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abstract: Sociality modulates life-history traits through changes in
resource allocation to fitness-related traits. However, how social factors
at different stages of the life cycle modulate senescence remains poorly
understood. To address this question, we assessed the influence of social
environment in both early life and adulthood on actuarial senescence in
the Alpine marmot, a cooperative breeder. The influence of helpers on
actuarial senescence strongly differed depending onwhen help was pro-
vided and on the sex of the dominant. Being helped when adult slowed
down senescence in both sexes. However, the effect of the presence of
helpers during the year of birth of a dominant was sex specific. Among
dominants helped during adulthood, females born in the presence of
helpers senesced slower, whereas males senesced faster. Among domi-
nants without helpers during adulthood, females with helpers at birth
senesced faster. Social environment modulates senescence but acts dif-
ferently between sexes and life stages.

Keywords: Alpine marmot, dominance, life history, mammal, monog-
amy, senescence.

Introduction

Evolutionary theories of actuarial senescence (i.e., the decline
in age-specific survival with increasing age; henceforth, se-
nescence) postulate that natural selection is strongest in early
life, so that greater early investment in growth or reproduc-
tion should be favored even at the cost of faster actuarial se-
nescence (Williams 1957; Hamilton 1966). Any life-history
tacticor lifestyle (i.e., the covariationbetweenecological, phys-
iological, and behavioral traits defining the way a species is
living; see, e.g., Sibly and Brown 2007) that decreases alloca-
tion to growth or reproduction during early life should slow
down senescence through increased allocation to repair at the
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cell level, as predicted by the disposable soma theory (Kirk-
wood and Rose 1991; Kirkwood 2017). Factors reducing allo-
cation to growth or reproduction early in life are increasingly
reported to slow down the rate of senescence, which often re-
sults in longer longevity in vertebrates (e.g., Nussey et al. 2007;
Lemaître et al. 2015).
Recent theoretical studies suggest that kin selection also

shapes actuarial senescence by modulating the allocation to
growth during early life and to reproduction later on (Bourke
2007; Lee 2008). Eusocial and cooperatively breeding species
are characterizedbyhighly social groups composedof a breed-
ing pair of dominants assisted by other individuals (often re-
lated to the dominants) called helpers. In such species, helpers
are expected to reduce the costs associated with growth for
the dominant’s progeny as well as the costs of reproduction
for the dominant itself (i.e., load-lightening hypothesis; Crick
1992). Consistent with the disposable soma theory (Kirkwood
and Rose 1991), the energy saved from help received during
reproduction could be reallocated to the maintenance of the
organism, which should slow down senescence in breeding
individuals.
Indeed, the eusocial nakedmole rat (Heterocephalus glaber)

and eusocial ants live 108 times longer than similar-sizedmice
(Andziak et al. 2005) and solitary ants (Keller and Genoud
1997), respectively. Similarly, cooperatively breeding birds
outlive like-sized solitary birds twofold (Wasser and Sherman
2010). Cooperatively breeding vertebrates have a life-history
tactic toward the slow end of the slow-fast continuum. This
tactic involves a covariation between delayed and reduced early
growth, delayed maturity (Blumstein and Armitage 1998), low
fecundity, high adult survival, and delayed and slow senescence
(Gaillard et al. 2016). However, it has never been investigated
whether longevity in highly social species is simply a conse-
quence of living on the slow end of the continuum (as sug-
gested in Møller 2006).
Cooperative breeders offer ideal models to test whether

sociality leads to delayed and slow senescence. They are or-
59.124.032 on January 10, 2019 08:26:10 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://dx.doi.org/10.5061/dryad.3cm38jd
http://dx.doi.org/0000-0002-2153-0719


526 The American Naturalist
ganized in highly social groups typically composed of a dom-
inant breeding pair assisted by helpers that provide allopa-
rental care and delay their own reproduction (Koenig et al.
1992). In early life, pups benefiting fromhelpmay save energy
for growth and maintenance and consequently survive bet-
ter (Jennions andMacdonald 1994; Cockburn 1998). Later in
life, helpers may reduce the energy allocated by dominants to
reproductive effort (Crick 1992). This saved energy can be
reallocated to the maintenance of cellular and physiological
functions, thereby delaying the onset and slowing down of
senescence (Kirkwood and Rose 1991).

However, the expected benefit of helping in terms of slower
senescence might be counterbalanced by increased competi-
tion within social groups. Cooperatively breeding species of-
ten show strong intrasexual competition (Hauber and Lacey
2005; Clutton-Brock et al. 2006). Such competition negatively
affects body mass, survival, or reproductive success (Sharp
andClutton-Brock2011). InAlpinemarmots (Marmotamar-
mota), a dominant is at greater risk of losing its tenure when
the number of sexually mature same-sex subordinates in-
creases (Lardy et al. 2012, 2013). In the cooperative meer-
kat (Suricata suricatta), intrasexual competition at birth leads
to fasten reproductive senescence (Sharp and Clutton-Brock
2011).

In mammals, there is no known link between the number
of helpers early in life and subsequent reproductive senes-
cence (Sharp and Clutton-Brock 2010; Stahler et al. 2013).
Previous studies have, however, reported that the number of
helpers in early life extends reproductive life span in wolves
(Canis rufus; Sparkman et al. 2011) and dominant female lon-
gevity in marmots (Berger et al. 2015). To the best of our
knowledge, only two empirical studies on superb fairy-wrens
(Malurus cyaneus; Cockburn et al. 2008) and Seychelles war-
blers (Acrocephalus sechellensis; Hammers et al. 2013) have
tested for an effect of the social environment on the rate of
senescence. Neither detected a relationship (Cockburn et al.
2008; Hammers et al. 2013). However, these studies focused
on only the effect of helpers at birth (Hammers et al. 2013)
or in adulthood (Cockburn et al. 2008). Neither study looked
for possible interactive effects between the social environ-
ments at birth and in adulthood. Studying the interactive ef-
fect of social environment at different life stages in both sexes
is crucial to provide an overview of the potentially complex
effects of social environment on senescence (Bourke 2007;
Lee 2008).

We took advantage of detailed, individual-based longitu-
dinal monitoring of Alpine marmots to study the effects of
social factors on senescence. The Alpine marmot is a long-
lived cooperatively breeding rodent living in family groups.
Family groups typically include a dominant pair (living up
to 16 years), subordinates related to at least one of the two
dominants, and pups of the year (Perrin et al. 1993). Subordi-
nates delay dispersal and forgo their own reproduction be-
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yond sexual maturity (Arnold 1990; Cohas et al. 2006). Only
subordinate males help, providing alloparental care in the
form of thermoregulation during hibernation (Arnold 1993;
Allainé 2000; Allainé and Theuriau 2004). We tested the in-
teraction between the number of helpers in the year of birth
(hereafter, helpers at birth) and the presence of helpers during
adulthood (hereafter, helpers in adulthood) on senescence in
dominant Alpinemarmots of both sexes while controlling for
individual heterogeneity. We previously showed that early
and adult social environments (measured as the number of
helpers) independently lead to increase longevity of domi-
nant females (Berger et al. 2015). We also detected evidence
of senescence starting at 6 years of age in dominant marmots
without any sex differences (Berger et al. 2016). We expect
that the number andpresence of helpers at birth and in adult-
hood delays and slows down senescence in dominant breed-
ers and that this effect is similar in both sexes.
Material and Methods

Study Species

Alpine marmots are cooperatively breeding rodents living in
family groups. Family groups typically include two to 16 in-
dividuals: a dominant pair, sexuallymature adult subordinates
(from 2 years of age onward), immature subordinates (be-
tween 1 and 2 years of age) related to at least one of the two
dominants, and pups of the year (Perrin et al. 1993). All fam-
ily members share the same territory that is mainly defended
by the dominant pair.
The status of dominance is established for several years

until the dominant is evicted by another individual or dies
(Lardy et al. 2011). Most often, a dominant dies mostly dur-
ing hibernation or when its territory is taken over. A takeover
leads to either immediate death through combat or eviction
of the former dominant. Forced to hibernate alone, evicted
dominants have a !2% chance to survive (Stephens et al.
2002); in 27 years of fieldwork, we have seen only two evicted
dominants survive and reach dominance in another terri-
tory. Reproduction is highly skewed toward the dominant
pair (Cohas et al. 2006). The reproduction of subordinates
is inhibited by the same-sex dominant through aggressive be-
havior (Arnold and Dittami 1997; Hackländer et al. 2003).
Reproductive suppression is often not complete in subordi-
natemales, which can sometimes sire extra-pair young, while
subordinate females experience complete reproductive sup-
pression (Cohas et al. 2006). Dominant marmots mate dur-
ing the 15 days following emergence from hibernation (i.e.,
from early to late April). After 30 days of gestation, dominant
females give birth to the sole litter of the year (one to seven
pups, median of 3.5). The altricial offspring stay in the natal
burrow for 40 days. Once weaned, they emerge aboveground
betweenmid-June andmid-July. At sexualmaturity (i.e., 2 years
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Influence of Social Environments on Actuarial Senescence 527
of age), either an individual can stay as a subordinate in its
natal group by delaying dispersal for one or several years or
it can attempt to become dominant by either inheriting the
dominance status in its natal group or dispersing to gain dom-
inance in another territory. An individual never joins another
family group as a subordinate.

When subordinates delay dispersal and forgo their own
reproduction beyond sexual maturity (Arnold 1990; Cohas
et al. 2006), they help by providing alloparental care (Allainé
2000). Although subordinates of both sexes use antipredator
alarm calls to warn other family members, only subordinate
males are effective helpers (Arnold 1993; Allainé and Theu-
riau 2004). All groupmembers hibernate together frommid-
October to early April. Hibernation is a cyclic process in-
volving a succession of hypothermia and euthermia phases
(Arnold 1990). Family members do not have the same length
and rhythm of hibernation, and at each cycle, subordinate
males wake up earlier and have longer euthermic periods than
other family members, thus warming the burrow (Arnold
1988). Consequently, the number of subordinate males in a
family group increases the probability of offspring to survive
their first hibernation through thermal benefits of synchro-
nized arousals and active warming. In turn, the number of
subordinate males leads to an increase of the lifetime repro-
ductive success of the dominant marmots (Lardy et al. 2015).
On the other hand, the number of subordinate females has
no or even a slight negative effect on pup survival (Arnold
1993; Allainé and Theuriau 2004).
Field Procedures

From 1990 to 2014, we used both capture-mark-recapture
methods and direct observations to monitor a wild popula-
tion of Alpine marmots located in Grande Sassière nature
reserve (2,340m asl, French Alps, 457290N, 67590E).We cap-
tured marmots from 24 territories every year between mid-
April andmid-July using two-door live traps baited with dan-
delions (Taraxacum densleonis). We placed traps near the
entrances of the main burrows to assign each captured indi-
vidual to its family group. Once captured, we anesthetized
individuals with Zolétil 100 (0.1 mL kg21) and sexed them.
We confirmed their social status through examination of the
scrotum (males) or teats (females). We marked all individu-
als using a transponder and a numbered metal ear tag placed
on the right ear of females and on the left ear ofmales for per-
manent individual recognition. We placed an additional col-
ored plastic ear tag on the opposite ear of dominant individ-
uals. Through daily observations, we further quantified the
number of individuals of each sex and age class (i.e., offspring
of the year, yearling and adult) for each family group, and we
used scent marking behavior to confirm the identity of the
dominant pair (Cohas et al. 2008).
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Age

Wemeasured age (in years) from birth to death for all known-
aged dominant marmots (i.e., marmots that were marked as
pups or yearlings) that died during the study (34 females,
36 males). Moreover, 36 known-aged dominant marmots
(18 females, 18 males) were still alive and were censored in
2014. We assigned the age of 0 to all pups. Since we included
only individuals with known longevity or with an exact age
at censoring in the analyses, imperfect detection (sensu Gi-
menez et al. 2008) was not an issue in survival analyses.
Social Environment

For each dominant marmot, we measured early social envi-
ronment by the number of subordinate males present in the
year of its birth (three classes of helpers at birth: zero, one,
and two or more) in its natal family group (21 females and
25males without helpers at birth, seven females and 12males
with a single helper at birth, 24 females and 17 males with
two ormore helpers at birth). The number of helpers at birth
was reduced to three categories because it rarely exceeded
three, and previous studies showed that juvenile survival
is not increased beyond two helpers at birth (Farand et al.
2002; Allainé and Theuriau 2004).
To measure the social environment experienced during

adulthood, we recorded whether dominant marmots ever
had at least one subordinate male over their dominance ten-
ure length (13 females and 15males without helpers in adult-
hood, 39 females and 39 males with helpers in adulthood).
Because of fieldwork limitations, we could not accurately
record the number of helpers every year during the entire life
of all individuals, and the likelihood of having only partial so-
cial history for a given individual increased with group size
and longevity. Hence, we could safely and accurately record
only the presence/absence of adult helpers during adult life
for all individuals independently of their age.
Thenumber of helpers at birthwas independentof thepres-

ence of helpers in adulthood (x2 p 2:15, df p 2, P p :34).
The repeatability of the number of helpers during adulthood
was equal to 0:265 0:07 (see app. F for details; apps. A–G
are available online), a value consistent with analyses of so-
cial behaviors (reviewed in Bell et al. 2009).
Assessing the Influence of Early and Adult
Social Environments on Senescence

We studied age-related decreases in annual survival of Al-
pine marmots monitored individually throughout their en-
tire lives. We recorded the observed longevity (i.e., time to
death) of each dominant (306 and 281 years times individu-
als for females and males, respectively), or the survival time
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for individuals that were still alive when the monitoring ended
and were therefore censored (134 and 123 years times individ-
uals for females and males, respectively).

We modeled survival as a function of time to death using
accelerated failure time (AFT) frailty models fitted with the
survreg function in the R survival package (Therneau 2014)
to test whether helpers early in life and at adulthood slow
down the rate of senescence in dominant Alpine marmots
of both sexes. The survival model using the survreg function
is based on the number of observations (i.e., year times indi-
viduals) and not on the number of individuals. Our sample
size thus comprised 440 observations for females and 404 ob-
servations for males. AFT models are based on cumulative
survival curves (i.e., lx curves), and they allow getting a simple
mathematical function of survival, which is not possible to
obtain using nonparametric models. The outcomes of failure
timemodels do not correspond tomortality ratios but express
the effect of covariates on time to death (Therneau 2014).
These models also control for the potential confounding ef-
fect of individual heterogeneity, as senescence can be masked
at the population level by among-individual variation because
of selective disappearance (van de Pol and Verhulst 2006).
The response variable was the proportion of individuals sur-
viving to each age, which can be directly obtained from the
distribution of individual longevities.

To investigate the influence of social environments on se-
nescence, we first pooled both sexes within a single analysis.
Our statistical procedure included four steps. First, we as-
sessed whether the Weibull survival function best described
the data by comparing model fit using the Akaike informa-
tion criterion (AIC; using Gompertz, Gaussian, exponential,
extreme, or logistic functions as alternatives). For all anal-
yses, a Weibull distribution best fitted the data (table A1;
fig. C1; tables A1, B1, B2, E1, G1 and figs. C1, D1 are avail-
able online). Thus, the proportion of individuals surviving
to each age x was modeled as lx p exp(2(x=a)b), where a
is the scale parameter and b is the shape parameter of the
Weibull function.Although the two-parameterWeibullmod-
els constrain mortality to be null from the first age to the
next (e.g., Gaillard et al. 2004), marmots never reach domi-
nance before 2 years of age, meaning that dominant individ-
uals could not have died before 2 years of age. The Weibull
model using survreg can be interpreted as both proportional
hazard (PH) and AFT models. The PH models are based
on the hazard function and give information on the ratio
of mortality rate between the different modalities of a given
factor. In Weibull AFT models (see table 1), the exponential
of effect sizes (exp(aAFT)) are interpreted biologically in
terms of acceleration factor of time to death. From the
coefficients obtained withWeibull AFTmodels, it is possible
to calculate the hazard ratios (exp(aPH)) given byWeibull PH
models, assuming a constant shape factor (b). The link be-
tween aAFT and aPH is given by the formula aPH p 2aAFTb
This content downloaded from 154.0
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(Kleinbaum and Klein 2012). Shape parameter indicates se-
nescence when its value is greater than the value for constant
mortality rate with age. Second, we assessed the effects of early
and adult social factors on cumulative survival by includ-
ing the number of helpers at birth, the presence of helpers in
adulthood, the sex of the individual, as well as their two-way
and three-way interactions for the analyses in which sexes
were pooled. Once the full models including all potential ad-
ditive and interactive effects had been built, we removed the
non–statistically significant terms of a given order all at once
until obtaining theminimal model. Third, to account for po-
tential individual heterogeneity inmortality risk, we included
a distribution of individual frailty (sensu Vaupel et al. 1979)
by entering the individual identity as a gamma-distributed
random effect, using the function frailty (Therneau 2014).
Frailty was never statistically significant (table B1), which
indicates a negligible individual heterogeneity in the mortal-
ity risk. Thus, we did not report models including individ-
ual heterogeneity in senescence, but we checked that results
remained unchanged when including individual heterogene-
ity (table B2). Fourth, the model fit was evaluated by graph-
ically comparing empirical Kaplan-Meier survival curves and
predicted survival curves generated from the AFT model
(fig. C1).
We tested for the three-way interaction (sex# helpers

at birth#helpers in adulthood) on senescence with pooled
sexes using both a likelihood ratio test—comparing the three-
way interaction model (sex#helpers at birth#helpers in
adulthood) with the two-way interaction models (sex #
helpers at birth 1 sex#helpers in adulthood 1 helpers at
birth#helpers in adulthood)—and using a model selection
based on AIC (table G1). The sex of the dominant marmots
modified the influence of both social environments, and thus
the three-way interaction (sex#helpers at birth#helpers
in adulthood) was statistically significant (see “Results”; ta-
ble 1). We therefore replicated the four-step procedure de-
scribed above with each sex considered separately to avoid the
difficulty of providing a biological interpretation of a three-
way interaction (e.g., for a similar procedure, see Festa-Bianchet
et al. 1998).We included an interactive effect between helpers
on senescence in each of the two sexes. The effect sizes are
reported in table 1. In “Results,” we report estimates of time
to death with their associated 95% confidence intervals (CIs)
and the corresponding hazard ratios given in table E1. We
representedmortality rate (mx p 12 (lx11=lx)) as a function
of age (fig. 1), and survival curves are given in fig. D1.
To measure senescence explicitly for each category of in-

dividuals, we defined a set of metrics describing senescence
and longevity. From the estimations of the Weibull model,
we defined the onset of senescence as the age at which the ac-
celeration of the increase in the proportion of dying individ-
uals was the strongest. This age corresponds to the earlier
age at which the second derivative of the cumulative survival
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Influence of Social Environments on Actuarial Senescence 529
function estimated from themodel reaches an extremum.We
estimated the rate of senescence using two different ways.
First, we measured the survival slope between the predicted
ages where 50% (lx p 0:5) and 10% (lx p 0:1) of domi-
nants are still alive in the population (see Lemaître and Gail-
lard 2013). Second, we calculated Ricklefs and Scheuerlein’s
(2002)Weibull senescence rate, q p (b=ab)

(1=b)
, with a and

b corresponding to the scale and the shape parameters of
the Weibull curves obtained from the survreg function. A
small q corresponds to a slow rate of senescence.
This content downloaded from 154.0
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Ecological Confounding Variables

Territory quality might influence both the presence of help-
ers and senescence. In particular, sun exposure affects snow
cover duration (Sharma et al. 2014), which in turn is a major
factor determining plant phenology and biomass at a given
altitude inmountain ecosystems (Inouye 2008). South-facing
territories (where snowmelts relatively early) are therefore of
better quality than the north-facing or valley territories. As a
result, both bodymass at emergence and postweaning growth
Table 1: Effect of number of helpers at birth and in adulthood on cumulative age-specific survival of Alpine marmots
monitored in Grande Sassière nature reserve (1990–2014)
Effect size
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All dominant:

Intercept
 2.18
 .09
 23.70
 !.001

Sun exposure of territory at birth (south)
 2.14
 .08
 21.67
 .09

Sun exposure of territory in adulthood (south)
 .25
 .08
 3.26
 !.001

Helpers at birth (1)
 2.17
 .18
 2.94
 .35

Helpers at birth (21)
 .38
 .12
 23.21
 !.01

Helpers in adulthood
 .19
 .09
 2.05
 .04

Sex
 2.41
 .14
 22.98
 !.01

Sun exposure of territory at birth∶sex
 .35
 .10
 3.41
 !.001

Sun exposure of territory in adulthood∶sex
 2.30
 .10
 23.10
 !.01

Helpers at birth (1)∶sex
 .17
 .21
 .79
 .43

Helpers at birth (21)∶sex
 .48
 .18
 2.57
 .01

Helpers in adulthood∶sex
 .51
 .14
 3.64
 !.001

Helpers in adulthood∶helpers at birth (1)
 .18
 .19
 .92
 .36

Helpers in adulthood∶helpers at birth (21)
 .65
 .14
 4.79
 !.001

Helpers in adulthood∶helpers at birth (1)∶sex
 2.64
 .25
 22.57
 .01

Helpers in adulthood∶helpers at birth (21)∶sex
 2.98
 .21
 24.72
 !.001

Log(scale)a
 21.88
 .08
 223.95
 ! .001
Dominant female:

Intercept
 2.15
 .10
 22.46
 !.001

Sun exposure of territory at adulthood
 .16
 .06
 2.66
 !.01

Helpers at birth (1)
 2.13
 .19
 2.70
 .48

Helpers at birth (21)
 2.38
 .13
 23.04
 !.01

Helpers in adulthood
 .22
 .10
 2.22
 .03

Helpers in adulthood∶helpers at birth (1)
 .18
 .21
 .86
 .39

Helpers in adulthood∶helpers at birth (21)
 .64
 .15
 4.35
 !.001

Log(scale)b
 21.81
 .11
 215.92
 !.001
Dominant male:

Intercept
 1.72
 .08
 20.21
 !.001

Sun exposure of territory at birth
 .20
 .06
 3.63
 !.001

Helpers at birth (1)
 .02
 .11
 .17
 .86

Helpers at birth (21)
 .12
 .13
 .90
 .36

Helpers in adulthood
 .72
 .09
 7.73
 !.001

Helpers in adulthood∶helpers at birth (1)
 2.49
 .14
 23.37
 !.001

Helpers in adulthood∶helpers at birth (21)
 2.35
 .15
 22.35
 .02

Log(scale)c
 21.93
 .11
 217.88
 !.001
Note: Sex indicates males. Shape parameter (b) is equal to 1/scale given by the function survreg from the survival package.
a b p 1/exp(log(scale)) p 6.55.
b b p 1/exp(log(scale)) p 6.08.
c b p 1/exp(log(scale)) p 6.87.
).
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rate are higher in south-facing than in valley and north-facing
territories (Allainé et al. 1998). Therefore, we tested for addi-
tive and all interactive effects (up to the three-way interac-
tions in the sex-pooled analyses) of the quality of the territory
at birth and in adulthood (south vs. north/valley) in all anal-
yses, and we kept these effects in the models whenever they
were statistically significant. Data are deposited in the Dryad
Digital Repository: http://dx.doi.org/10.5061/dryad.3cm38jd
(Berger et al. 2018).

Results

Ecological Confounding Variables

Females occupying south-facing territories at adulthood lived
1.17 times longer (95% CI p 1:04–1:33, z p 2:66, P ! :01)
than dominant females established on valley or north-facing
territories, and this effect occurred whatever their social envi-
ronment at birth or later on. Males born in south-facing ter-
ritories lived 1.22 times longer (95% CI p 1:09–1:37, z p
3:62, P ! :001) than dominant males born in valley or
north-facing territories. This territory effect occurred what-
ever the social environment of males at birth or in adulthood.

Impact of Early and Adult Social
Environment on Senescence

The influence of helpers on senescence of Alpine marmots
strongly differed in relation to the timing of the help (i.e., at
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birth vs. in adulthood) and between sexes (likelihood ratio
test: x2 p 18:40, df p 2, P ! :001; table 1; fig. 1; for the
AIC model selection, see table G1). As previously reported
in the studied population, annual mortality rates increased
with age in both sexes, and thus both sexes senesced. This
is indicated by the shape parameters of the Weibull model
of 6.87 (95% CI p 5:58–8:50, z p 15:92, P ! :001) and
6.08 (95% CI p 4:86–7:59, z p 17:88, P ! :001) for males
and females, respectively (fig. 1). Indeed, both shape param-
eters were far 11 and thus indicated senescence. We did not
detect any sex differences in the shape parameter.
In females, the number of helpers at birth and in adult-

hood had strong interactive effects (two-way interaction:
x2 p 12:46, df p 2, P p :002; table 1; fig. 1a). Females
with helpers during adulthood consistently displayed a
slower rate of senescence (table 2). However, even though
having helpers in adulthood is beneficial in terms of the
slower rate of female senescence, the magnitude of this slow-
down in senescence wasmodulated by the number of helpers
that dominant females had at birth (fig. 1a). The life span of
dominant females with one or zero helpers at birth was, re-
spectively, 81% (95% CI p 68–95, z p 22:60, P p :009)
and 77% (95% CI p 66–90, z p 23:45, P ! :001) that
of females with two or more helpers at birth (table 1). In
the presence of helpers in adulthood, females senesced slower
when having benefited from two or more helpers at birth
(q21 p 0:512) compared with one (q1 p 0:556) or zero
(q0 p 0:568) helpers (table 2). Femaleswith helpers in adult-
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Figure 1: Effects of helpers at birth and in adulthood on the annual mortality rate of dominant female (N p 440 observations; a) and male
(N p 404 observations; b) Alpine marmots. Symbols represent the predicted mortality at each age, obtained from the selectedWeibull models
including an interaction between helpers at birth and helpers in adulthood, with the territories at birth and in adulthood set to south. Circles,
triangles, and asterisks correspond to the absence and presence of a single helper and of two or more helpers at birth, respectively. Gray and
black symbols correspond to the absence and presence of helpers in adulthood, respectively.
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hood had a longevity of 11, 12, and 16 years when they had
zero, one, and two or more helpers at birth, respectively.

In contrast, in the absence of helpers in adulthood, the life
span of females having two or more helpers at birth was 68%
(95% CI p 53–88, z p 23:04, P p :002) that of females
without helpers at birth (table 1) and increased senescence
(q21 p 0:760 vs. q0 p 0:626; table 2). However, we found
no difference in life span (table 1) or the rate of senescence
(table 2) between females having two or more versus one
helper at birth (factor of 0.78; 95% CI p 0:53–1:15, z p
21:28, P p :20; q21 p 0:760, q1 p 0:666) or between fe-
males with one versus zero helpers at birth (factor of 0.87;
95% CI p 0:60–1:28, z p 20:705, P p :48; q1 p 0:666,
q0 p 0:626). Females with zero, one, and two or more
helpers at birth lived for a maximum of 8, 6, and 6 years of
age, respectively.

In males, we also detected interactive effects between the
number of helpers at birth and in adulthood (two-way in-
teraction: x2 p 8:92, df p 2, P p :01; table 1; fig. 1b). Like
females, males with helpers in adulthood displayed a mark-
edly slower rate of senescence (table 2), and again the num-
ber of helpers that males had at birth modulated the mag-
nitude of this slowdown (fig. 1b). However, unlike females,
males with helpers in adulthood suffered from the presence
of helpers at birth (fig. 1b). Males without helpers at birth
had the slowest rate of senescence (table 2), and their life
span increased by a factor of 1.60 (95% CI p 1:34–1:90,
z p 5:29, P ! :001) or 1.25 (95% CI p 1:10–1:42, z p
3:55, P ≤ :001) compared with males with one and two or
more helpers at birth, respectively (table 1). Moreover, males
having two or more helpers at birth had their life span in-
crease by a factor of 1.27 (95% CI p 1:07–1:51, z p 2:78,
This content downloaded from 154.0
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P p :005) compared with males having one helper at birth
(table 1), and they experienced a slower rate of senescence
(table 2). Males with helpers in adulthood lived for a maxi-
mum of 14, 8, and 11 years when they had zero, one, and
two or more helpers at birth, respectively.
Senescence in males that had no helpers in adulthood was

not influenced by social environment at birth (fig. 1b). Males
with one and two or more helpers at birth had a similar life
span (i.e., factor of 1.02; 95% CI p 0:81–1:27, z p 0:17,
P p :86; factor of 1.13; 95% CI p 0:87–1:47, z p 0:90,
P p :37) as males without any helper at birth (table 1), and
all showed similar senescence rates (table 2). Males without
any helpers in adulthood never lived beyond 5 years, regard-
less of the social environment they experienced at birth.
Discussion

Sociality has been suggested to modify life-history trade-offs
and thus to affect senescence indirectly (Lee 2003; Bourke
2007). We found that social environments encountered both
at birth and in adulthood shape senescence in a cooperatively
breeding mammal. Moreover, we show that the effect of the
social environments met at different life stages strongly dif-
fers and depends on sex. The effect of sociality on senescence
is much more complex than expected under current life-
history theory.
Our study provides clear evidence that the presence of

helpers in adulthood slows down the rate of senescence in
both sexes. Thisfinding supports the load-lightening hypoth-
esis (Crick 1992), in which dominants should benefit from
helping by reducing their parental investment, thereby im-
Table 2: Characterization of senescence parameters of predicted survival curves for dominant female and male Alpine marmots
Helpers at birth
Absence of helpers in adulthood
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21
Dominant female:

Onset of senescence
 5.99
 5.14
 3.79
 7.69
 8.11
 10.19

Range
 5.54 to 6.44
 3.767 to 6.87
 2.96 to 4.77
 6.37 to 9.20
 4.23 to 14.71
 6.23 to 16.21

Rate (50%–10%)
 2.24
 2.272
 2.35
 2.19
 2.18
 2.15

Range
 2.30 to 2.19
 2.41 to 2.18
 2.49 to 2.25
 2.26 to 2.14
 2.37 to 2.01
 2.27 to 2.08

q
 .63
 .67
 .76
 .57
 .56
 .51
Dominant male:

Onset of senescence
 3.69
 3.79
 4.30
 8.61
 5.06
 6.69

Range
 3.40 to 3.98
 3.01 to 4.68
 3.35 to 5.41
 7.21 to 10.21
 3.00 to 8.14
 3.97 to 10.84

Rate (50%–10%)
 2.41
 2.41
 2.42
 2.20
 2.32
 2.25

Range
 2.51 to 2.34
 2.55 to 2.30
 2.50 to 2.26
 2.27 to 2.15
 2.55 to 2.18
 2.45 to 2.14

q
 .77
 .76
 .72
 .54
 .67
 .63
Note: Predicted curves were obtained from the selectedWeibull model including an interaction between helpers at birth and in adulthood.We characterized the
onset of senescence in years as the age at which the acceleration of the increase in the proportion of dying individuals is maximal. We defined Ricklefs’s q rate of
senescence (for details, see “Methods”). Another metric of the rate of senescence (50%–10%) is defined as the survival slope between the ages where 50% (lx p 0:5)
and 10% (lx p 0:1) of dominants.
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proving their survival and lifetime reproductive success. In
Alpine marmots, increasing the number of helpers leads to
not only improved juvenile survival (up to a point; Allainé
and Theuriau 2004) but also improved longevity and lifetime
reproductive success of dominants of both sexes (Berger et al.
2015; Lardy et al. 2015), and dominants’ overwinter weight
loss is reduced when they hibernate with helpers (Arnold
1990). The presence of helpers in adulthood is therefore
likely to decrease the reproductive costs of dominants of both
sexes. By reallocating the energy from reproduction to so-
matic maintenance, the presence of helpers could slow down
senescence (this study). A positive effect of helpers on the
survival and lifetime reproductive success of dominants re-
sulting from load lightning has been reported in other coop-
eratively breeding birds and mammals (e.g., Khan and Wal-
ters 2002; Russell et al. 2007). In all these cooperative breeders,
the presence of helpers is thus likely to delay and slow down
senescence.

However, mechanisms through which helpers affect se-
nescence in the two dominant sexes are likely to differ. Ges-
tation and lactation are two major costs of reproduction
(Clutton-Brock et al. 1989) for females during the active pe-
riod, and they are both reduced in the presence of helpers.
Males suffer from important overwinter body mass loss in
the presence of pups (Ruf and Arnold 2000) because they
wake up earlier and have longer euthermic periods during hi-
bernation (Arnold 1988). The amount of energy expended
by males during hibernation is a function of the number of
helpers. As a consequence, hibernation could be highly costly
in the absence of helpers and could potentially lead to a loss
of dominance and ultimately to death (Arnold 1990; Allainé
and Theuriau 2004). According to empirical knowledge on
Alpine marmots, the effect of helping during adulthood is
expected to act predominantly during the active season for
dominant females and to slow down the rate of senescence
by decreasing reproductive costs. In contrast, in dominant
males, the helper effect during adulthood takes place during
hibernation and is expected to slow down the rate senescence
by decreasing thermoregulatory costs.

The effect of helpers at birth is complex because it com-
bines sex-specific effects on senescence and unexpected in-
teracting effects with the presence of helpers during adult-
hood in the Alpine marmot. Sex-specific effects of helpers
at birth on life-history traits other than senescence are com-
monly reported in cooperative breeders (Sparkman et al. 2011;
Paquet et al. 2015) and have long-term consequences. In red
wolves, in the presence of helpers early in life, reproductive
performance increases in females but is reduced in males
(Sparkman et al. 2011). In sociable weavers (Philetairus so-
cius), the presence of helpers increases female survival but
decreases male survival especially in early life, and this oppo-
site sex-specific effect is reduced late in life (Paquet et al.
2015). In dominant female Alpine marmots, being born in
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the presence of helpers may be beneficial in terms of slower
senescence when these females also have helpers in adult-
hood but is detrimental in their absence. This opposite effect
of the presence of helpers at birth on female senescence
depending on the presence or absence of helpers in adult-
hood could correspond to a predictive adaptive response.
This response could allow offspring born in a given social en-
vironment (i.e., with or without helpers at birth in marmot
females) to adjust their physiology during their early devel-
opment so that they will perform better during adulthood
when they will meet the same conditions (Bateson et al.
2004). This kind of developmental adjustment to future en-
vironmental conditions has been recently defined as the ex-
ternal predictive adaptive response (Nettle et al. 2013). In
female Alpine marmots, this response to the environment
could set up during the first hibernation, a crucial stage in
marmot life history. This response can occur only if the adult
social environment is predictable, which is likely to be the
case in Alpine marmot females, which inherit their natal ter-
ritory at sexual maturity more often than males do (35% of
the dominant females vs. 15% of the dominant males; Lardy
et al. 2012). Thus, by inheriting their natal territory, female
dominants also inherit helpers already present in the terri-
tory. Although the mechanisms involved remain to be in-
vestigated, our study suggests that the variability of the social
environments over the life course might offer the conditions
required for adaptive responses to evolve in cooperative breed-
ers, at least in females. So far, the search for external predic-
tive adaptive responses has been generally restricted to ver-
tebrates and to responses to ecological factors such as food,
climate, or predation and does not provide any support to
the external predictive adaptive responses (Hayward et al.
2013; Douhard et al. 2014). Our findings call for further sex-
specific studies integrating sociality in this framework.
In males, the influence of the number of helpers at birth

on senescence was markedly different. When males did not
have helpers in adulthood, the presence of helpers at birth
had no influence on senescence, whereas the presence of help-
ers at birth had a negative effect in males with helpers in
adulthood. Male reproductive costs during hibernation are
substantial in the absence of helpers in adulthood, which
compromises any positive effect of the social environment
early in life and leads to a faster senescence. Helpers in early
life could impose long-term detrimental costs on survival be-
cause of a modulation of the early-late life trade-off favoring
growth and reproductive performance over somatic mainte-
nance in male pups, as reported in red wolves (Sparkman
et al. 2011). However, intrasexual competition could also
play a pivotal role in the early-late trade-off and thereby
senescence. Indeed, intrasexual competition, common in co-
operative breeding species (e.g., Clutton-Brock et al. 2006), is
associated with senescence at later ages (Sharp and Clutton-
Brock 2011). In the specific case of hibernating species, such
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as the Alpine marmot, the trade-off between male allocation
to sexual competition and somatic maintenance may be lev-
eled off above a certain number of helpers at birth. Indeed,
the ambient temperature in the hibernaculum rises with
the number of helpers, thus reducing the physiological costs
of hibernation (Arnold 1993). Higher temperatures lead to
both lower overwinter mass loss and higher overwinter off-
spring survival (Arnold 1990; Grimm et al. 2003; Allainé
and Theuriau 2004) and then to a decreased viability selec-
tion. In absence of helpers at birth, males are likely to face
high viability selection caused by both high intrasexual com-
petition between brothers of the same age and drastic hiber-
nation conditions without helpers. High viability selection
leads to only the most robust males surviving and therefore
slows down senescence. With only one helper at birth, male
pups face reduced costs of hibernation and lower competi-
tion with helpers, which leads to a decreased viability selec-
tion and thereby a faster senescence.With two ormore help-
ers at birth, the intrasexual competition between male pups
and helpers could counterbalance the benefits of social ther-
moregulation, leading to an intermediate magnitude of se-
nescence. This may explain why senescence of males helped
during adulthood was less for those born with at least two
helpers than with only one helper. Overall, we suggest that
the complex interaction between early and adult social en-
vironments observed in male marmots is likely to be the
consequence of the interplay between life-history trade-offs,
environmental conditions, and the ecology of hibernating
cooperative breeding species. Although complex outcomes
of competition and cooperation are plausible explanations,
more investigation is needed before drawing any firm con-
clusion about the exact processes underlying the present
findings.

Explaining these intriguing sex differences in senescence
with or without helpers at birth is not straightforward. The
absence of an external predictive adaptive response in males
is difficult to explain and emphasizes that we still know very
little about sex differences in such responses. However, two
important features distinguish males from females early in
life. First, male (but not female) pups compete with helpers.
Although we do not yet have direct evidence of competition
betweenmale pups and helpers within a family group, previ-
ous results in our population provide evidence of compe-
tition between male littermates. Male juvenile survival de-
creases with an increasing number of brothers in the litter
(Dupont et al. 2015). Moreover, males form coalitions that
often involve brothers of successive litters when dispersing
in search for a breeding vacancy, a tactic commonly used by
other social mammalian species, such as lions (Panthera leo;
Packer et al. 1991). When one male becomes the new domi-
nant, its brothers soon become competitors that have to be
evicted from the territory. Males born with relatively few
brothers are more likely to disperse alone and pay a lower
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cost in terms of intrasexual competition than males dispers-
ing with brothers. The presence of helpers at birth could
therefore lead young male marmots to adopt a live fast, die
young strategy (Vinogradov 1998; Bonduriansky et al. 2008).
The costs of being raised with brothers or of searching for
a new territory could be paid late in life by fastening senes-
cence, in line with the predictions of the disposable soma the-
ory (Kirkwood and Rose 1991). Second, the presence of an
external predictive adaptive response in females but notmales
can be caused by physiological differences between sexes.
Males and females show markedly different fat storage and
metabolism mechanisms, as already shown in mammals (e.g.,
humans: Power and Schulkin 2008). In particular, fat storage
for reproduction is mostly devoted to females (small mam-
mals: Schulte-Hostedde et al. 2001; gray seals Halichoerus
grypus: Beck et al. 2003). In Alpine marmots, the use of fat
reserves is both sex and season specific (Körtner and Held-
maier 1995). Although it has not been shown yet, we can hy-
pothesize that females should favor storing fat reserves for
reproduction and hibernation, whereas males should mostly
use fat storage for social thermoregulation during hiberna-
tion. The ontogeny of these tissues could be influenced differ-
ently by the early environment between the sexes and could
remain sex specific later in life. The interplay between sex dif-
ference in lipolysis and thermogenesis mechanisms and early
social environment could therefore explain the presence of
external predictive adaptive response only in females.
From our correlative approach, we cannot exclude that a

nonmeasured phenotypic or genetic factor could be respon-
sible for the observed correlation. For example, robust indi-
viduals that live longer and age later and slower might have a
higher probability of gaining helpers during their life than
frail individuals. The presence of helpersmight also indirectly
influence senescence because of some hidden effect of other
ecological factors, such as predation.However, inAlpinemar-
mots, helpers’ alarm calls benefit the whole population and
not only their focal family group. Therefore, predation cannot
explain the antagonistic effects of helpers we found on cumu-
lative survival. Predation is thus unlikely to generate the ef-
fects of social environments we reported on senescence.
Our study shows how important the interplay between so-

cial factors and sex is for shaping senescence. Sex-specific
effects of social environments at different life stages on aging
are expected to be widespread. Testing this prediction in co-
operative breeders other than Alpine marmots would im-
prove our understanding of the effect of sociality on aging
and of the potential role of kin selection in shaping aging
patterns. Finally, one important challenge now is to quantify
the costs of helping and reproduction and how these costs are
modulated by social factors. Dissecting how sociality could
influence costs of helping and reproduction would improve
our understanding of how sociality during the life course in-
fluences senescence and longevity.
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