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Summary
1. In the context of global change, an increasing challenge is to understand the interaction
between weather variables and life histories. Species-specific life histories should condition the
way climate influences population dynamics, particularly those that are associated with environmental constraints, such as lifestyles like hibernation and sociality. However, the influence
of lifestyle in the response of organisms to climate change remains poorly understood.
2. Based on a 23-year longitudinal study on Alpine marmots, we investigated how their lifestyle, characterized by a long hibernation and a high degree of sociality, interacts with the
ongoing climate change to shape temporal variation in age-specific survival.
3. As generally reported in other hibernating species, we expected survival of Alpine marmots
to be affected by the continuous lengthening of the growing season of plants more than by
changes in winter conditions. We found, however, that Alpine marmots displayed lower juvenile survival over time. Colder winters associated with a thinner snow layer lowered juvenile
survival, which in turn was associated with a decrease in the relative number of helpers in
groups the following years, and therefore lowered the chances of over-winter survival of juveniles born in the most recent years.
4. Our results provide evidence that constraints on life-history traits associated with hibernation and sociality caused juvenile survival to decrease over time, which might prevent Alpine
marmots coping successfully with climate change.
Key-words: French Alps, lifestyle, Marmota marmota, path analysis, sociality, winter conditions
Introduction
In the context of climate change (IPCC 2013), an increasing
challenge in ecological research is to understand the role of
weather variables in shaping life-history traits and their
effects on population growth rates (Meril€a 2012). Across
species, some general patterns of life-history variation have
emerged, such as the strong structuring effect of age and
sex in the responses of demographic rates to environmental
variation in vertebrate populations (Jorgenson et al. 1997;
Gaillard et al. 2000; Coulson et al. 2001). For instance, in
long-lived iteroparous species like large herbivores (Gaillard et al. 2000; Coulson et al. 2001) or seabirds (Jenouvrier, Barbraud & Weimerskirch 2005; Oro et al. 2010),
juveniles are more susceptible to changes in environmental
conditions than adults (Gaillard & Yoccoz 2003).

Among-species differences in lifestyle should potentially
influence both demography and life-history trait responses
to climate change. Indeed, species having a lifestyle (sensu
Harvey & Purvis 1991) that buffers individuals’ life-history traits against harsh environmental conditions generally benefit from a longer life span than expected based
on their body mass (Healy et al. 2014). For instance, aerial, arboreal, or fossorial lifestyles, that allow individuals
to escape from predation, are associated with increased
longevity in birds and mammals (Shattuck & Williams
2010; Healy et al. 2014). Likewise, hibernation directly
affects energy allocation, the central process of life-history
strategies (Cody 1966; Stearns 1992), by allowing individuals to save energy during seasons of food shortage and to
protect themselves from predators. This results in an
increase in survival for hibernating species, compared to
similar-sized but non-hibernating species (Wilkinson &
South 2002; Turbill, Bieber & Ruf 2011). Similarly, sociality
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may be selected in strongly limiting environments for
providing higher access to food resources, reducing predation risk, or lowering the costs of thermoregulation
during hibernation (Alexander 1974; Arnold 1990b;
Boyles, Storm & Brack 2008). Overall, these lifestyles
confer advantages to individuals that increase longevity
and improve survival (see Keller & Genoud 1997 for an
example on social insects, Wasser & Sherman 2010 on
social birds, and Williams & Shattuck 2015 on a social
mammal).
Lifestyles that evolved in response to climatic
constraints should shape the way species are influenced by
climate change. In temperate areas, climate change can
impact animal populations in two ways: (i) directly via
changes in the weather conditions during winter, acting
on the energy demands of animals, or (ii) indirectly via
changes in weather conditions in spring and summer (vegetation growth), acting on the availability and quality of
food resources, which ultimately determine the amount of
fat reserves needed to sustain winter conditions. Those
direct and indirect effects may act together or against one
another on life histories. For hibernating species, which
are sheltered from adverse winter conditions and mostly
rely on fat reserves accumulated during their active period
to survive hibernation (Lyman et al. 1982; Humphries,
Umbanhowar & McCann 2004), climate change should
mainly influence demographic rates indirectly through
changes during the growing season. An overview of studies investigating the responses of hibernating species to
climate change suggests that the indirect effects through
variation in resource availability and quality, whether positive or negative, are generally observed (Table 1a,b).
However, the population dynamics of some hibernating
species depend on winter harshness, as shown by the
decreased litter size with decreasing snow cover reported
in Alpine marmots (Marmota marmota) (Tafani et al.
2013; Table 1b), suggesting heterogeneous responses of
hibernating species to climate change.
The effect of sociality on species life histories is mainly
mediated by the size or the composition of the social
group (see Emlen & Wrege 1991 and Paquet et al. 2015;
for example on social birds; Hodge et al. 2008 and Lardy
et al. 2015 on mammals). For instance, in the cooperatively breeding meerkats (Suricata suricatta), female reproductive success increases with group size (Hodge et al.
2008) and juvenile survival is higher in the presence of
helpers which participate in feeding pups (Clutton-Brock
et al. 2001). The responses of social species to climate
change could, hence, depend in part on the influence of
climate on the social group structure. Generally, climate
change affects reproductive parameters and therefore population recruitment (Table 1b,c). Environmental variability may change the size and/or the composition of social
groups with some delay because newly recruited individuals will be helpers in the following years (see Bateman
et al. 2013). Hence, environmental variability may impact
the composition of social groups and could influence the

population dynamics of social species by altering social
factors which are associated with improved reproductive
success. Up until now, the role of sociality on population
dynamics of social species has only been assessed by
investigating the effects of sociality and climate separately
(Russell et al. 2002; Patil, et al. 2013). However, a comprehensive approach linking weather variation to social
effects on demographic rates would improve our understanding of the role of lifestyle in the response of social
species to climate change.
Marmots are particularly interesting biological models
with which to assess the role of the lifestyle in population
response to climate change. They are hibernating species
and display various degrees of sociality directly related
with the climatic constraints of their environments (Barash 1974; Armitage 1999). This observed variation in the
degree of sociality across species of marmots seems to be
linked to the harshness of the environment such as a short
growing season, and increases with both altitude and latitude (Barash 1974; Armitage 1999; Blumstein & Armitage
1999). The Alpine marmot lives at high elevation with
harsh winters and lies at one extreme of the social gradient, being the most social marmot species (Blumstein &
Armitage 1999; Allaine 2000). Alpine marmots hibernate
in extended family groups with one dominant breeding
pair and subordinates (Arnold 1990a; Perrin, Allaine &
Le Berre 1993), and display cooperative breeding (Solomon & French 1997; Blumstein & Armitage 1999).
Accordingly, they present delayed dispersal from the
family group, the reproductive suppression of subordinates, while male subordinates carry part of the breeding
costs through social thermoregulation directed towards
offspring to which they are related during hibernation,
while female subordinates do not (Arnold 1993a; Allaine
et al. 2000; Allaine & Theuriau 2004).
Using a 23 year-long monitoring of an Alpine marmot
population in the French Alps, we aimed to assess how
the species’ lifestyle (hibernation and sociality) interacted
with weather variation in shaping age-specific survival patterns by testing the three following expectations. (i) Being
a long-lived species (Cohas et al. 2007), annual survival
rates of Alpine marmots should be strongly structured by
individual age and social status. We thus expected
juveniles to be more sensitive to fluctuations in weather
conditions than older individuals because the population
growth rate of long-lived species is less sensitive to juvenile
than to adult survival (Gaillard et al. 2000; Gaillard &
Yoccoz 2003). (ii) We expected survival of the Alpine marmot to be influenced both by spring and summer conditions and by winter conditions because weather variation
can affect the survival of individuals directly, through
changes in the energy requirement during winter, and indirectly, through the availability and quality of resources
(Table 1). While yellow-bellied marmots (Marmota flaviventris) benefit from earlier springs to achieve improved
body condition before hibernation (Ozgul et al. 2010),
Alpine marmots suffer from harsh winter conditions by
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Table 1. Effects of weather variables on the life-history traits of medium-sized mammals according to three different lifestyles: mammals
that (a) hibernate and are solitary, (b) hibernate and live socially and (c) live socially without hibernating
Species
(a) Hibernating species
Rodentia
Arctic ground squirrel
(Urocitellus parryii)
Golden-mantled ground squirrel
(Callospermophilus lateralis)
Edible dormouse (Glis glis)

Common hamster (Cricetus
cricetus)
Carnivora
Raccoon dog (Nyctereutes
procyonoides)
(b) Social hibernating species
Rodentia
Columbian ground squirrel
(Urocitellus columbianus)
Yellow-bellied marmot (Marmota
flaviventris)

Alpine marmot (Marmota
marmota)
Hoary marmot (Marmota
caligata)
Chiroptera
Little brown myotis (Myotis
lucifugus)

Nothern bat species (96)
(c) Social species
Chiroptera
Flying foxes (Pteropus spp.)
Carnivora
Meerkat (Suricata suricatta)
Eurasian badger (Meles meles)
Lagomorpha
European rabbit (Oryctolagus
cuniculus)
European hare (Lepus europaeus)

Weather variables

Life-history traits

Effect

References

Early springs (advanced
snowmelt)
Prolonged summer rainfall
(reduced food access)
Early springs (increased
temperature, seed
productivity)
Late springs (delayed
snowmelt)

Emergence date,
breeding date
Juvenile survival,
reproductive rates
Emergence date,
population abundance

+

Sheriff et al. (2010)



Kneip et al. (2011)

+

Adamik & Kral (2008)
Kager & Fietz (2009)

Reproductive output



Hufnagl, Franceschini-Zink
& Millesi (2011)

Mild springs (high
temperatures, low snowdepth)

Fat deposition

+

Melis et al. (2010)

Late springs (delayed
snowmelt)

Emergence date,
individual annual
fitness
Emergence date, body
mass, adult survival
rate



Lane et al. (2012)

+

Schwartz & Armitage
(2005)
Ozgul et al. (2010)

Reproductive success

+

Winter severity (thinner
snow layer)
Thin snowpack in winter

Litter size



Maldonado-Chaparro et al.
(2015)
Tafani et al. (2013)

Overwinter survival
Average fecundity




Patil et al. (2013)
Patil, Karels & Hik (2015)

Summer dryness



Winter temperatures

Breeding and survival
probability
Over-winter survival



Summer dryness

Reproductive success



Frick, Reynolds & Kunz
(2010)
Humphries, Thomas &
Speakman (2002)
Adams (2010)

High temperature extremes

Survival rates



Welbergen et al. (2008)

Dryness of current and
previous years
Mild winter

Reproductive success,
recruitment, group size
Population abundance



Russell et al. (2002)
Bateman et al. (2013)
MacDonald & Newman
(2002)

High spring precipitation
Low winter temperature

Population abundance
Body mass loss, delayed
onset of reproduction
Population abundance

Warmer spring
temperatures (advanced
snowmelt and food
availability)

High summer/autumn
precipitation

showing decreased litter size in response to colder winters
with thinner snowpack (Tafani et al. 2013). Hence, we
expected opposing direct and indirect effects of weather
variation on Alpine marmot survival, with marmots of all
age-classes benefiting from earlier springs and longer
access to food resources, but with a negative impact of
colder winters. As generally observed for hibernating species (Table 1), we expected the influence of indirect effects

+



R€
odel & Dekker (2012)
R€
odel et al. (2005)



R€
odel & Dekker (2012)

to be stronger than that of direct effects and the consequences of climate change on demographic rates of Alpine
marmots to be positive overall. (iii) Finally, we expected
climate change to have a delayed ‘socially mediated’ effect
on juvenile survival by modifying the social structure of
groups. We recently reported that climate change is currently inducing a decrease in litter size in our study population (Tafani et al. 2013), which could reduce the number
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of helpers present in the groups during hibernation 2 years
later. Being a cooperative breeder, juvenile survival of
Alpine marmots increases with the number of helpers in
the family group during hibernation (Allaine et al. 2000;
Allaine & Theuriau 2004). Consequently, this long-term
decrease in litter size (Tafani et al. 2013) could contribute
to a further decrease in juvenile survival.

Materials and methods
study species and population
Alpine marmots are cooperative breeders, territorial and socially
monogamous (Allaine 2000). They live in family groups of up to
20 individuals (Arnold 1990b), composed of a dominant breeding
pair, sexually mature subordinates of at least 2-years of age,
immature yearlings and juveniles (Arnold 1990b; Perrin, Allaine
& Le Berre 1993). Dominant individuals monopolize reproduction by inhibiting reproduction of subordinates through aggressive behaviour (Arnold & Dittami 1997; Hackl€ander, Mostl &
Arnold 2003). Mating occurs shortly after the end of hibernation
in mid-April. Gestation lasts 30 days followed by 40 days of lactation inside a natal burrow, and pups emerge and are weaned
between mid-June and mid-July. Members of a family group
hibernate in the same burrow from mid-October to mid-April
(Arnold 1988). Subordinate males are involved in social thermoregulation during hibernation (Arnold 1993b) and act as helpers by improving juvenile overwinter survival (Arnold 1988,
1993a; Allaine et al. 2000; Allaine & Theuriau 2004). Subordinates of both sexes start to disperse once they reach the age of
2 years (Arnold 1990a; Magnolon 1999) and themselves become
dominant in due course.
The study population is located in La Grande Sassiere Nature
Reserve (French Alps, 45°290 N, 6°59E) at 2300 m a.s.l. From
1990 to 2013, individuals were monitored by a capture-markrecapture protocol. Marmots were trapped each year from midApril to mid-July. Once captured, individuals were tranquillized
and individually marked for permanent identification. All captured individuals were sexed and aged, and classified into three
categories on the basis of their body size: juveniles (i.e., young
of the year), yearlings (i.e., born in the previous year) and adults
(i.e., from 2 years of age). Social status was assessed by scrotal
and teat development for males and females respectively. We
included data collected on 1172 individuals captured between
1990 and 2013 in our analyses (see Appendix S1, Supporting
information for additional information about the study design
and protocols).

climate and weather covariates
In the first instance, we used the winter North Atlantic Oscillation index (NAO, Hurrell 1995) as an index of global change to
assess whether Alpine marmots responded to the global signature
of climate change. This assessment was preliminary only because
the NAO is a poor index of the proximal causes of ecological
variation (Hallett et al. 2004). We then used local weather indices
to identify particular mechanisms by which weather variation
influences the survival of Alpine marmots.
Given the timing of captures in the field, we defined annual
survival of the Alpine marmot as the proportion of individuals

that survive between spring at year t and the following spring at
year t+1. We focused on four weather variables with potential
impact on marmot annual survival based on three key periods of
the Alpine marmot’s annual life cycle when environmental conditions are critical (see Appendix S2 for details about the choice
and description of the weather variables): (i) during the active
season, at year t, when marmots are storing fat reserves to survive the next hibernation; (ii) during hibernation, between years t
and t+1, when marmots have to maintain sufficiently high body
temperatures while the burrow temperature decreases (Arnold
et al. 1991); and (iii) at emergence from hibernation the next
spring of year t+1, when marmots rely exclusively on their
remaining body fat to cope with adverse environmental conditions.
The Normalized Difference Vegetation Index (noted NDVI,
Pettorelli et al. 2005a) is a proxy for primary production (Pettorelli et al. 2005a). We used the NDVI measured from April
15th to May 1st to assess the timing of snowmelt and thereby the
time during which marmots have access to food resources. High
NDVI values indicate early snowmelt and access to food
resources for marmots (i.e. early spring), and a longer vegetation
growth. The vegetation onset indeed correlates well with snowmelt in mountain environments (Pettorelli et al. 2007). At year t,
NDVIt may drive over-winter survival during the coming hibernation. We also considered NDVI at year t+1 to match marmots’ emergence from their burrows (noted NDVIt+1) and to
test whether environmental conditions at emergence from hibernation after a 6-month fast, affected marmot survival between t
and t+1.
The Bagnouls-Gaussen Index (noted BGIt, Gaillard et al.
1997) is a commonly used drought index for temperate areas (see
Garel et al. 2004 and To€ıgo et al. 2006) which we used as a proxy
of food availability and quality in summer of year t. We calculated BGIt values from July 1st to August 1st to match periods
during which marmots, especially pups who just emerged, actively
feed before hibernation. Droughts can be a strongly limiting factor of primary production in temperate areas (see Mysterud et al.
2008). Low BGIt values are associated with hot and dry summers
which means less forage for marmots and potentially low overwinter survival.
Lastly, we defined a winter weather variable, WINt, to assess
environmental conditions during marmot hibernation between
years t and t+1. Hibernation is a critical period for marmots
(Arnold 1990b), when weather conditions such as extreme temperatures and thin snow cover strongly decrease hibernaculum
temperature and marmot body mass (see Tafani et al. 2013), and
thus potentially influence survival. Our WINt variable is an index
of winter harshness that combines temperature and snow precipitation from December 1st to March 31st. It corresponds to the
residuals from the orthogonal regression between monthly average air temperature and snow depth. Low values of the winter
index refer to cold dry winters with little snow cover.
We searched for a signature of climate change by testing for
temporal trends in the weather variables using linear models and
quantified the correlation among our predictive variables using
Pearson correlations (Appendix S3).

social structure of groups
To investigate the effect of climate change on juvenile survival,
through yearly changes in the number of subordinate males
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(helpers), we computed an index of group composition calculated
as the proportion of families that had at least one helper during
hibernation between years t and t+1 (HELPt). We did not have
access to the actual number of helpers during hibernation, but
our index is a good proxy of the beneficial effect of social thermoregulation on juvenile survival (Allaine et al. 2000). We used
Generalized Linear Models (GLM) with a binomial distribution
and a logit link function to test for a temporal trend in the proportion of families with helpers.

We defined annual survival of Alpine marmots at year t as the
probability of surviving (designated Φt) between springs from
year t to t+1. We used multi-state capture-recapture models
(MS-CR, Lebreton et al. 2009; see Cohas et al. 2007 for an application on Alpine marmots) to investigate patterns of annual survival. MS-CR models, which make it possible to differentiate
survival between subordinate (S) and dominant (D) individuals
(Cohas et al. 2007), are based on a transition matrix with different probabilities of switching from one status to another (Ψ), and
associated vectors of transition from time t to time t+1 corresponding to survival (Φ) and capture (p) probabilities for each
social status (see eqn 1).
WSS
1  WDD

1  WSS
WDD


t

US
UD


t

pS
pD

ering only biological hypotheses based on our field experience
and previous studies (Arnold 1993a; Farand, Allaine & Coulon
2002; Allaine & Theuriau 2004) and selected the most parsimonious nested model as the baseline model, from which subsequent
survival analyses were performed. This selection was done successively for capture, survival, and then state transition probabilities
using the Akaike Information Criterion corrected for small sample size (AICc; Burnham & Anderson 2002).

direct and indirect effects of climate on
survival

modelling annual survival of marmots



765


eqn 1
t

where pat is the probability for an individual of status a to be
captured at year t; Uat is the probability that an individual of status a in year t survives to year t+1 and does not permanently
emigrate from the study area (apparent survival); and Wab
t is the
probability that an individual of status a in year t is of status b
in year t+1, after it survived or did not permanently emigrate
between t and t+1. As dominant individuals never return to subordinate status (Arnold 1993a), we fixed the probability of
remaining dominant (ΨDD) to 1. Hence, the probability of staying
subordinate (Ψss) was the only estimated transition parameter.
Moreover, marmots cannot access dominant status before reaching sexual maturity, which generally occurs from age three
onwards (Farand, Allaine & Coulon 2002; Cohas et al. 2007),
although, a few individuals became dominant at the age of two
(N = 34). We therefore fixed the probability of becoming dominant to 0 for individuals younger than 2 years.
We considered social status, sex, age-class and time effects and
their interactions on all capture, survival and state transition
probabilities. Hence, the most general model was: p(status*
sex*ageclass*time) Φ(status*sex*ageclass*time) Ψ(sex*ageclass*
time), with age-classes corresponding to juvenile [from 0 to
1 year-old], yearling [from 1 to 2 years-old], and adult [from
2 years-old] classes. We first tested whether the full time-dependent model fitted adequately our data with respect to the three
hypotheses listed by Burnham et al. (1987). There are several
assumptions for MS-CR models to be valid such as the equal
probability for individuals to be recaptured at a given year, or all
individuals having the same probability of surviving to time t+1,
immediately after being marked. We could test whether our data
complied with these assumptions with goodness-of-fit tests (GOF
tests, Pradel, Wintrebert & Gimenez 2003) implemented in the
program U-CARE (Choquet et al. 2005). Then, starting from the
general model, we reduced the number of parameters by consid-

We tested the effects of environmental variables on survival separately for each age-class and social status. We first used the
selected baseline MS-CR model to test for a temporal trend in
survival by including year as a continuous covariate. To investigate whether variation in survival was related to climate change,
we regressed survival on the NAO index, by replacing the temporal trend with the NAO covariate. We examined potential proximal mechanisms by which weather variation could impact
survival by quantifying the relative influence of the active vegetation period and of winter. We tested for the effects of spring and
summer at t, of winter between t and t+1, and spring at t+1 by
including the four corresponding weather variables (NDVIt,
BGIt, WINt and NDVIt+1) as covariates to the baseline MS-CR
model.
We also performed these analyses using ‘de-trended’ covariates
for age or social classes exhibiting temporal trends by adding
year as a continuous covariate to account for the trend in survival (Appendix S4) because spurious correlations may occur
when both survival and climatic covariates show temporal trends
(Grosbois et al. 2008).
We used AICc to assess the effect of both large-scale climate
and local weather variables on survival, and to select the combination of covariates that best explained the annual survival variation of each group. We then assessed the effect size of each
combination of climatic covariates on variation in survival using
an analysis of deviance (ANODEV; Skalski, Hoffman & Smith
1993). The corresponding R² statistic quantifies how much the
weather covariates accounted for the observed temporal variation
in average annual survival.

socially mediated effect of climate on
juvenile survival
We hypothesized that climate change can influence juvenile survival by modifying the social composition of groups during hibernation. We expected the decrease in litter size reported in the
population in response to a thinner snow cover (Tafani et al.
2013) at year t to result in a lower number of helpers present in
the population 2 years later, and thus to a decrease in juvenile
survival in those subsequent years. To test this hypothesis, we
performed a path analysis (Shipley 2009) where the effect of the
winter index (WIN) at t2 on juvenile survival at year t was
mediated through a lagged effect on the number of helpers at
year t (Fig. 1). We estimated the path coefficients in two steps.
We first used a binomial GLM to test for the delayed effect of
the winter index at year t2 on the proportion of groups with
helpers in the population during hibernation at year t. We then
used MS-CR models to test for the immediate effect of the
proportion of groups with helpers on juvenile survival. Finally,
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path coefficients of the direct effect of the winter weather index
at t2 on juvenile survival at t were calculated with MS-CR
models, after accounting for the effect of the social factor. The
significance of the path coefficients was assessed by investigating
whether the confidence interval at 95% of the estimated coefficients included zero or not (Shipley 2009). We also tested for
first-order interaction between the proportion of groups with
helpers at time t and the weather covariates at time t within juvenile survival analyses.
All statistical analyses were performed using R version 3.1.0 (R
Development Core Team 2011) and all MS-CR analyses were
conducted using MARK (White & Burnham 1997) and the package
RMARK 2.1.7 (Laake & Rexstad 2007). All weather and social
covariates were standardized (i.e. with a mean of 0 and SD of 1)
for the survival analysis. Parameter estimates are given as
mean  SE and on the logit scale for analyses using MS-CR or
GLM models.

Results
temporal trends in environmental and social
variables
Temporal variation in climatic and weather indices
revealed trends in the environmental conditions at La
Grande Sassiere over the 23 years of study. The winter
index decreased by 007  003 per year from 1990 to 2013
(r² = 021, P-value = 002; Fig. 2a) and correlated with the
NAO (r² = 059, P-value < 001), which also decreased
over time (b = 017  006, r² = 022, P-value < 001),
pointing out a locally expressed signature of climate
change. Hence, the harshness of winters at La Grande
Sassiere increased over years, with colder temperatures
that favoured frost rather than snow. No temporal trends
occurred in spring and summer weather indices related to
the growing season (NDVI, b = 002  003, r² = 002;
BGI, b = 002  003, r² = 002, Fig. 2b,c). We also
found a negative temporal trend in the proportion of families with helpers during hibernation. Over the past
23 years, the proportion of groups with helpers decreased
from 80% in 1990 to 46% in 2013 on average
(b = 005  002, r² = 042, P-value < 001, N = 375;

Fig. 2d). Thus, a marked change in the group structure of
marmots occurred at La Grande Sassiere over the period,
with fewer groups having helpers during hibernation.

selection of the reference ms-cr model
The two components of the GOF tests, testing for trapdependence and transience, were not statistically significant when accounting for the age structure of the population, suggesting that the full age- and time-dependent
model satisfactorily fitted marmot survival data (see
Appendix S5 for details). The model with additive effects
of age and time was the most parsimonious for capture
probabilities (Appendix S6, Table 6a). The probability for
an individual to be captured increased throughout the
study period from 076  007 to 092  003, and
decreased with age from 091  002 at 1 year-old to
066  002 for older individuals. The variables selected
for survival were the effects of social status, age and time
(Appendix S6, Table 6b). We did not find any evidence of
between-sex differences in survival (b = 008  009, for
the male vs. female difference). As expected, survival
increased with age, from 059  008 in juveniles to
080  012 in yearlings, and was then markedly higher
for dominant adult marmots than for subordinates
(081  010 vs. 052  015, respectively). Finally, survival varied from year to year for each age and social
class (Fig. 3). The selected model for state transition
probabilities only included an age-class effect on the probability of becoming dominant (Appendix S6, Table S6c),
which markedly increased with age, from 007  002 at
2 years of age to an average of 045  003 in older individuals.

effects of climate, weather and social
factors on alpine marmot survival
We detected
only, which
042  007
Fig. 3a). We

a temporal trend in survival of juveniles
decreased from 085  016 in 1990 to
in 2013 (b = 006  001, R² = 039,
could not detect any trend over time in

Fig. 1. Path diagram showing the two putative effects of winter weather conditions at year t2, acting on juvenile survival at year t, in
the Alpine marmots of La Grande Sassiere, France. Path coefficients are given with their associated 95% confidence intervals (95% CI).
Solid lines indicate statistically supported effects (95% CI excludes 0), and dashed lines non-statistically supported effects (95% CI
include 0).
© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 761–773
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Fig. 2. Yearly variations between 1990
and 2012 in (a) the winter weather
index (WIN), (b) the spring weather index
(NDVI), (c) the summer drought Bagnouls-Gaussen index (BGI) and in (d) the
proportion of family groups with helpers
(HELP) in the Alpine marmot population,
used as a proxy of the social structure of
groups, at La Grande Sassiere, France.
Solid lines represent the predictions of the
linear effect of time and dashed lines their
associated confidence intervals (95%
CI).
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(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

Fig. 3. Annual estimates (95% CI, vertical segments) of age-specific survival of
Alpine marmots in La Grande Sassiere
(France) from 1990 to 2012, estimated
from the full time-dependent capturemark-recapture model, and the corresponding time trends (95% CI, dashed
lines) for (a) juveniles, (b) yearlings, (c)
subordinate adults and (d) dominants.

survival of other age-classes (yearlings: b = 004  003,
R² = 011,
Fig. 3b;
dominant
adults:
b = 002
 002, R² = 006, Fig. 3d; subordinate adults: b = 001
 002, R² = 0002, Fig. 3c).
In accordance with our first expectation, juvenile survival increased with NAO (b = 035  008, R² = 034),
reflecting a strong response of juveniles to climate
change, while no effect of the NAO was detected on survival in any other age-class (yearlings: b = 010  014,
R² = 002; subordinates: b = 001  011, R² < 001;

dominants: b = 004  013, R² < 001). Among all the
combinations of local weather and social variables we
analysed to explain the observed yearly variation in juvenile survival, only the interactive effects between the winter index and the proportion of families with helpers
during
hibernation
were
statistically
significant
(Table 2a). The interactive effects accounted for about
60% of the between-year variation observed in juvenile
survival (Table 2a). No effect of weather conditions during the active vegetation period was detected on juvenile
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Table 2. Model selection based on AICc of the five best weather models of the Alpine marmots survival, at La Grande Sassiere, France:
(a) juveniles, (b) yearlings, (c) subordinate adults, (d) dominant adults
CST

T

NDVIt

BGIt

WINt

NDVIt+1

HELPt

k

Deviance

AICc

Delta AICc

R2

+

.

.

.

.

.

.

31

278213

474829

–

–

(a) Juveniles

.
.
.
.
.
.

+
.
.
.
.
.

.
.
.
.
+
.

.
.
+
.
.
+

.
*
*
*
*
*

.
.
.
+
.
+

.
*
*
*
*
*

53
34
35
35
35
36

271813
274427
274349
274378
274424
274334

472998
471660
471788
471817
471864
471980

–
000
128
157
204
320

–
059
060
060
059
061

(b) Yearlings

.
.
.
.
.
.

+
.
.
.
.
.

.
.
.
.
.
+

.
.
.
+
.
.

.
.
*
.
+
.

.
+
*
+
+
+

.
.
.
.
.
.

50
32
34
33
33
33

276053
277902
277730
277803
277837
277897

476609
474723
474742
474830
474864
474924

–
000
019
107
141
201

–
014
022
019
017
015

(c) Subordinates

.
.
.
.
.
.

+
.
.
.
.
.

.
.
+
.
.
+

.
+
+
+
+
.

.
.
.
.
+
.

.
.
.
+
.
.

.
.
.
.
.
.

53
32
33
33
33
32

276401
277821
277741
277780
277803
278050

477586
474642
474768
474808
474830
474871

–
000
126
166
188
229

–
022
026
024
023
009

(d) Dominants

.
.
.
.
.
.

+
.
.
.
.
.

.
.
.
.
.
.

.
+
*
.
+
.

.
.
.
.
.
*

.
+
*
+
.
*

.
.
.
.
.
.

51
33
34
32
32
34

275532
277171
277080
277762
277785
277411

476298
474198
474313
474583
474607
474644

–
000
115
385
409
446

–
039
042
017
016
030

The constant (CST) and the full time-dependent (T) models for each age-class are presented in italic. Four local climatic variables were tested
on each age-class: the NDVI in April, before (NDVIt) and after hibernation (NDVIt+1), the BGIt in summer before hibernation and the seasonal winter index WINt. One social covariate, the proportion of families having helpers during hibernation (HELPt) was tested on juvenile
survival. Covariates included in each model are marked with a ‘+’ for additive effects and with the ‘*’ for interactive effects between the two
concerned covariates. k = number of parameters, AICc = Akaike’s Information Criterion corrected for sample size, R2 = proportion of
annual survival variation accounted for by the entered covariates, computed with an analysis of deviance. Selected models are in bold.

survival after controlling for this interactive effect, which
runs counter to our expectations. The negative effects of
harsh winters on juvenile survival appeared to be buffered by a high proportion of groups having helpers during hibernation (WINt, b = 033  007; HELPt,
b = 035  009; Interaction, b = 029  009, Fig. 4a,
b). Hence, through time, the detrimental effect of
harsher winters on juvenile survival was reinforced by
the simultaneous decrease in the proportion of groups
with helpers.
The selected model for yearling survival only included
the effect of the NDVI in April the year after hibernation
(NDVIt+1) (Table 2b), which accounted for 14% of the
total observed variation in annual survival (Table 2b).
Earlier snowmelt at emergence (NDVIt+1) was detrimental for yearling survival (b = 026  014, Fig. 4c).
Survival of subordinate adults was related to summer
weather conditions before hibernation (Table 2c) with the
best model including the index of summer drought (BGIt),
accounting for 22% of the observed between-year variation (Table 2c). However, subordinate adult survival
tended to be positively influenced by hot and dry summers (b = 021  011, Fig. 4d).

For dominant adults, the selected model included the
BGIt index, together with the additive effect of the
NDVIt+1 at the end of hibernation (Table 2d). These
effects accounted for 39% of the observed variation in
adult survival of dominant marmots (Table 2d). Unlike
subordinates, dominant marmots suffered from dry summers (b = 034  014, Fig. 4f) and, given the negative
correlation between their survival and NDVI values
(b = 027  010, Fig. 4e), earlier springs were detrimental for dominant adults at the time of their emergence
from burrows.

climate change effect on juvenile survival
through social composition of groups
We found little evidence for any effect of winter
weather conditions at year t2 on juvenile survival at
year t, after accounting for the effect of the proportion
of
groups
with
helpers
during
hibernation
(b = 004  007; Fig. 1). However, as expected, past
winter conditions influenced juvenile survival through
effects on social factors. The winter weather conditions
at year t2 was associated with the proportion of
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Fig. 4. Variation in age-specific survival
as a function of environmental covariates
between 1990 and 2012 for the Alpine
marmots of La Grande Sassiere, France.
Dots represent partial annual residuals of
juvenile survival in relation to the standardized winter harshness index (WIN) at
year t (a) when a high proportion (more
than 60%) and (b) when a low proportion
(less than 60%) of groups have helpers in
the population, (c) residuals of annual
survival of yearlings in relation to the
Normalized Difference Vegetation Index
(NDVI), a proxy of the timing of snowmelt, in April at year t+1 (d) residuals of
annual survival of subordinate adults in
relation to the Bagnouls-Gaussen Index
(BGI), a proxy of the summer drought, in
summer at year t, and partial annual
residuals of dominant adults in relation
(e) to the NDVI in April at year t+1 after
accounting for the effect of the BGI index,
and (f) to the BGI index at year t after
accounting for the effect of the NDVI in
April at year t+1. Solid lines represent
the model predictions and dashed lines
their associated confidence intervals
(95% CI).

groups with helpers during hibernation at year t
(b = 018  008; Fig. 1), accounting for 27% of the
observed variation between years in the proportion of
groups with helpers. Harsher winters induced a decrease in
the proportion of groups with helpers two years later,
which in turn decreased juvenile survival (b = 035  008;
Fig. 1).
Overall, juvenile survival seems to be equally influenced
by the proportion of groups with helpers and the winter
conditions at year t. Hence, by accounting for 27% of the
observed variation in the proportion of helpers at t, the
delayed effect of winter conditions at year t2, mediated
by the social group structure at t, must be weaker than
the direct effects of winter conditions at year t on juvenile
survival.
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(a)

(b)

(c)

(d)

(e)

(f)

Discussion
We found that changing climate is shaping the Alpine
marmot population through effects on social and demographic structures. The main effect of climate change
arises from immediate interactive effects of winter conditions and of the social structure of groups. Although of
a limited magnitude, juvenile survival of marmots also
decreased over time because of a delayed effect of
colder and drier winters that reduces the relative number of helpers over the years. Those two socially mediated effects on juvenile survival provide a likely
mechanism to account for the current negative influence
of climate change on population dynamics of Alpine
marmots.
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sociality matters
The two different effects of climate change we report on
juvenile survival through the social composition of groups
(Fig. 1) provide new evidence for socially mediated effects
of weather conditions on demographic rates in a social
species. Winters are known to be a major cause of mortality in juvenile marmots because of their lower body condition at the entrance in hibernation and their lower ability
to thermoregulate (French 1990). Until now, there were
evidences to show that social thermoregulation (Barash
1974; Armitage 1999) and the low energetic balance characterizing marmot species (Armitage, Blumstein & Woods
2003) limited juvenile overwinter mortality. Juveniles
might benefit from having helpers in their family group
since subordinate males may warm them during hibernation by producing heat during periodic arousal (Allaine
et al. 2000; Allaine & Theuriau 2004). Our results agreed
with this assumption as the helper’s presence during
hibernation buffered the effect of winter weather conditions on juvenile survival. Furthermore, we showed that
the observed decrease in the proportion of groups with
helpers has amplified the negative effect of winters on
juvenile survival. Colder winters with thinner snowpack
reduced the insulation effect of snow and may have
increased the energetic costs of hibernation when temperatures in burrows are very low (Tafani et al. 2013). Those
energetic costs have been strengthened by a decrease in
the presence of helpers and this has probably contributed
to the decrease in juvenile survival during hibernation.
The temporal changes we report in the demographic
structure of the Alpine marmot population have their origin in past winter weather conditions, thus revealing
delayed effects of climate change on survival through
social factors. This decrease over time in the presence of
subordinate males in families has to be linked with the
decrease in litter size observed in the studied population
(Tafani et al. 2013), but also with the lower survival of
juveniles from previous years, resulting later in a smaller
number of 2-year-old subordinate individuals. Hence, a
negative looping effect of climate change on juvenile survival of marmots may currently be at work, in which a
decrease in juvenile survival at a given year leads to a
decrease in the survival of juveniles born in the subsequent years.

thermal and resource-mediated effects of
weather on alpine marmot survival
That spring conditions negatively influenced the survival
of older marmots more than winter harshness contradicted
our expectations. In mountains, NDVI measures the timing of the onset of vegetation and is directly related to the
timing of spring snowmelt (Pettorelli et al. 2007). Our
results indicate a negative influence of earlier snowmelt on
survival of both yearling and dominant adults. For Alpine
marmots, an earlier snowmelt means a thinner snowpack

at the end of winter when animals are in their poorest condition and strongly sensitive to cold. A similar pattern also
occurs in Marmota caligata (Patil et al. 2013).
The survival of dominant Alpine marmots was negatively affected by warm and dry summers, whereas the
survival of subordinate marmots was positively influenced
by summer drought, a conflicting and surprising result.
Results on dominant adult marmots were in agreement
with previous studies on other mammalian herbivores
(Van Horne et al. 1997; Garel et al. 2004). By constraining the ability of Alpine marmots to thermoregulate efficiently, high temperatures reduce the time window in
which they can forage in summer (T€
urk & Arnold 1988).
In addition, high summer temperatures lead to an earlier
senescence of the vegetation, and thus forage of poor
nutritional quality (Pettorelli et al. 2007), perhaps limiting
fat storage.
For subordinate individuals, the positive effect of warm
and dry summer conditions on survival could reflect a
change in dispersal. We measured apparent survival,
which cannot distinguish between death and permanent
dispersal in open populations. Alpine marmots generally
disperse from 2-years-old onwards (Arnold 1990a; Magnolon 1999), between late April to July. Thus, given the
condition-dependent dispersal events and the high constraints of drought periods, subordinate marmots might
have delayed summer dispersal to increase their chances
of surviving winter, resulting in a slight increase in apparent survival when summer conditions are unfavourable.

comparison with other hibernating species
The increasingly critical role of the hibernation period
over the years we reported for Alpine marmot survival
sharply contrasts with what is generally reported for survival in other hibernating species, which are mainly influenced by weather variation during the growing season
(Table 1). Such a discrepancy can be explained by
between-site differences in local weather conditions, or by
between-species differences in physiology. Indeed, hibernating species may be subjected to opposing environmental changes depending on their location, as illustrated by
the comparison between the Arctic ground squirrel
(Urocitellus parryii) and the Columbian ground squirrel
(U. columbianus). The former benefited from earlier
springs over time (Sheriff et al. 2010; Table 1a) while the
latter suffered from delayed springs (Lane et al. 2012;
Table 1a). In addition, some biological characteristics
such as the ability to save energy efficiently during hibernation could shape the response of hibernating species to
climate change. For instance, small-sized hibernating species with reduced fat reserve capacity, such as some bat
species (Humphries, Thomas & Speakman 2002; Rebelo,
Tarroso & Jones 2009), the pygmy-possum (Burramys
parvus, Geiser & K€
ortner 2010) or the hazel dormouse
(Muscardinus avellanarius, Pretzlaff & Dausmann 2012),
are expected to suffer from an increase in winter harsh-
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ness because of a dramatic increase in energy depletion
during hibernation.
The critical effect of summer drought also emerged
from our study, as it directly influenced body mass of
marmots at the beginning of winter, making weather conditions at the end of hibernation important for survival.
Hence, if summer temperatures keep on rising as predicted (IPCC 2013), the positive influence of hibernation
reported so far on hibernating species might be strongly
challenged by climate change. Hibernators would increasingly struggle to sustain the energetic cost of winter, in
the same way as non-hibernating species, with summer
drought affecting negatively both survival and body mass
(Pettorelli et al. 2005b).

conclusion
As a whole, the ability of the Alpine marmots to cope successfully with climate change appears to be undermined by
constraints associated with hibernation and sociality. Any
demographic compensation did not counteract the negative time trends we reported in juvenile survival (Fig. 2)
and litter size (Tafani et al. 2013) in this population of
Alpine marmots. Indeed, the deterministic growth rate
decreased from 099 during the first period (1990–2000), to
096 in recent years (2001–2013, see Appendix S7 for the
Leslie matrices analysed), supporting the hypothesis of an
overall negative impact of climate change on Alpine marmots. Finally, our results highlight the importance of the
species’ lifestyle in shaping population response to climate
change. We therefore encourage a greater consideration of
the species’ lifestyle when analysing climate change impact
on life-history traits variation.

Acknowledgements
We warmly thank all students and Earthwatch volunteers involved in the
trapping of marmots. We are most grateful to Steve Dobson and to one
anonymous referee for constructive comments on an earlier draft of this
work, and to John Law for editing the English. Financial support was
received from the Agence Nationale de la Recherche (project ANR-13JSV7-0005), the Centre National de la Recherche Scientifique (CNRS), the
AXA Research Foundation and Earthwatch Institute. C. Rezouki was
supported by a doctoral allocation of research funded by the Region
Rh^
one-Alpes (funding 15 010185 01 ARC 2013-ADR). The fieldwork conducted was undertaken after acceptance of the project by the Vanoise
National Park, and deliverance of the permit number AP n82010/121 by
the Prefecture de la Savoie. A. Cohas is authorized for experimentation
with animals (diploma n8R45GRETAF110). The protocol has been
approved by the ethical committee of the University of Claude Bernard
Lyon 1 (n8BH2012-92 V1).

Data accessibility
Data available from the Dryad Digital Repository: http://dx.doi.org/
10.5061/dryad.cp1cc (Rezouki et al. 2016).

References
Adamik, P. & Kral, M. (2008) Climate- and resource-driven long-term
changes in dormice populations negatively affect hole-nesting songbirds.
Journal of Zoology, 275, 209–215.

771

Adams, R.A. (2010) Bat reproduction declines when conditions mimic climate change projections for western North America. Ecology, 91, 2437–
2445.
Alexander, R.D. (1974) The evolution of social behavior. Annual Review
of Ecology and Systematics, 5, 323–383.
Allaine, D. (2000) Sociality, mating system and reproductive skew in marmots: evidence and hypotheses. Behavioural Processes, 51, 21–34.
Allaine, D. & Theuriau, F. (2004) Is there an optimal number of helpers
in Alpine marmot family groups? Behavioral Ecology, 15, 916–924.
Allaine, D., Brondex, F., Graziani, L., Coulon, J. & Till-Bottraud, I.
(2000) Male-biased sex ratio in litters of Alpine marmots supports the
helper repayment hypothesis. Behavioral Ecology, 11, 507–514.
Armitage, K.B. (1999) Evolution of sociality in marmots. Journal of
Mammalogy, 80, 1–10.
Armitage, K.B., Blumstein, D.T. & Woods, B.C. (2003) Energetics of
hibernating yellow-bellied marmots (Marmota flaviventris). Comparative
Biochemistry and Physiology Part A, 134, 101–114.
Arnold, W. (1988) Social thermoregulation during hibernation in Alpine
marmots (Marmota marmota). Journal of Comparative Physiology B,
158, 151–156.
Arnold, W. (1990a) The evolution of marmot sociality: I. Why disperse
late? Behavioral Ecology and Sociobiology, 27, 229–237.
Arnold, W. (1990b) The evolution of marmot sociality: II. Costs and benefits of joint hibernation. Behavioral Ecology and Sociobiology, 27, 239–
246.
Arnold, W. (1993a) Social evolution in marmots and the adaptive value of
joint hibernation. Verhandlungen der Deutschen Zoologischen
Gesellschaft, 86, 79–93.
Arnold, W. (1993b) Energetics of social hibernation. Life in the Cold: Ecological, Physiological, and Molecular Mechanism (eds C. Carey, G.L.
Florant, B.A. Wunder & B. Horwitz), pp. 65–80. Westview Press,
Boulder, CO, USA.
Arnold, W. & Dittami, J. (1997) Reproductive suppression in male Alpine
marmots. Animal Behaviour, 53, 53–66.
Arnold, W., Heldmaier, G., Ortmann, S., Pohl, H., Ruf, T. & Steinlechner, S. (1991) Ambient temperatures in hibernacula and their energetic
consequences for Alpine marmots (Marmota marmota). Journal of Thermal Biology, 16, 223–226.
Barash, D.P. (1974) The evolution of marmot societies: a general theory.
Science, 185, 415–420.
Bateman, A.W., Ozgul, A., Nielsen, J.F., Coulson, T. & Clutton-Brock,
T.H. (2013) Social structure mediates environmental effects on group
size in an obligate cooperative breeder, Suricata suricatta. Ecology, 94,
587–597.
Blumstein, D.T. & Armitage, K.B. (1999) Cooperative breeding in marmots. Oikos, 84, 369–382.
Boyles, J.G., Storm, J.J. & Brack Jr, V. (2008) Thermal benefits of clustering during hibernation: a field test of competing hypotheses on Myotis
sodalis. Functional Ecology, 22, 632–636.
Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel
Inference: A Practical Information-Theoretic Approach, 2nd edn.
Springer-Verlag, New York, NY, USA.
Burnham, K.P., Anderson, D.R., White, G.C., Brownie, C. & Pollock,
K.H. (1987) Design and Analysis Methods for Fish Survival Experiments
Based on Release-Recapture. American Fisheries Society Monograph,
Bethesda, MD, USA.
Choquet, R., Reboulet, A.M., Lebreton, J.D., Gimenez, O. & Pradel, R.
(2005) U-CARE 2.2 User’s Manual. CEFE, Montpellier, France.
Clutton-Brock, T.H., Russell, A.F., Sharpe, L.L., Brotherton, P.N.M.,
Mcllrath, G.M., White, S. et al. (2001) Effects of helpers on juvenile
development and survival in meerkats. Science, 293, 2446–2449.
Cody, M.L. (1966) A general theory of clutch size. Evolution, 20, 174–184.
Cohas, A., Bonenfant, C., Gaillard, J.-M. & Allaine, D. (2007) Are extrapair young better than within-pair young? A comparison of survival
and dominance in Alpine marmot. Journal of Animal Ecology, 76, 771–
781.
Coulson, T., Catchpole, E.A., Albon, S.D., Morgan, B.J., Pemberton,
J.M., Clutton-Brock, T.H. et al. (2001) Age, sex, density, winter weather,
and population crashes in Soay sheep. Science, 292, 1528–1531.
Emlen, S.T. & Wrege, P.H. (1991) Breeding biology of white-fronted
bee-eaters at Nakuru: the influence of helpers on breeder fitness. Journal
of Animal Ecology, 60, 309–326.
 Allaine, D. & Coulon, J. (2002) Variation in survival rates for
Farand, E.,
the Alpine marmot (Marmota marmota): effects of sex, age, year, and
climatic factors. Canadian Journal of Zoology, 80, 342–349.

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 761–773

772 C. R
ezouki et al.
French, A.R. (1990) Age-class differences in the pattern of hibernation in
yellow-bellied marmots, Marmota flaviventris. Oecologia, 82, 93–96.
Frick, W.F., Reynolds, D.S. & Kunz, T.H. (2010) Influence of climate and
reproductive timing on demography of little brown myotis Myotis
lucifugus. Journal of Animal Ecology, 79, 128–136.
Gaillard, J.-M. & Yoccoz, N.G. (2003) Temporal variation in survival of
mammals: a case of environmental canalization? Ecology, 84, 3294–
3306.
Gaillard, J.-M., Boutin, J.-M., Delorme, D., Van Laere, G., Duncan, P. &
Lebreton, J.-D. (1997) Early survival in roe deer: causes and consequences of cohort variation in two contrasted populations. Oecologia,
112, 502–513.
Gaillard, J.-M., Festa-bianchet, M., Yoccoz, N.G., Loison, A. & To€ıgo,
C. (2000) Temporal variation in fitness components and population
dynamics of large herbivores. Annual Review of Ecology and Systematics, 31, 367–393.
Garel, M., Loison, A., Gaillard, J.-M., Cugnasse, J.-M. & Maillard, D.
(2004) The effects of a severe drought on mouflon lamb survival. Proceedings of the Royal Society of London. Series B, Biological Sciences,
71, S471–S473.
Geiser, F. & K€
ortner, G. (2010) Hibernation and daily torpor in Australian
mammals. Australian Zoologist, 35, 204–215.
Grosbois, V., Gimenez, O., Gaillard, J.-M., Pradel, R., Barbraud, C., Clobert, J. et al. (2008) Assessing the impact of climate variation on survival in vertebrate populations. Biological Reviews, 83, 357–399.
Hackl€
ander, K., M€
ostl, E. & Arnold, W. (2003) Reproductive suppression
in female Alpine marmots, Marmota marmota. Animal Behaviour, 65,
1133–1140.
Hallett, T.B., Coulson, T., Pilkington, J.G., Clutton-Brock, T.H., Pemberton, J.M. & Grenfell, B.T. (2004) Why large-scale climate indices seem
to predict ecological processes better than local weather. Nature, 430,
71–75.
Harvey, P.H. & Purvis, A. (1991) Comparative methods for explaining
adaptations. Nature, 351, 619–624.
Healy, K., Guillerme, T., Finlay, S., Kane, A., Kelly, S.B.A., McClean, D.
et al. (2014) Ecology and mode-of-life explain lifespan variation in birds
and mammals. Proceedings of the Royal Society of London. Series B,
Biological Sciences, 281, 20140298.
Hodge, S.J., Manica, A., Flower, T.P. & Clutton-Brock, T.H. (2008)
Determinants of reproductive success in dominant female meerkats.
Journal of Animal Ecology, 77, 92–102.
Hufnagl, S., Franceschini-Zink, C. & Millesi, E. (2011) Seasonal constraints and reproductive performance in female Common hamsters
(Cricetus cricetus). Mammalian Biology, 76, 124–128.
Humphries, M.M., Thomas, D.W. & Speakman, J.R. (2002) Climatemediated energetic constraints on the distribution of hibernating mammals. Nature, 418, 313–316.
Humphries, M.M., Umbanhowar, J. & McCann, K.S. (2004) Bioenergetic
prediction of climate change impacts on northern mammals. Integrative
and Comparative Biology, 44, 152–162.
Hurrell, J.W. (1995) Decadal trends in the North-Atlantic Oscillation:
regional temperatures and precipitations. Science, 269, 676–679.
IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (eds T.F. Stocker, D. Qin, G.-K.
Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V.
Bex & P.M. Midgley), pp. 1535. Cambridge University Press, Cambridge, UK and New York, NY, USA.
Jenouvrier, S., Barbraud, C. & Weimerskirch, H. (2005) Long-term contrasted responses to climate of two Antarctic seabird species. Ecology,
86, 2889–2903.
Jorgenson, J.T., Festa-Bianchet, M., Gaillard, J.-M. & Wishart, W.D.
(1997) Effects of age, sex, disease and density of survival of bighorn
sheep. Ecology, 78, 1019–1032.
Kager, T. & Fietz, J. (2009) Food availability in spring influences reproductive output in the seed-preying edible dormouse (Glis glis). Canadian
Journal of Zoology, 87, 555–565.
Keller, L. & Genoud, M. (1997) Extraordinary lifespans in ants: a test of
evolutionary theories of ageing. Nature, 389, 958–960.
Kneip, E., Van Vuren, D.H., Hostetler, J.A. & Oli, M.K. (2011) Influence
of population density and climate on the demography of subalpine
golden-mantled ground squirrels. Journal of Mammalogy, 92, 367–377.
Laake, J. & Rexstad, E. (2007) RMark – an alternative approach to building linear models in MARK. Program MARK: A Gentle Introduction.

(eds E. Cooch & G. C. White), Appendix C, C1–C113. http://www.
phidot.org/software/mark/docs/book/.
Lane, J.E., Kruuk, L.E.B., Charmantier, A., Murie, J.O. & Dobson, F.S.
(2012) Delayed phenology and reduced fitness associated with climate
change in a wild hibernator. Nature, 489, 554–557.
Lardy, S., Allaine, D., Bonenfant, C. & Cohas, A. (2015) Sex-specific
determinants of fitness in a social mammal. Ecology, 96, 2947–2959.
Lebreton, J.-D., Nichols, J.D., Barker, R.J., Pradel, R. & Spendelow, J.A.
(2009) Modeling individual animal histories with multistate capture–recapture models. Advances in Ecological Research (eds H. Caswell), Vol.
41, pp. 87–173. Academic Press, Burlington, MA, USA.
Lyman, C.P., Willis, J.S., Malan, A. & Wang, L.C.H. (1982) Hibernation and
Torpor in Mammals and Birds. Academic Press, New York, NY, USA.
MacDonald, D.W. & Newman, C. (2002) Population dynamics of badgers
(Meles meles) in Oxfordshire, U.K.: numbers, density and cohort life
histories, and a possible role of climate change in population growth.
Journal of Zoology, 256, 121–138.
Magnolon, S. (1999) The natal dispersal of Alpine marmot (Marmota marmota). Pattern and the influence of some proximal factors. PhD thesis,
Universite de Tours, Tours.
Maldonado-Chaparro, A.A., Martin, J.G.A., Armitage, K.B., Oli, M.K. &
Blumstein, D.T. (2015) Environmentally induced phenotypic variation
in wild yellow-bellied marmots. Journal of Mammalogy, 96, 269–278.
Melis, C., Herfindal, I., Kauhala, K., Andersen, R. & Høgda, K.-A.
(2010) Predicting animal performance through climatic and plant phenology variables: the case of an omnivore hibernating species in Finland. Mammalian Biology, 75, 151–159.
Meril€a, J. (2012) Evolution in response to climate change: in pursuit of the
missing evidence. BioEssays, 34, 811–818.
Mysterud, A., Yoccoz, N.G., Langvatn, R., Pettorelli, N. & Stenseth,
N.C. (2008) Hierarchical path analysis of deer responses to direct and
indirect effects of climate in northern forest. Philosophical Transactions
of the Royal Society of London B, 363, 2359–2368.
Oro, D., Torres, R., Rodriguez, C. & Drummond, H. (2010) Climatic
influence on demographic parameters of a tropical seabird varies with
age and sex. Ecology, 91, 1205–1214.
Ozgul, A., Childs, D.Z., Oli, M.K., Armitage, K.B., Blumstein, D.T.,
Olson, L.E. et al. (2010) Coupled dynamics of body mass and population growth in response to environmental change. Nature, 466, 482–485.
Paquet, M., Doutrelant, C., Hatchwell, B.J., Spottiswoode, C.N. & Covas,
R. (2015) Antagonistic effect of helpers on breeding male and female
survival in a cooperatively breeding bird. Journal of Animal Ecology, 84,
1354–1362.
Patil, V.P., Karels, T.J. & Hik, D.S. (2015) Ecological, evolutionary and
social constraints on reproductive effort: are hoary marmots really biennial breeders? PLoS ONE, 10, e0119081.
Patil, V.P., Morrison, S.F., Karels, T.J. & Hik, D.S. (2013) Winter
weather versus group thermoregulation: what determines survival in
hibernating mammals? Oecologia, 173, 139–149.
Perrin, C., Allaine, D. & Le Berre, M. (1993) Socio-spatial organization
and activity distribution of the Alpine marmot Marmota marmota: preliminary results. Ethology, 93, 21–30.
Pettorelli, N., Vik, J.O., Mysterud, A., Gaillard, J.-M., Tucker, C.J. &
Stenseth, N.C. (2005a) Using the satellite-derived NDVI to assess ecological responses to environmental change. Trends in Ecology and Evolution, 20, 503–510.
Pettorelli, N., Weladji, R.B., Holand, Ø., Mysterud, A., Breie, H. & Stenseth, N.C. (2005b) The relative role of winter and spring conditions:
linking climate and landscape-scale plant phenology to alpine reindeer
body mass. Biology letters, 1, 24–26.
Pettorelli, N., Pelletier, F., Von Hardenberg, A., Festa-Bianchet, M. &
C^
ote, S.D. (2007) Early onset of vegetation growth vs. rapid green-up:
impacts on juvenile mountain ungulates. Ecology, 88, 381–390.
Pradel, R., Wintrebert, C. & Gimenez, O. (2003) A proposal for a goodness-of-fit test to the Arnason-Schwarz multisite capture-recapture
model. Biometrics, 59, 43–53.
Pretzlaff, I. & Dausmann, K.H. (2012) Impact of climatic variation on the
hibernation physiology of Muscardinus avellanarius. Living in a Seasonal
World: Thermoregulatory and Metabolic Adaptations (eds T. Ruf, C.
Bieber, W. Arnold & E. Millesi), pp. 175–187. Springer-Verlag, Berlin,
Germany.
R Development Core Team. (2011) R: A Language and Environment for
Statistical Computing. R foundation for Statistical Computing, Vienna,
Austria.

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 761–773

Socially mediated decrease in marmot survival
Rebelo, H., Tarroso, P. & Jones, G. (2009) Predicted impact of climate
change on European bats in relation to their biogeographic patterns.
Global Change Biology, 16, 561–576.
Rezouki, C., Tafani, M., Cohas, A., Loison, A., Gaillard, J.-M., Allaine,
D. et al. (2016) Data from: socially-mediated effects of climate change
decrease survival of hibernating Alpine marmots. Dryad Digital Repository, http://dx.doi.org/10.5061/dryad.cp1cc.
R€
odel, H.G. & Dekker, J.J.A. (2012) Influence of weather factors on population dynamics of two lagomorph species based on hunting bag
records. European Journal of Wildlife Research, 58, 923–932.
R€
odel, H.G., Bora, A., Kaetzke, P., Khaschei, M., Hutzelmeyer, H.D.,
Zapka, M. et al. (2005) Timing of breeding and reproductive performance of female European rabbits in response to winter temperature
and body mass. Canadian Journal of Zoology, 83, 935–942.
Russell, A.F., Clutton-Brock, T.H., Brotherton, P.N.M., Sharpe, L.L.,
McIlrath, G.M., Dalerum, F.D. et al. (2002) Factors affecting pup
growth and survival in co-operatively breeding meerkats (Suricata suricatta). Journal of Animal Ecology, 71, 700–709.
Schwartz, O.A. & Armitage, K.B. (2005) Weather influences on demography of the yellow-bellied marmot (Marmota flaviventris). Journal of
Zoology, 265, 73–79.
Shattuck, M.R. & Williams, S.A. (2010) Arboreality has allowed for the
evolution of increased longevity in mammals. Proceedings of the
National Academy of Sciences of the United States of America, 107,
4635–4639.
Sheriff, M.J., Kenagy, G.J., Richter, M., Lee, T., Tøien, Ø., Kohl, F.
et al. (2010) Phenological variation in annual timing of hibernation and
breeding in nearby populations of Arctic ground squirrels. Proceedings
of the Royal Society of London. Series B, Biological Sciences, 278, 2369–
2375.
Shipley, B. (2009) Confirmatory path analysis in a generalized multilevel
context. Ecology, 90, 363–368.
Skalski, J.R., Hoffman, A. & Smith, S.G. (1993). Testing the significance
of individual- and cohort-level covariates in animal survival studies.
Marked Individuals in the Study of Bird Population (eds J.D. Lebreton &
user, Basel, Switzerland.
P.M. North), pp. 9–28. Birka€
Solomon, N.G. & French, J.A. (1997) The study of mammalian cooperative breeding. Cooperative Breeding in Mammals (eds N.G. Solomon &
J.A. French), pp. 1–10. Cambridge University Press, Cambridge, UK.
Stearns, S.C. (1992) The Evolution of Life Histories. Oxford University
Press, Oxford, UK.
Tafani, M., Cohas, A., Bonenfant, C., Gaillard, J.-M. & Allaine, D.
(2013) Decreasing litter size of marmots over time: a life history
response to climate change? Ecology, 94, 580–586.
To€ıgo, C., Gaillard, J.-M., Van Laere, G., Hewison, A.J.M. & Morellet,
N. (2006) How does environmental variation influence body mass, body
size, and body condition? Roe deer as a case study. Ecography, 29, 301–
308.
Turbill, C., Bieber, C. & Ruf, T. (2011) Hibernation is associated with
increased survival and the evolution of slow life histories among mammals. Proceedings of the Royal Society of London. Series B, Biological
Sciences, 278, 3355–3363.
T€
urk, A. & Arnold, W. (1988) Thermoregulation as a limit to habitat use
in Alpine marmots (Marmota marmota). Oecologia, 76, 544–548.

773

Van Horne, B., Olson, G.S., Schooley, R.L., Corn, J.G. & Burnham, K.P.
(1997) Effects of drought and prolonged winter on Townsend’s ground
squirrel demography in shrubsteppe habitats. Ecological Monographs,
67, 295–315.
Wasser, D.E. & Sherman, P.W. (2010) Avian longevities and their interpretation under evolutionary theories of senescence. Journal of Zoology,
280, 103–155.
Welbergen, J.A., Klose, S.M., Markus, N. & Eby, P. (2008) Climate
change and the effects of temperature extremes on Australian flyingfoxes. Proceedings of the Royal Society of London. Series B, Biological
Sciences, 275, 419–425.
White, G.C. & Burnham, K.P. (1997) Program MARK: survival estimation from populations of marked animals. Bird Study, 46, S120–S139.
Wilkinson, G.S. & South, J.M. (2002) Life history, ecology and longevity
in bats. Aging Cell, 1, 124–131.
Williams, S.A. & Shattuck, M.R. (2015) Ecology, longevity and naked
mole-rats: confounding effects of sociality? Proceedings of the Royal
Society of London. Series B, Biological Sciences, 282, 20141664.
Received 19 July 2015; accepted 20 January 2016
Handling Editor: Thierry Boulinier

Supporting Information
Additional Supporting Information may be found in the online version
of this article.
Appendix S1. Additional information on the study design, monitoring protocol and field data on the Alpine marmot population.
Appendix S2. Additional information about the choice of weather
variables.
Appendix S3. Correlation matrix between the different climatic
and weather covariates (see the manuscript for more details).
Appendix S4. Complementary analyses on the effect of climate on
juvenile survival using “de-trended” weather covariates to avoid
spurious correlation when both survival and climatic covariates
show a temporal trend.
Appendix S5. General details on the Goodness-of-fit tests realized
for MS-CR analysis.
Appendix S6. Selection of the baseline model for MS-CR analysis.

Appendix S7. Leslie matrices used to compute the deterministic
growth rates of the Alpine marmot population.

© 2016 The Authors. Journal of Animal Ecology © 2016 British Ecological Society, Journal of Animal Ecology, 85, 761–773

