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Evidence that the social environment at critical stages of life-history shapes

individual trajectories is accumulating. Previous studies have identified

either current or delayed effects of social environments on fitness components,

but no study has yet analysed fitness consequences of social environments at

different life stages simultaneously. To fill the gap, we use an extensive dataset

collected during a 24-year intensive monitoring of a population of Alpine mar-

mots (Marmota marmota), a long-lived social rodent. We test whether the

number of helpers in early life and over the dominance tenure length has an

impact on litter size at weaning, juvenile survival, longevity and lifetime repro-

ductive success (LRS) of dominant females. Dominant females, who were born

into a group containing many helpers and experiencing a high number of accu-

mulated helpers over dominance tenure length showed an increased LRS

through an increased longevity. We provide evidence that in a wild vertebrate,

both early and adult social environments influence individual fitness, acting

additionally and independently. These findings demonstrate that helpers

have both short- and long-term effects on dominant female Alpine marmots

and that the social environment at the time of birth can play a key role in

shaping individual fitness in social vertebrates.
1. Introduction
Sociality is expected to have both positive and negative effects on fitness. How-

ever, sociality can only evolve when its benefits exceed its costs. Helpers might

be beneficial to dominant individuals in cooperative breeders because they

should reduce costs associated with parental care, thereby increasing survival,

reproductive lifespan and ultimately lifetime reproductive success (LRS) [1].

Previous studies have focused on the role of the social environment experienced

during adulthood on fitness, or have reported that more helpers during the

whole reproductive life lead to increased adult survival [2], annual fecundity

[3], reproductive success [4] or LRS [5]. However, other studies have failed to

report any effect (e.g. [6]), and all studies performed so far have only focused

on a unique and fixed measure of individual social environment.

Recently, several studies have emphasized the importance of the quality of

the early-life environment in shaping adult performance [7,8] and researchers

increasingly recognize that the early social environment might be a key factor

shaping fitness [9]. A favourable social environment during early life increases

an individual’s reproductive performance. In mammals, having more helpers

during early life leads to increased growth [10] and survival of juveniles [11],

and to an earlier age at first reproduction [12] (but see [13]). However, although

the influence of the social environment at early-life stages on fitness has been

well investigated [13,14], our current knowledge of the fitness consequences

of the interplay between early and adult social environments is still limited.

Such a gap probably results from the requirement of detailed information on

both early social environment and life-history traits over an entire lifetime to

conduct such studies. Recently, an exciting study on red wolves (Canis rufus)
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revealed that the presence of helpers at birth leads females to

postpone their last reproduction by 2 years without any delay

in the age at first reproduction, which consequently leads to

an increased reproductive lifespan [15]. However, the poss-

ible contribution of the adult social environment was not

accounted for, so we still do not know how early adult

social environments interplay to determine individual fitness.

Considering the number of helpers present at both early

and adult stages should allow a better understanding of the

mechanisms underpinning the relationship between sociality

and individual fitness.

Taking advantage of an exceptional individual-based

longitudinal monitoring, we analyse simultaneously whether

the social environments experienced by dominant females,

both when juvenile and during adult life, influence individ-

ual fitness and its components in Alpine marmots (Marmota
marmota). To do this, we first analysed the LRS as an integra-

tive measure of fitness and then we analysed three fitness

components (longevity, litter size and juvenile survival).

The Alpine marmot is a ground-dwelling social rodent.

Based on previous studies highlighting the beneficial effects

of the social environments provided by helpers on the fit-

ness of female marmots [11,15], we expect both early and

adult social environments of high quality to cause increased

individual fitness.
2. Material and methods
(a) Study species
The Alpine marmot is a socially monogamous species living in

families of two to 16 individuals composed of a dominant pair,

sexually mature (i.e. 2 years and older) or immature (i.e. 1 year

old) subordinates of both sexes, and juveniles. All members of

a family share a common territory, mostly defended by the domi-

nant pair [15]. Sun exposure and home-range size are major

components of the quality of a territory [16]. Territory quality

varies principally with the aspect of the territory. Territories

with a southern or eastern aspect (where snow melts relatively

early) and low grassy slopes are of higher quality than the

North aspect territories [17].

Only 15% of females born (N ¼ 549) in the study site have

obtained a dominant position. On average, females become

dominant between 2 and 6 years of age (with a median of 4

and a mean of 3.76) and among females obtaining a breeding

status, 77% first reproduce when they are either 3 or 4 years of

age. Dominant pairs monopolize reproduction and remain estab-

lished for several years until eviction or death. Mating occurs

during the 15 days following emergence from hibernation

(from early to late April) and dominant females give birth to

the sole litter of the year after 30 days of gestation. The altricial

juveniles remain in the natal burrow for 40 days and emerge

above ground once weaned (between mid-June and mid-July).

We do not know what factors determine whether an individual

becomes dominant. Early-life conditions (litter size) did not

influence the chance to become dominant [18]. However, high

adult survival suggests that the eviction of a dominant from a

family group is the main reason why it loses its status. At

sexual maturity (2 years of age), 27% of females and 12% of

males stay in their natal group either as subordinates or as domi-

nants if they inherit dominance, but most disperse to gain

dominance in another group. Dispersing individuals never join

another family group as subordinates. They gain a dominant pos-

ition at immigration (35% and 37% of the dominant females and

males, respectively, are born in a neighbouring territory in the

studied population). Dispersing individuals that do not manage
to become dominant are at a very high risk of dying [19].

Indeed, secondary dispersal is an extremely rare phenomenon

(only one case for 25 years).

Subordinates are either sexually immature (yearling) or sexu-

ally mature (2-year-olds and older) individuals of both sexes that

delay dispersal for one or several years. Reproduction of subor-

dinates is physiologically suppressed in both sexes [20] and

sexually immature and mature subordinate males are considered

to be helpers [21,22] because they actively contribute to heat pro-

duction in the family hibernacula (social thermoregulation sensu
[22]). Indeed, hibernation is characterized by a cyclic process of

alternating phases of hypothermia and euthermia. In each

cycle, subordinate males wake up earlier and have longer euther-

mic periods than other family members, thus warming the

burrow [22]. Consequently, subordinate males present in a

family group increase the probability of juveniles to survive their

first hibernation [11] but endure costs in terms of body mass loss

[21]. On the contrary, female subordinates decreased juvenile

survival during hibernation and therefore are costly for dominants

most probably because subordinate females compete with

juveniles for heat [11].

(b) Data collection
We collected all data from a wild population of Alpine marmots

located in La Grande Sassière nature reserve (2340 m.a.s.l.,

French Alps, 458290 N, 68590 E). From 1990 to 2014, every year

from mid-April to mid-July, we monitored 24 different family

groups using both capture–mark–recapture and observation.

We caught marmots using two-door live traps baited with

dandelion (Taraxacum densleonis). We placed traps in front of

the entrance of the main burrow of each territory so that the

assignment of each trapped individual to its family group was

possible. We caught juveniles by hand from their first day of

emergence. Once captured, we tranquillized animals with Zolétil

100 (0.1 ml kg21). Animals were individually marked with a

transponder (TrovanTM, Munich, Germany) and a numbered

ear tag placed either on the right ear (females) or on the left

ear (males). An additional coloured plastic ear tag was placed

on the opposite ear of dominant individuals. We assessed the

social status of adults by considering scrotum development for

males and the development of teats for females. We further con-

firmed social status by daily observations of scent marking and

aggressive behaviour [23].

We determined group composition by combining daily

observations during the activity periods of the marmots and

capture–recapture data. For each family group, we assessed

the number of subordinates of each sex and age class (yearling

versus adult). Intensive observations of burrows enabled us to

know the date of juvenile emergence and the exact number of

weaned juveniles. We thus assessed the age of individuals in

years from birth; the age of 0 was assigned to juveniles.

(c) Measures of reproductive performance
For all dominant females that produced at least one juvenile in a

given reproductive event, we recorded litter size at weaning and

survival of their juveniles from weaning to their first hibernation.

We also recorded longevity and LRS of dominant females.

We measured litter size as the number of juveniles at wean-

ing (range ¼ 1–7, mean ¼ 3.60, median ¼ 4), juvenile survival

as the probability for a juvenile to survive its first hibernation

(mean ¼ 0.63) and recorded individual longevity (range ¼ 3–16,

mean ¼ 7.70, median¼ 7).

LRS is a reliable integrative measure of fitness [24] and is

defined as the number of juveniles produced throughout a

female’s lifetime that survive a critical stage in life history [25].

In Alpine marmots 60% of offspring die during the first hiber-

nation [26] and annual survival afterwards is high and quite



rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20151167

3
constant, contributing little to among-female variation in fitness.

Therefore, in Alpine marmots, the total number of juveniles

produced by a female throughout her lifespan that survived

their first period of hibernation (range¼ 0–20, mean¼ 6.18,

median¼ 5) provides the most accurate and reliable measure of LRS.

(d) Assessing the social context
For each dominant female, we recorded the number of natal

helpers as the number of subordinate males present at birth

(i.e. early social environment) in its natal family group, and the

number of helpers over the female dominance tenure length

(i.e. adult social environment) as the number of helpers present

during the entire dominance tenure divided by the number of

years as dominant.

The number of helpers a female had during each year of

her dominance tenure varied slightly in response to offspring

survival and dispersal (see electronic supplementary material,

section A, repeatability was equal to 0.45). Hence a female’s

average number of helpers throughout her dominance tenure

is a relatively good measure of the social environment she

experienced during adulthood.

(e) Sample sizes
Among the 72 known-aged dominant females, we assessed both

early and adult social environments for 42. We recorded litter

size for 153 litters produced by these 42 females and 496 juvenile

survival events from 137 litters produced by 40 females. Longev-

ity and LRS were available for 29 females because 13 dominant

females were still alive at the end of the study period.

( f ) Direct effects of early and adult social environments
on female fitness and its components

Given that early and adult social environments could be cor-

related, two scenarios emerge. First, early and adult social

environments can directly influence fitness and its components

(scenario 1). Second, early social environment can indirectly

influence fitness and its components through its effect on adult

social environment (scenario 2). In scenario 2, even if early

social environment acts indirectly on fitness and its components,

a direct effect of adult social environment on fitness and its

components can occur.

Following the recommendations of Shipley [27], we built a

first path analysis for LRS. We implemented LRS as a dependent

variable with a log-link function and a negative binomial error

distribution. Then, we constructed separate path analyses for

each fitness component (i.e. longevity, litter size and juvenile sur-

vival). Longevity was entered as a dependent variable with a

normal error distribution. We entered litter size at weaning as

a dependent variable with a log-link function and a Poisson

error distribution. We included as fixed factors year and the

aspect of the territory (south, north or valley), the latter encom-

passing the location of a marmot home range in a particular

direction and associated features, such as exposition, slope and

vegetation cover. Litter size of marmots in this population

remains constant until females reach 10 years of age, and declines

thereafter [28]. We thus included a threshold effect of age in the

litter size model. We included mother identity as a random

effect. Juvenile survival (included as the number of juveniles in

a given litter that survived until the following year as the

response variable, and litter size as the binomial denominator)

was entered as a dependent variable with a logit-link function

and a binomial distribution. We included year, the aspect of

the territory and the change of dominant male as fixed factors.

Litter size does not influence offspring survival in the studied

population [18]. From full models of litter size and juvenile
survival, we selected a baseline model for these two reproductive

traits by retaining only the confounding variables with statistically

significant effects on a given reproductive trait (see electronic sup-

plementary material, section B). To test the fit of the data to the

indirect scenario (scenario 2), we compared the C value associated

with scenario 2 to a x2-distribution with 2k degrees of freedom

(where k is the number of pairs of variables in the graph that are

not associated in the focal model) [27]. We rejected scenario 2

when the p-value was below 0.05 [27]. In addition, we used hier-

archical partitioning [29] to evaluate the independent influence

of social environments on fitness components. We reported the

proportion of independent explained variance (g) by social

environments when both have statistically significant effects on fit-

ness components. The proportion of explained variance cannot be

compared among two path analyses.

Models were fitted with generalized linear models for LRS,

linear models for longevity and generalized linear mixed

models for juvenile survival and litter size to account for

repeated measures on the same individuals. We estimated par-

ameters (+1 s.e.) of LRS and litter size on a log-scale and

juvenile survival on a logit-scale. We performed all analyses in

R [30] using the function glm.nb in the ‘MASS’ library [31], the

function lm in the ‘stats’ library [32] and the function glmmPQL

in the ‘nlme’ library [33]. For hierarchical partitioning, we used

the function hier.part in the ‘hier.part’ library [34].
3. Results
Early and adult social environments are independent (N ¼
29, b ¼ 20.09+0.13, p ¼ 0.53, R ¼ 20.13). Early (N ¼ 29,

b ¼ 0.17+ 0.09, p ¼ 0.04) and adult (N ¼ 29, b ¼ 0.69+
0.12, p , 0.01) social environments increase LRS only

directly (figures 1 and 2), leading scenario 2 to be rejected

(C ¼ 8.40, p ¼ 0.04). Adult social environment explains a

greater part of the explained variance in LRS (85.13%) than

early social environment (14.87%).

Early (N¼ 29, b¼ 0.90+0.31, p , 0.01) and adult (N¼ 29,

b ¼ 0.93+0.43, p ¼ 0.04) social environments directly increase

longevity (figure 3a), leading to rejection of scenario 2 (C ¼
9.92, p , 0.01). Contrary to LRS, the early social environment

explains a greater part of the explained variance in longevity

(66.77%) than the adult social environment (33.23%). Social

environments do not influence litter size (early: N¼ 153, b ¼

0.005+0.03, p ¼ 0.84; adult: N¼ 153, b ¼ 0.03+0.04, p ¼
0.44; figure 3b). Moreover, the early social environment does

not influence juvenile survival (N ¼ 137, b¼ 20.10+0.08,

p ¼ 0.19), whereas the adult social environment does (N¼ 137,

b ¼ 0.65+0.14, p , 0.01; figure 3c).
4. Discussion
Our results provide evidence that both early and adult social

environments have independent additive effects on LRS in a

social species. The LRS of breeding female Alpine marmots

markedly increases with both early and adult social environ-

ments through a positive effect on longevity (electronic

supplementary material, section C). The positive effect of the

early social environment is the main driver of longevity while

the positive effect of the adult social environment is the main

driver of LRS. In addition, favourable adult social environments

increase juvenile survival, and thereby LRS, but neither early

nor adult social environment influence litter size.

Although compelling evidence shows that good early-life

environmental conditions positively influence fitness [9,35],
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evolutionary mechanisms underlying the positive delayed

effect of helping on individual fitness in social species have

not been yet investigated. The silver spoon hypothesis [36]

predicts that individuals facing good environmental con-

ditions during early life might enjoy relatively good body

condition when reaching adulthood and have therefore

greater fitness than individuals suffering adverse early

environmental conditions. Our results on the influence of

social environments are thus consistent with this hypothesis

because female marmots born with many helpers outperform

in terms of LRS females born with few or no helpers.

Life-history theory predicts that individuals have to allo-

cate resources either to growth, reproduction or survival [37].

As the early-life environment influences the whole individual

trajectory mostly through changes in allocation to growth [9],

the relative allocation (sensu [38]) to survival is likely to be

modified. In Alpine marmots, a favourable social environ-

ment is especially beneficial during hibernation. Indeed,

juveniles have low fat reserves and suffer from huge fat

losses during winter [22], therefore, reducing the costs
associated with heat production is crucial for them. The pres-

ence of adult subordinates is particularly important because

these latter arouse before juveniles and increase the heat in

the hibernaculum. This social thermoregulation (sensu [22])

leads to a decrease in the costs of hibernation and thereby to

increase juvenile survival [11]. We hypothesize that a good

early social environment should decrease energy expenditure

in juveniles associated with the succession of euthermic and

hypothermic phases during their first hibernation. Therefore,

a good early social environment could permit juveniles to

reduce body reserve expenses during the first hibernation.

The saved energy could be allocated to other functions, poten-

tially allowing females to reproduce earlier or to live longer, as

expected from the principle of allocation [39].

The positive effect of a good adult social environment on

juvenile survival, longevity and LRS is consistent with the lit-

erature [2,5,11]. Our findings further reveal that the social

environment does not influence litter size. Until now, studies

that have investigated the influence of social environment on

litter size have shown contrasting results. In agreement with

our findings, increasing the number of helpers did not

increase litter size at emergence in Mednyi Island arctic

foxes (Alopex lagopus semenovi), in which most helpers were

adult females [40]. On the other hand, a high number of

male and female helpers increased litter size at weaning in

meerkats [3] and African wild dogs (Lycaon pictus) [41] but

decreased litter size at weaning in the European badger

(Meles meles) [6]. In Alpine marmots, the benefit of having

helpers occurs after weaning and particularly during hiber-

nation [11]. Indeed, from birth to weaning, lactation falls

entirely to mothers and there is no evidence that helpers

care for juveniles between birth and weaning. However,

helpers participate in raising juveniles after weaning. Specifi-

cally during hibernation, helpers wake up before the other

members of the family, allowing mothers to decrease

body warmth costs. These results are in line with the load-

lightening hypothesis [1], which predicts that dominant

individuals should reduce parental allocation as the

number of helpers increases, which will then enhance their

survival, reproductive lifespan and LRS. For example,

in long-tailed tits (Aegithalos caudatus), males with large

clutch size decrease their work-rate in presence of helpers,

leading their survival to increase [42]. Therefore, in Alpine

marmots a trade-off between parental care and survival

might explain the increased longevity of females benefiting

from favourable social environment throughout their life.
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Our study provides evidence that individual fitness can

be shaped by additive and independent effects of social

environments experienced during early life and adulthood.

In Alpine marmots, a high number of helpers at early and

adult stages independently leads to increase longevity and

LRS. While longevity is mostly influenced by the early

social environment, LRS is mostly influenced by the adult

social environment because of the effect of the adult environ-

ment on juvenile survival. These independent effects of social

environments on longevity could possibly be an adaptive

process. Indeed, when a female marmot becomes dominant,

she will keep this social status until death, as indicated by

the strong correlation between longevity and dominance

tenure (N ¼ 29, R ¼ 0.95). Therefore, if both early and adult

social environments positively influence longevity, they

increase the length of the dominant tenure. Given that only

dominant females produce offspring and that female mar-

mots only reproduce once a year, a strong selection could

occur for increasing the number of reproductive attempts

[25], and thereby the length of a female’s dominant tenure.

As path analysis remains a correlative approach, we

cannot exclude that spatio-temporal variation in environ-

mental factors could shape annual variation in the number

of helpers and then influence fitness and its components

[43]. Indeed, a high-quality territory could allow both a

larger number of helpers and higher fitness. However, we

can exclude a temporal variation in the adult social environ-

ment because of the high repeatability of the number of
helpers over the dominant’s lifetime. Additionally, the phe-

notypic and genotypic quality of dominant females could

also influence their fitness and its components. Indeed, as

individuals in better than average quality are expected to

live longer, the high LRS and longevity can also reflect a via-

bility selection favouring high-quality females. Moreover, our

study focussed on the 15% of females that became dominant.

Social factors acting on non-breeding females can markedly

differ from social factors acting on breeding females.

Overall, our findings reveal the importance of considering

the whole social environment experienced by dominant

females from birth to death to understand fitness variation

among females. The evidence that early and adult social

environments have strong and independent effects on fitness

allows a better understanding of the role of the social environ-

ment in shaping fitness in cooperative breeders.
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