probabilities are 
highly food dependent. Other key findings include the rather 
high inter-annual variability of both survival and reproduc-
tion probabilities, the strong influence of breeding status on 
both survival and reproduction, and the absence of an effect 
of sex or wear of a collar on survival and reproduction.

Encounter probabilities

We confirmed that several factors affected arctic fox encoun-
ter probabilities. Reporting these factors is important for a 
better optimization of monitoring or sampling designs and 
allows the inclusion of known heterogeneity in encounter 
probabilities in capture–mark–recapture models. As seen in 
other species (Clobert 1995; Grosbois and Thompson 2005), 
breeding status influenced detectability and catchability of 

Table 1  Top models in the model selection for the effects of time, 
sex, breeding state, and presence of a collar on probabilities (P) of 
survival (s) and breeding (b) of arctic foxes on Bylot Island, Nunavut, 
Canada. For each model, we present the number of estimated param-
eters (Np), the deviance, and the difference in the corrected AIC with 
the preferred model (ΔAICc)

Interactions are denoted by a ‘*’. For all models, we used the effects 
retained in the most parsimonious of the best supported models 
(model 15) of Online Appendix S6 for encounter probabilities
Breed breeding state, collar presence of a collar

Model# Ps Pb Np Deviance ΔAICc

43 Breed + time Breed + time 35 2015.68 0.00
56 Time Breed + time 34 2020.17 2.70
42 Breed + time Time 34 2023.84 5.88
45 Breed + time Time + sex 35 2022.80 7.12
44 Breed + time Time + collar 35 2023.47 7.79
31 Time Breed*time 44 2010.65 16.00
36 Breed + time Breed*time + collar 46 2006.18 16.31
33 Time + collar Breed*time 45 2009.91 17.64
34 Time + sex Breed*time 45 2010.60 18.33
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individuals, as the observation and especially capture prob-
abilities were higher for breeders than for non-breeders 
(three times higher for capture probabilities), irrespective of 
sex. Arctic foxes may use their dens and remain in the same 
territory multiple years even if they do not produce pups 
during a breeding season (Eberhardt et al. 1982; Berteaux, 
unpublished data). However, the parental care provided 
by breeding foxes at dens, where most of our monitoring 
effort was concentrated, undoubtedly contributed to their 
higher encounter rate compared to non-breeders. The use 
of automated cameras doubled encounter probabilities. It 
is interesting to note that automated cameras increased the 
encounter rate of non-breeders considerably compared to 
live captures (0.32 vs 0.09), but less so for breeders (0.43 
vs 0.32). Thus, automated cameras offer a great potential to 

increase the detection rate of non-breeders, which poten-
tially solves the problem of underestimating survival of arc-
tic foxes due to low detection probability during years with 
low rodent density (Meijer et al. 2008). The probability of 
correctly assigning the breeding status was very high and 
was not improved by cameras at dens.

Recovery rate was higher for individuals wearing a col-
lar, which could be due to two reasons. First, the reward 
offered for the collar was indicated on the collar itself, which 
may have motivated hunters to report dead animals. Second, 
coordinates of immobile collars within the study area were 
used to locate carcasses. Although recovery was higher for 
collared foxes, survival rate did not differ between foxes with 
and without a collar, indicating that the presence of the col-
lar and the reward did not increase their risk of dying.

Fig. 2  Annual survival (a) and breeding (b) probabilities of arctic foxes that were breeders (blue circles) and non-breeders (red squares) in the 
previous year on Bylot Island, Nunavut, Canada (from model 43 Table 1). Error bars illustrate 95% confidence intervals
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Survival probabilities

Apparent adult survival was highly variable in this popula-
tion, with annual estimates ranging from 0.13 to 1.00 and 
averaging 0.64 (SE = 0.03, 95% CI = 0.59–0.69, Model 73). 
Adult survival seems also variable across arctic fox popu-
lations, with estimates of 0.75 in Alaska (Fay and Rausch 
1992), 0.68 in Norway (Eide et al. 2012), 0.52, 0.58 and 
0.31–0.68 in Canada (Samelius and Alisauskas (2017), 
Hiruki and Stirling (1989) and Macpherson (1969), respec-
tively), and 0.33–0.60 in Sweden (Tannerfeldt et al. 1994; 
Tannerfeldt and Angerbjörn 1996; Meijer et al. 2008). Com-
parisons across studies are difficult due to varying meth-
odologies. Yet it is safe to conclude that adult survival is 
generally low for arctic foxes, especially compared to other 
carnivore populations where adult survival can be > 0.80 
(e.g., 0.82 for adult female black bears, Beston 2011; > 0.90 
spotted hyenas, M’soka et  al. 2016). Our estimation of 
annual survival of arctic foxes appears, however, comparable 
with values reported for other canid species such as wolves 
(O’Neil et al. 2017), coyotes (Van Deelen and Gosselink 
2006) or red foxes (Vulpes vulpes, Korytin 2002) for which 

estimations were, respectively, 0.75, 0.59 and 0.56. Sex and 
wear of a collar did not influence survival probabilities. The 
absence of sex effect is not surprising given that the spe-
cies is highly monomorphic. On a more technical note, the 
absence of collar effect on survival is useful information 
given the growth of movement ecology.

While adult survival in arctic foxes is often suspected to 
be driven by resource variation (Hiruki and Stirling 1989), 
neither lemmings nor geese affected fox survival in our 
analysis. This is surprising considering the importance of 
lemmings (Angerbjörn et al. 1999) and cached goose eggs 
(Careau et al. 2007a) in the diet of foxes. Similarly, a recent 
study near Karrak Lake in Canada reported non-significant 
effects of small mammal abundance and goose abundance 
on apparent adult survival (Samelius and Alisauskas 2017). 
Contrary to our results, they found a constant apparent 
survival of adults (estimate of 0.52) over their 15 years of 
study. According to the authors, this may be attributed to the 
important subsidies provided by two large colonies of arctic 
geese in the area (about 1 million nesting geese). Given that 
arctic foxes are physiologically well adapted to food scarcity 
(Fuglei and Oritsland 1999), it may be possible that food 

Table 2  Top 20 models for individual (breeding status, collar pres-
ence, and sex) and resource covariates (annual lemming abundance 
and spatial location with respect to the goose colony) on probabilities 

(P) of survival (s), breeding (b), capture (c), resight (p), recovery (r), 
and of correctly assigning the breeding status (d) of arctic foxes on 
Bylot Island, Nunavut, Canada

We present the number of estimated parameters (Np), the deviance, and the difference in the corrected AIC with the preferred model (ΔAICc). 
Interactions are denoted by a ‘*’. For complete model list, see Online Appendix S7
Breed breeding state, collar presence of a collar, t7 before/after monitoring intensification in 2007, i constant, goose inside or outside the goose 
colony, lem/lem + 1 annual lemming abundance in current or next year (+1), LH/LH + 1 lemming abundance reduced to years of high and low 
abundance in current or next year (+1)

Model# Ps Pb Pc Pp Pr Pd Np Deviance ΔAICc

117 Breed + time Breed + [LH + 1] + goose Breed t7 Collar i 25 2031.16 0.00
118 Breed + time Breed + [LH + 1] + goose Breed Breed*t7 Collar i 27 2027.47 0.73
104 Breed + time Breed + time + goose Breed t7 Collar i 35 2009.41 0.74
82 Breed + time Breed + [lem + 1] + goose Breed Breed*t7 Collar i 27 2027.65 0.91
94 Breed + time Breed + time + goose Breed Breed*t7 Collar i 37 2005.03 0.97
93 Breed + time Breed + time + goose Breed t7 i i 34 2012.24 1.28
114 Breed + time Breed + [lem + 1] + goose Breed t7 Collar i 25 2032.46 1.30
81 Breed + time Breed + [lem + 1] + goose Breed t7 i i 24 2035.30 1.93
79 Breed + time Breed + time + goose Breed Breed + t7 i i 36 2008.40 2.02
66 Breed + time Breed + [lem + 1] + goose Breed Breed + t7 i i 26 2031.19 2.24
75 Breed + time + goose Breed + [lem + 1] + goose Breed Breed + t7 i i 27 2029.00 2.26
61 Breed + time Breed + [LH + 1] Breed Breed + t7 i i 25 2036.07 4.91
43 Breed + time Breed + time Breed Breed + t7 i i 35 2015.68 7.01
116 Breed + time + goose Breed + time Breed Breed + t7 i i 36 2014.07 7.69
68 Breed + [LH + 1] + goose Breed + [lem + 1] + goose Breed Breed + t7 i i 17 2061.41 12.88
67 Breed + [lem + 1] + goose Breed + [lem + 1] + goose Breed Breed + t7 i i 17 2064.58 16.05
70 Breed + goose Breed + [lem + 1] + goose Breed Breed + t7 i i 16 2068.58 17.91
48 Breed + [LH + 1] Breed + time Breed Breed + t7 i i 25 2050.31 19.15
49 Breed + [lem + 1] Breed + time Breed Breed + t7 i i 25 2053.40 22.23
73 i Breed + [lem + 1] + goose Breed Breed + t7 i i 14 2082.90 28.00
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availability in our study area never reached the threshold 
below which adult survival was compromised due to avail-
ability of goose-related resources.

Other potential factors enabling foxes to survive despite 
high fluctuations of terrestrial resources remain to be inves-
tigated thoroughly considering our dataset yielded survival 
estimates with large confidence intervals, especially prior 
to 2008. This imprecision may have affected our ability to 
detect biologically meaningful effects of resource avail-
ability. Bylot Island has the most intensive monitoring of 
a natural arctic fox population over a relatively large area 
and is one of the only six sites (out of 34 study areas) where 
capture–mark–recapture occurs extensively and annually 
(Berteaux et al. 2017b). This shows that despite massive 
field efforts, it is still not easy to obtain reliable estimates 
of vital rates for carnivores living in remote areas. Another 
limitation could be that we included terrestrial, but not 
marine, resources in our analysis. Foxes occasionally for-
age on sea ice during winter (Roth 2002, 2003; Lai et al. 
2015). On Bylot Island, they do so especially when lem-
mings are scarce or if their territory is located far from the 
goose colony (Lai et al. 2017). The extent to which such 
access to allochthonous resources may have hidden survival 
costs of low terrestrial food availability is unknown. Finally, 
drivers of adult survival unrelated or indirectly related to 
food resources may also be at play. Positive effects of high 
food abundance could be weakened by an increase of preda-
tor density and then intraguild (Linnell and Strand 2000) and 

intraspecific competition (Rich et al. 2012). In carnivores, 
other parameters affecting adult survival are population den-
sity (e.g., wolverines, Brøseth et al. 2010), disease outbreaks 
(Prestrud et al. 1992), predation (e.g., spotted hyenas, Watts 
and Holekamp 2009), and climate variation (Grosbois et al. 
2008) through direct effects on thermoregulation costs or 
indirect effects on food accessibility (Berteaux et al. 2017a). 
These clearly deserve further attention as well.

Maximum longevity in our study population is 8 years 
(Chevallier et al. 2017) but mean life expectancy as adult, 
calculated as − 1/ln(adult survival) (Munda and Hud-
nik 1991) is rather low, at only 2.2 years (− 1/ln 0.64). 
Complex trade-offs exist between reproduction, juvenile 
survival, and adult survival (Stearns 1989). Theory pre-
dicts that short-lived species should invest more in repro-
duction than survival and that reproduction could have a 
negative impact on subsequent survival (Stearns 1989). 
Our results indicating a higher impact of resource avail-
ability on reproduction than on survival suggests on the 
contrary that, when resources decrease, arctic foxes seem 
to be prioritizing their own survival. In addition, instead 
of non-breeders surviving better than breeders, survival 
probabilities of the latter were 10–20% higher than those 
of the former. This could be due to an apparently low cost 
of reproduction in arctic foxes (Tannerfeldt et al. 1998) or 
individual heterogeneity, with breeders being the highest-
quality individuals, capable of sustaining both a higher 
survival and reproduction.

Fig. 3  Annual survival (a) and breeding (b) probabilities of arctic 
foxes that were breeders (blue dots) and non-breeders (red diamonds) 
in the previous year inside (filed symbols and plain lines) or outside 
(open symbols and dotted lines) a goose colony, in relation to next 
summer’s lemming density on Bylot Island, Nunavut, Canada. In a, 

point estimates are from model 75 and predicted relationships are 
from model 67 in Table  1. In b point estimates are from model 94 
and predicted relationships are from model 82 in Table 1 (see Online 
Appendix S8 for details)
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Reproduction probabilities

We found that breeding probability could quadruple between 
the worst (year of low lemming density outside the goose 
colony) and best (year of high lemming density inside the 
goose colony) conditions of food availability. As in other 
studies of the same (e.g., Angerbjörn et al. 1991), or other 
species (e.g., wolverines, Persson 2005; iberian lynx, Lopez-
Bao et al. 2010; coyotes, Gese et al. 2016), our results sup-
port the hypothesis that prey availability is crucial to sustain 
reproduction in carnivores.

The probability of becoming a breeder in the following 
summer was affected by lemming density in the following 
summer but not in the current summer. This can be eas-
ily explained given that regulation of reproduction by food 
limitation may occur through reduced ovulation rate during 
winter, prenatal loss during spring, and litter size reduc-
tion during summer (Tannerfeldt et al. 1998). Other stud-
ies have shown the reliance on lemmings in spring for fox 
reproductive output (number of litters produced) and pointed 
that supplemental food during the previous fall season (for 
example, fall migrating geese) or during winter (dog pellets 
and carcasses provided for a conservation program) did not 
counteract the influence of small rodent cycles (Meijer et al. 
2013; McDonald et al. 2017). Additional food such as goose 
eggs, which are brought back to the den by adults, may, 
however, contribute to pup survival until emergence from 
natal dens (when we can observe them). Indeed, breeding 
probabilities were 20% higher for individuals with a signifi-
cant access to the goose colony than for those without. This 
further confirms that a spatial heterogeneity in reproduction 
exists in this canid population (Giroux et al. 2012).

We also found that breeders had a 30% higher probability 
of breeding the following year compared to non-breeders. 
Along with the possibility of individual heterogeneity within 
the population previously discussed, parental experience 
may increase reproductive probability through enhanced pup 
survival (Meijer et al. 2011; Rauset et al. 2015; Erlands-
son et al. 2017). At Karrak Lake, only a small proportion 
of foxes (27%) were able to maintain long residency times 
(3–7 years) and it was suggested that these individuals con-
tributed the most to the local recruitment of the population 
(Samelius and Alisauskas 2017). The relative contribution of 
individual quality, parental experience, and overall experi-
ence of the territory (dens and prey availability) on repro-
ductive success remains to be determined.

Carnivores demography

The arctic fox is intensively monitored at many sites 
throughout the Arctic (Berteaux et al. 2017b). Some popu-
lations are endangered and thus heavily managed to foster 
recovery (e.g., Angerbjörn et al. 2013); while others are 

subject to intensive harvesting aimed at reducing abun-
dance (Hersteinsson 1992). A better knowledge of the spe-
cies population dynamics is essential to improve arctic fox 
population management. Our system offered interesting 
opportunities to study demographic effects of both spatial 
and temporal heterogeneity in prey abundance within pop-
ulation. We concluded that measured resources explained 
variability in probabilities of reproduction but not adult 
apparent survival. Demographic studies are necessary to 
understand population dynamics of carnivores and, more 
generally, to shed light on some of the critical processes 
structuring ecosystems. As a general rule in vertebrate 
ecology, influence of body size on adult survival increases 
with generation length, which in turn increases with body 
size (Oli 2004; Bielby et al. 2007). Whether this pattern 
holds within the order Carnivora is unclear because data on 
adult survival are still rare for this group (see van de Kerk 
et al. 2013) and the majority of the studies on this order 
are made on populations threatened by human activities 
(hunting; e.g., collared leopard, Williams et al. 2017, road 
accidents; e.g., amur tiger, Kerley et al. 2002, population 
control; e.g., free-ranging dog, Belo et al. 2017). However, 
food shortage does increase mortality of adults in wolves 
(Peterson et al. 1998) or lynx (O’Donoghue 1997), but 
does not impact survival of spotted hyenas (M’soka et al. 
2016). Also, other studies on predators found that expe-
rienced breeders had higher fecundity and survival rate 
than non experienced in a tawny owl population (Strix 
aluco, Karell et al. 2009) and that prey abundance had 
weak influence on survival of Montagu’s harrier (Circus 
pygargus, Millon and Bretagnolle 2008). Our study shows 
that combining long-term field effort with state-of-the-art 
techniques of data collection and analysis does open pro-
ductive avenues to understand life history traits in difficult-
to-study species such as mammalian carnivores.
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