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Abstract

1.

Studies on humans indicate that encountering multiple sources of adversity in
childhood increases the risk of poor long-term health and premature death. Far

less is known about cumulative effects of adversity during early life in wildlife.

. Focusing on the spotted hyena Crocuta crocuta, a social mammal with small lit-

ters, extensive maternal care, slow development and access to resources deter-
mined by social rank, we determined the contribution of ecological, maternal,
social and demographic factors during early life on performance and fitness, and
tested whether the impact of early-life adversity is cumulative.

Using longitudinal data from 666 female hyenas in the Serengeti National Park,
we determined the early growth rate, survival to adulthood, age at first repro-
duction (AFR), lifetime reproductive success (LRS) and longevity. We fitted
multivariate models in which we tested the effects of environmental factors
on these performance measures. We then constructed a cumulative adversity
index and fitted models to test the effect of this index on each performance
measure. Finally, the value of cumulative adversity models was tested by com-
paring them to multivariate and single-effect models in which the effect of each
environmental factor was considered separately.

High maternal rank decreased the AFR of daughters. Singleton and dominant
cubs had higher growth rate than subordinate cubs, and singletons also had a
higher survival chance to adulthood than subordinates. Daughters of prime age
mothers had a higher growth rate, longevity and LRS. Little and heavy rainfall
decreased survival to adulthood. Increasing numbers of lactating female clan
members decreased growth rate, survival to adulthood and LRS. Cumulative ad-
versity negatively affected short-term performance and LRS. Multivariate mod-
els outperformed cumulative adversity and single-effect models for all measures
except for AFR and longevity, for which single-effect models performed better.
Our results suggest that in some wildlife populations the combination of specific
conditions in early life may matter more than the accumulation of adverse condi-
tions as such.
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provided the original work is properly cited.
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1 | INTRODUCTION

In human societies, social inequalities in standards of education,
employment, nutrition, income and housing are associated with sys-
tematic differences in health status and lifespans across different so-
cioeconomic groups (EU 10th Sustainable Development Goal, 2021,
WHO Commission on Social Determinants of Health, 2008). Social
inequalities at birth and in early childhood persist across childhood
and into adulthood. The hypothesis that the experience of multiple
sources of adversity in childhood, such as parental abuse or neglect,
has a negative cumulative effect during adulthood predicts that the
more sources of adversity experienced during childhood, the greater
the risk of developing serious physical and mental health issues, in-
cluding cardiovascular disease, addictive behaviours, alcoholism, de-
pression, diabetes and premature death (e.g. Anderson et al., 2018;
Austin, 2018; Felitti et al., 1998). For instance, experiencing four or
more adverse experiences in childhood increases the risk of cardio-
vascular disease in adult humans by 2.2 times and the risk of depres-
sion by 5.6 times (Austin, 2018).

Few studies have attempted to assess whether multiple sources
of early-life adversity also have negative cumulative outcomes
in wildlife, where the determination of conditions considered as
adverse or favourable may be more challenging (but see Strauss
et al., 2020; Tung et al., 2016). In line with the ‘silver spoon’ hypoth-
esis (Grafen, 1988), many studies in free-ranging mammals indicate
that some kind of early-life adversity carries lifelong fitness costs
(Cooper & Kruuk, 2018; Douhard et al., 2014; Lea et al., 2015; Pigeon
et al., 2017; Tuljapurkar et al., 2021). This hypothesis derived from
life-history theory predicts that individuals experiencing early-life
adversity never reach the same fitness as those that do not, because
their relatively poor performance in adulthood is a consequence of
trade-offs between traits, for example when individuals allocate
more resources towards survival than growth during development
(Grafen, 1988; Monaghan, 2008). Most studies investigating the
long-term fitness consequences of the early-life environment fo-
cused on the effect of one type of environmental factor. Examples
include the ecological environment (e.g. rainfall, which affects water
and food availability in large mammals; Marshall et al., 2017; Tung
et al., 2016), the parental environment, including the extensive liter-
ature on ‘maternal effects’ whereby the maternal phenotype affects
the expression of offspring phenotype (East et al., 2009; Mousseau
& Fox, 1998) and the wider social environment provided by con-
specifics in group-living species (Berger et al., 2021; Clutton-Brock
et al., 2001; Clutton-Brock & Huchard, 2013). Few studies on wild
mammals have simultaneously considered the contribution of sev-
eral kinds of early-life adversity on health and fitness in later life
(Strauss et al., 2020; Tung et al., 2016).

Here, we test the hypothesis that the effects of multiple sources
of adversity encountered during early life on performance measures
across an individual's lifespan are cumulative, focusing on free-
ranging spotted hyenas Crocuta crocuta in the Serengeti National
Park (Serengeti NP). The spotted hyena (hereafter ‘hyena’) is a long-
lived, slowly reproducing carnivore living in social groups, with so-
cial rules similar to those in cercopithecine primates, including the
acquisition of social dominance among females in linear dominance
hierarchies (Holekamp & Smale, 1991) by nepotistic behavioural
support (East et al., 2009; Smale et al., 1993). We examined five dif-
ferent environmental factors, covering precipitation, maternal, so-
cial and demographic conditions experienced by hyena cubs during
their first 6 months of life, when they are still entirely dependent on
maternal milk (Hofer et al., 2016; Hofer & East, 1993b). The environ-
mental factors included: (i) Rainfall in clan territories: Low rainfall
is associated with drought conditions and the decreased presence
of migratory herbivores in hyena clan territories, thereby increas-
ing the interval between nursing bouts and thus decreasing mater-
nal milk input (Gicquel, East, Hofer, Cubaynes, et al., 2022; Hofer
& East, 2003). High rainfall may cause flooding of communal dens
(Watts & Holekamp, 2009) or increased pathogen transmission
(Collinge & Ray, 2006). (ii) Maternal rank: High rank is associated
with increased cub growth and survival to adulthood and in females,
a younger age at first reproduction (e.g. Hofer & East, 2003). (iii)
Maternal age: Maternal inexperience and/or an expected decline in
performance with age may decrease litter size and offspring survival
(Benhaiem et al., 2022). (iv) Litter size and within-litter dominance
status (hereafter ‘cub status’): The dominant sibling in twin litters
and singleton cubs receive more maternal milk and grow faster
than subordinate cubs in twin litters (Hofer et al., 2016; Hofer &
East, 1997, 2008). (v) A high number of lactating female clan mem-
bers: This may increase competition among adult females, distur-
bance of nursing females and their cubs and/or social stress (Golla
et al., 1999; Goymann et al., 2001).

Even though some of these effects are well documented in our
study population and others (e.g. the effect of maternal rank on cub
growth and survival, Holekamp et al., 2012; Honer et al., 2010), it is
unclear (i) whether short and long-term performance and fitness is
influenced by the cumulative effect of multiple sources of early-life
adversity, (ii) whether cumulative early-life adversity models outper-
form models in which multiple sources of adversity are considered
as separate predictors and (iii) which sources of adversity contribute
most to a reduced performance or fitness. To tackle these ques-
tions, our approach consisted of three steps. In order to determine
whether and how each factor experienced during early life affected
performance measures, (i) we fitted models that considered all en-

vironmental factors on each performance measure (‘multivariate
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models’), (ii) we then defined binary indicators of early-life adver-
sity, computed an early-life cumulative adversity index based on the
sum of adverse conditions experienced by each individual and fitted
models in which the effect of this index was tested directly (‘cumula-
tive adversity models’), and finally (iii) we compared the performance
of cumulative adversity models with ‘multivariate models’ and with
models in which the effect of each environmental factor was consid-
ered separately (‘single-effect models’). We considered short-term
and long-term performance measures: growth rate during develop-
ment, survival to adulthood, age at first reproduction, longevity and
fitness (measured as lifetime reproductive success).

2 | MATERIALS AND METHODS

2.1 | Study population and standard field methods
The study was conducted in the Serengeti NP in northwestern
Tanzania, in the context of a long-term project on three hyena clans
that held territories in the centre of the Serengeti NP. Hyenas are ef-
ficient keystone predators and scavengers that live in social groups
called clans that defend a territory (Kruuk, 1972). Clans contain
several generations of philopatric females, their offspring and im-
migrant males (Frank, 1986). Females are socially dominant over im-
migrant males and there is a strict linear dominance hierarchy among
adult females (Frank, 1986; Kruuk, 1972). All adult females repro-
duce, births occur throughout the year and litters typically contain
one or two cubs, very rarely three (Hofer & East, 2008). Cubs shel-
ter together in communal dens within clan territories for the first
12 months and females typically only nurse their own offspring (East
etal., 2009; Hofer & East, 1993b). Cubs exclusively depend on highly
nutritious milk during their first 6months (Hofer et al., 2016; Hofer &
East, 1993b) and are not weaned before 12-20 months of age (Hofer
& East, 1995; Holekamp et al., 1996). Adulthood is set at 24 months
(Marescot et al., 2018). For details on the behaviour and ecology of
the study population, see SI-A.

The three study clans were continuously monitored for 33 years
(Isiaka), 31years (Pool) and 30years (Mamba) between 1987 and
2020.Wecollected dataonindividuallyidentified hyenasrecognised
by their unique spot patterns, ear notches and scars (Frank, 1986;
Hofer & East, 1993a). Study animals were habituated to the pres-
ence of observers in vehicles. Cubs can be observed shortly after
birth as they are nursed at the entrance to underground burrows
and are aged to an accuracy of +7days based on behaviour, size
and pelage when seen for the first time (Golla et al., 1999). Cubs
were sexed using the dimorphic glans morphology of the erect
phallus (Frank et al., 1991) by the age of approximately 3 months.
We measured the body mass (in g) of cubs when they stood on an
electronic scale positioned near the research vehicle in the vicinity
of the communal den (Hofer & East, 1993a, 2008). All procedures
were performed in accordance with the Leibniz Institute for Zoo
and Wildlife Research Ethics Committee on Animal Welfare (permit
number: 2018-06-02).

2.2 | Environmental factors during early life

We defined early life as the period from birth to 6 months of age
(183 days). Throughout this period, all cubs are entirely dependent
on maternal milk. Our complete dataset included all female cubs
born between May 1987 and December 2019 that were only nursed
by their genetic mother, that is we excluded cubs that were adopted
by a surrogate mother or were jointly raised by their genetic mother
and another female (East et al., 2009). For each day of early life, we
obtained information about the five factors investigated. We com-
puted for each cub an average value for each factor:

(i) Rainfall: Rainfall volume (mm) was estimated using data from the long-
term TAMSAT project (Tropical Applications of Meteorology using
SATellite and ground based observations; Maidment et al., 2014,
2017; Tarnavsky et al., 2014), previously validated using rain gauges
(Gicquel, East, Hofer, Cubaynes, et al., 2022). Rainfall patterns in-
fluence movement patterns of migratory herbivores, which in turn
influence the overall abundance of prey for lactating hyenas in their
clan territories, nursing frequency, cub growth rates and survival
to adulthood (Gicquel, East, Hofer, Cubaynes, et al., 2022; Hofer et
al,, 2016; Hofer & East, 1993b, 2003, see SI-A for details).

(i) Maternal rank: The social status of adult females was determined
from standard methods based on the observation of submissive acts
in dyadic interactions recorded ad libitum and during focal observa-
tions (Goymann et al., 2001; Marescot et al., 2018). The outcome of
these dyadic interactions was used to construct an adult female lin-
ear dominance hierarchy daily updated after demographic changes
(recruitment or deaths of adult females) and socially mediated
changes in rank. To make rank positions comparable across clans and
within clans when the number of females in the hierarchy changed,
adult females within dominance hierarchies were also assigned a
standardised rank. This measure evenly distributed ranks from the
highest (standardised rank: +1) to the lowest rank (standardised rank:
-1) within a clan, with the median rank being scored as 0.

(iii) Maternal age: Maternal age was defined as the age of the mother
at the cub's birthdate in days and converted to years.

(iv) Cub status: Cub status provided information about litter size and
the cub's dominance status in twin litters. This three-level cate-
gorical variable distinguished between ‘singleton’, ‘dominant’ and
‘subordinate’, respectively, corresponding to cubs having no sib-
ling, cubs having a subordinate twin littermate and cubs having
a dominant twin littermate. In twin litters, the subordinate cub
shows the highest frequency of submissive behaviours during
interactions (Benhaiem et al., 2012; Golla et al., 1999). Litter size
and within-litter dominance status could change during early life,
when one sibling died or a dominance reversal occurred between
littermates (this happens in less than 10% of twin litters, see
Benhaiem et al., 2012). We thus assigned each cub a prevailing
status that was the status it experienced for most days of early
life. For simplicity, we excluded all triplet litters as they repre-
sented a small proportion of the entire dataset (n = 23 cubs, 0.6%
of all litters).
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(v) Number of lactating females: We used lactating females as a mea-
sure of operational population density and the demographic and
social environment experienced by cubs, and defined it as the
average daily number of lactating female clan members caring
for den-dependent cubs (i.e. with cubs <12 months of age) de-
termined during the early life period of each cub.

2.3 | Performance measures

To obtain a comprehensive view of the effect of environmental fac-
tors during early life on fitness and performance, we used several
measures at different life stages. We limited all analyses to females
because most males disperse from their natal clans at adulthood
(East & Hofer, 2001) and thus were not monitored throughout their
entire lifespans. Measures were defined as follows:

(i) Growth rate (g/day) of female cubs was calculated as the average
growth rate between birth and 6 months of age. To calculate this mea-
sure, we used the body weight (in g) measured close to the 6months
of age mark (between 91 and 180days) subtracted by a birth weight
set at 1500g (Pournelle, 1965), divided by the age (in days) when the
measure was taken (Golla et al., 1999; Hofer & East, 2003).

Survival to adulthood was a binary variable denoting whether the

(ii

=

female survived until adulthood (set at 730days).

(iii) Age at first reproduction (AFR) was the difference between the
birth date of the first litter produced by a female (irrespective of
whether the litter survived to adulthood or not) and that female's
date of birth in days and then converted to years.

(iv) Longevity (in years) was the difference between the date a female
was last observed alive and that female's date of birth, in days
and converted to years.

(v) Lifetime reproductive success (LRS) was defined as the number of
offspring that survived to adulthood produced within an adult
female's lifetime.

2.4 | Statistical analyses

We conducted all analyses in R 4.0.2 (R Core Team, 2020) and
RStudio (v. 1.4.1; RStudio Team, 2020). The threshold for significance
was set at 5% and tests were two-tailed. Figures were done with the
package cGpLot2 (v. 3.3.5; Wickham, 2016) and survival curves with

the package survMINER (v. 0.4.9; Kassambara et al., 2021).
241 | Effect of environmental factors during early
life on performance measures

To determine whether and how environmental factors affected each
performance measure, we first fitted a series of models in which the

performance measure was used as a response variable and all envi-
ronmental factors were used as predictors (‘multivariate models’).
Different datasets were used for each performance measure (SI-B).
All environmental factors were modelled as having a linear relation-
ship with the performance measures, except for rainfall and maternal
age. For these two environmental factors, we considered segmented
and linear relationships, and fitted segmented relationships with the
package seGMeENTED (Muggeo, 2008) to estimate two slopes when
it fitted the data better for some performance measures (SI-C). To
ensure that we considered distinct effects of early-life adversity on
performance measures, we verified that environmental factors dur-
ing early life were poorly correlated with each other (SI-D).

For growth rate, we used linear models. For survival to adult-
hood and LRS we used generalised linear models with binomial and
quasi-poisson distributions, respectively. For AFR and longevity, we
took into account right-censored data, that is females that were still
alive at the end of the study, by fitting Cox proportional-hazards
models using the package survivaL (v. 3.1; Therneau & Lumley, 2015).
Females in our study population have high detection probabilities as
they are philopatric and our research was based on intensive moni-
toring of individuals (Marescot et al., 2018). Model assumptions were
verified by visually inspecting residuals, and for survival analyses by
conducting diagnostics (Schoenfeld individual and Martingale tests)
to check the proportional hazards and non-linearity assumptions.
Likelihood ratio tests (LRT) were used to identify which factors had
a statistically significant effect on performance measures. To assess
which factors were the most important, we calculated their relative
variable importance (RVI) in multivariate models using the pack-
age MuMIN (Barton, 2020). When two slope terms were included
in models, we added a condition in the model selection function
‘dredge’ to always consider both slope terms together if the relevant
environmental factor was included. This implies that there was only

one RVI value for both slope terms of the same factor.

2.4.2 | Effect of cumulative early-life adversity on
performance measures

The goal of the cumulative early-life adversity (hereafter ‘cumulative
adversity’) index was to provide a simple measure of the number
of adversity sources experienced by a female hyena. By definition,
this index is then the sum of the number of factors that assumed
an ‘adverse’ condition during a specific developmental period, inde-
pendent of the specific combination of environmental factors. To de-
termine when the conditions were adverse (or favourable) we used
findings from previous studies and the results of the multivariate
models described above. The approach used for each environmental
factor is summarised in Table 1. We calculated, for each statistically
significant relationship in the multivariate models, the predicted av-
erage of the performance measure to determine cut-off values of
the environmental factor that are defined as being adverse (for de-
tails see SI-E.1). As adverse values of environmental factors were
specific to the different performance measures, we synthesised
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them to transform each environmental factor into a single binary
variable, denoting whether the early life condition was considered
adverse or not (Table 1). We did so by retaining the most frequent
adverse values (i.e. values that were adverse for at least two perfor-
mance measures affected by an environmental factor, see SI-E.1 for
an example).

We determined that (i) experiencing an average daily rainfall
equal or above 4.5mm (heavy), (ii) having a low-ranking mother
(standardised rank <0), (iii) having a mother younger than 4.5years
or equal or older to 12years, (iv) being in a twin litter (dominant or
subordinate), or (v) growing up during a period with nine or more
lactating females present in a clan during early life were each consid-

Hoéner et al. (2010) (studies summarised in SI-A)
East (1997, 2008), Hofer et al. (2016) (studies

summarised in SI-A)

See details SI-E.1

ered adverse. We calculated for each female a cumulative adversity

Golla et al. (1999), Benhaiem et al. (2012), Hofer and

East et al. (2003, 2009), Hofer and East (2003),

References
See details SI-E.1
See details SI-E.1

index defined as the sum of adverse conditions experienced during
early life (SI-E.2). To test whether cumulative adversity predicted
performance measures, we then fitted similar types of analyses as
those detailed in the previous section, with each performance mea-
sure as a response variable and the cumulative adversity index as a
continuous predictor.

To rule out the possibility that potential differences between

multivariate models and cumulative adversity models were the ef-

Favourable

Little

<4.5mm
High-ranking

Std. rank >0
Prime age
4.5-11.9years old
Singleton

Low

<9 females

fect of transforming continuous and categorical variables into binary
ones, we also constructed multivariate models with binary values for
environmental factors (the same categories used to define advanta-
geous or adverse conditions for cumulative adversity).

To determine whether the effects of early-life conditions on
performance were best predicted by specific combinations of en-
vironmental factors, the summed number of adverse conditions,
or single environmental factors, we calculated and compared the
Akaike information criterion (AIC) of multivariate models (with un-

transformed or binary variables) with cumulative adversity models

Dominant Subordinate

Cut-off values
Adverse
Heavy
24.5mm
Low-ranking
Std. rank <0
Young
<4.5years old
Old

>12years old
High

>9 females

and with single-effect models.

3 | RESULTS

We analysed the consequences of early-life conditions on short and
long-term performance and fitness for 666 females (among which
102 were still alive at the end of the study, see results SI-F.1). Female
cubs grew at an average rate of 75.0 g/day (95% Cl: 70.4-79.6,
min = 20, max = 117.7). Females gave birth to their first litter at an
average age of 4.0years (95% Cl: 3.8-4.0, min = 2.6, max = 6.8), the
average longevity of females that survived at least until adulthood
was 7.2years (95% Cl: 6.7-7.6, max = 22.0). Among the 229 females
that survived to adulthood, (a) 83 females did not give birth, (b) 37
females failed to produce a single cub that survived to adulthood

multivariate models

multivariate models
Publications and confirmation by

Publications and confirmation by

Decision based on

Multivariate models
Multivariate models
Multivariate models

and (c) 109 females produced at least one cub that survived to adult-
hood. For LRS, we restricted our dataset to females that attempted
to, or reproduced (cases b and c). Considering these females, the
average LRS was 2.4 offspring (95% Cl: 2-2.7, min = 0, max = 9).
Model results of the influence of environmental factors on LRS con-

sidering all adult females are presented in SI-F.2. The frequency of

Explanatory variable
Maternal rank

Maternal age

Number of lactating females

Cub status

TABLE 1 Approaches used to determine the cut-off values defining adverse and favourable conditions for each environmental factor (explanatory variable). Specific adverse and favourable
Rainfall

values for each performance and fitness measure are available in SI-E.1

adverse conditions was as follows: out of the 666 females, 295 had
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a low-ranking mother, 406 had a young or old mother, 270 experi-
enced little or heavy rainfall, 201 were in a twin litter, and 431 grew

up with a high number of lactating females.

3.1 | Effect of environmental factors during early
life on performance measures

Environmental factors during early life influenced both short-term
and long-term performance measures. The growth rate of female
cubs increased with maternal age—with cubs of mothers older
than 6.1years gaining 13g/day more than cubs of younger moth-
ers (;(23 = 11.88, p<0.01; Figures 1 and 2a, SI-F.1), was higher for
singletons—who gained 7 g/day more than dominant cubs in twin lit-
ters and 19 g/day more than subordinate cubs (;(22 =14.27,p<0.01;
Figures 1 and 2b), and decreased with increasing number of lactating
females - 25g/day more for cubs reared in low density periods (less
than 6 females; ;{21 = 18.77, p<0.01; Figures 1 and 2c). Cub status
and the number of lactating females had the largest influence on
female cub growth rate (SI-F.3).

The survival of females to adulthood was affected by rainfall,
cub status and the number of lactating females (Figures 1 and 2
and SI-F.1), with rainfall providing the highest contribution (SI-F.3).
Survival was less than 18% when average daily rainfall was below
0.8mm and above 4.4mm, whereas it was 47% for mid rainfall
(;(23 = 20.69, p<0.01; Figures 1 and 2d). Survival was 8% lower for
dominant and 12% lower for subordinate than for singleton cubs
(;(22 =9.53, p<0.01; Figures 1 and 2e, SI-F.1,4). Cubs reared among
a low number of lactating females had a survival probability 12%
higher than cubs reared among a high number (;(21 =750, p<0.01;
Figures 1 and 2f).

AFR was influenced by maternal rank, with females born to high-
ranking mothers having a 1.7 times higher chance of reproducing
than females born to low-ranking mothers, and reproducing on av-
erage two and a half months earlier (;(21 = 14.36, p<0.01; Figures 1
and 2g, SI-F.1).

Longevity was influenced by maternal age. Cubs of mothers be-
tween 4.4 and 12.3years of age had a 1.5 times lower risk of dying
once adult and on average died 1.7 years later than cubs of younger
or older mothers (;(23 =10.21, p = 0.02; Figures 1 and 2h, SI-F.1).

LRS was affected by rainfall, maternal age and the number of
lactating females, which also all had the largest contributions (SI-
F.3). Females experiencing less than 2.3mm of rainfall daily during
their early life produced on average 2.6 cubs, whereas females ex-
periencing more produced 1.5 cubs (;(21 = 14.95, p<0.01; Figures 1
and 2i, SI-F.1). LRS was higher for daughters of prime age mothers, as
they produced on average 2.7 cubs during their life whereas daugh-
ters of younger or older mothers produced on average 1.5 cubs
()(23 = 32.08, p<0.01; Figures 1 and 2j, SI-F.1). LRS decreased with
increasing number of lactating females, with on average 2.5 cubs
produced versus 1.6 when a female was reared in a clan with respec-
tively less and more than 8 lactating females (;(21 =10.29, p<0.01;
Figures 1 and 2k, SI-F.1).

3.2 | Effect of cumulative early-life adversity on
performance measures

Cumulative adversity influenced short-term performance measures
and LRS (Figures 1 and 3, SI-G). Seventy-seven females experienced
none, 239 experienced one, 235 experienced two, 100 experienced
three, 15 experienced four and none experienced five sources of
adversity during early life.

Cubs which experienced four sources of adversity gained on av-
erage 34 g/day less (;(21 =7.57,p<0.01; Figures 1 and 3a) and had a
survival to adulthood 1.7 times lower (;(21 =9.29, p<0.01; Figures 1
and 3b) than cubs experiencing none (83 g/day and 60%). There was
no effect of cumulative adversity on AFR ()(21 =0.31, p =0.58) and
longevity (;(21 =2.58, p = 0.11), but there was an effect on LRS, with
females which experienced four sources of adversity having 1.8
less offspring than females which experienced none (;(21 = 15.53,
p<0.01; Figures 1 and 3c).

The multivariate models predicting growth rate, survival to
adulthood and LRS outperformed single-effect and cumulative ad-
versity models, except for AFR and longevity, for which the model
with respectively maternal rank and maternal age as the sole predic-

tor received the highest support (Table 2).

4 | DISCUSSION

The cumulative adversity index did not explain differences in in-
dividual performance measures particularly well. In contrast to
previous findings in humans and other free-ranging mammals (e.g.
Anderson et al., 2018; Austin, 2018; Felitti et al., 1998; Strauss
etal., 2020; Tung et al., 2016), specific combinations of environmen-
tal factors experienced by hyenas in the Serengeti NP during early
life explained performance measures much better than the simple
sum of adverse conditions (Table 2).

In line with previous studies (Bowen, 2009; Hofer & East, 2003;
Ivimey-Cook & Moorad, 2020; Mousseau & Fox, 1998; Rodel
et al., 2009), maternal effects influenced several performance mea-
sures (Figures 1 and 2a,g,h,j). In many social species, maternal rank
determines access to food resources and hence nutrient allocation
to milk production, and has been shown to affect offspring size at
birth, growth rates or survival to adulthood (e.g. meerkat Suricata
suricatta: Russell et al., 2002; pinnipeds: Bowen, 2009; savannah
baboon Papio cynocephalus: Altmann & Alberts, 2003). In Serengeti
clans, high-ranking female hyenas less frequently commute long
distances than lower ranking females to forage in areas contain-
ing high densities of migratory herbivores (Gicquel, East, Hofer,
Cubaynes et al., 2022; Hofer & East, 2003). As a result, offspring of
high-ranking females are more frequently nursed than those of low-
ranking females, have higher growth rates and better chances to
survive to adulthood when considering female and male offspring
together (Hofer et al., 2016; Hofer & East, 2003). Other studies also
report a positive effect of maternal rank on the survival of male
and female offspring combined (Holekamp et al., 1996) and for male
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FIGURE 1 Effect sizes of the cumulative adversity, of environmental factors and their hazard ratios experienced by female hyena

cubs during their early life (first 6months) on growth, survival to adulthood, age at first reproduction (AFR; here represented as chance
of reproducing, so a higher chance of reproducing implies an earlier AFR), longevity (here translated as risk of dying, so a higher risk of
dying implies a shorter longevity) and lifetime reproductive success (LRS). Effect sizes and hazard ratios are reported with associated 95%
confidence intervals. Statistically significant results are displayed in blue (p <0.05). Dashed confidence intervals bars represent extreme

values extending beyond the displayed range.

offspring specifically (Honer et al., 2010). Surprisingly, in this study,
maternal rank did not influence female offspring growth rate and
survival chance to adulthood (Figure 1). It would be interesting to
find out if accounting for the potentially important contribution of
litter size and litter sex composition would yield different results
when testing the effect of maternal rank on cub growth rate and
survival (Benhaiem et al., 2012; Hofer & East, 2008), and if the
lack of interactions between maternal rank, litter size and litter sex
composition in our models could explain why maternal rank appears
to affect the short-term performance of female and male cubs dif-
ferently. Furthermore, we did not evaluate the negative effect of
violent infanticides by clan females, primarily on offspring of high-
ranking females during periods of social instability in the female
hierarchy (East et al., 2022). As expected from previous work (e.g.
Hofer & East, 2003), a high maternal rank advanced the AFR of
daughters. Maternal rank during early life did not influence longev-
ity or LRS of daughters.

Maternal age had different effects on growth rate, longev-

ity and LRS (Figures 1 and 2a,h,j). Female cubs of young mothers
had a reduced growth rate, whereas both young and old mothers
had a reduced longevity and LRS. In a previous study, young and
old mothers produced smaller litters which were less likely to sur-
vive to the age of 1year, suggesting an important effect of maternal
age on reproductive success in hyenas (Benhaiem et al., 2022). In
ungulates and pinnipeds, young females produce smaller offspring
with a lower survival than older females (Bowen, 2009; Coté &
Festa-Bianchet, 2001; Green & Rothstein, 1991). The negative ef-
fect of young maternal age is likely a consequence of the inexpe-
rience of females during long-distance commuting trips (Hofer &
East, 2003). The effects of ageing may occur because of decreased
selection against deleterious mutations or genetic defects (Gaillard
et al,, 2017; Reed et al., 2008; Reid et al., 2010), and/or a decrease in
important biological processes such as hearing, sight or speed which
make hunting and commuting less efficient in older female hyenas.
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FIGURE 2 Predicted effect on
performance measures and survival
curves of statistically significant
environmental factors. Growth rate
(g/day) as a function of (a) maternal

rank, (b) cub status and (c) number of
lactating females, survival to adulthood
as a function of (d) rainfall, (e) cub status
(i.e. litter size and within-litter dominance
status in twin litters) and (f) number of
lactating females, age at first reproduction
(AFR) as a function of (g) maternal rank,
longevity as a function of (h) maternal
age, lifetime reproductive success (LRS)
as a function of (i) rainfall, (j) maternal

age and (k) number of lactating females.
Maternal rank and maternal age were
used as a continuous variable in the fitted
survival models, but for a better visual
interpretation they are illustrated here as
binary categories for the survival curves.
Fitted relationships are presented with
associated 95% confidence intervals.
Dots represent original data points; which
could not be shown when using Cox
proportional-hazard models (g and h).
Environmental conditions are represented
as adverse (red) or favourable (green).

In accordance with previous studies on sibling rivalry in our
study population, subordinates in twin litters had a lower growth
rate than dominant cubs (Benhaiem et al., 2012; Hofer et al., 2016;
Hofer & East, 1993b, 2008; SI-F.4). In some mammals, competi-
tively superior littermates (e.g. Eurasian lynx Lynx lynx: Naidenko &
Antonevich, 2009) or older siblings from previous litters (Galapagos
fur seals and sea lions Arctocephalus galapagoensis, Zalophus califor-
nianus wollebaeki: Trillmich & Wolf, 2008) can skew parental food
resources in their favour and as a result, decrease the growth rate
and survival prospects of the subordinate sibling, and eventually
commit facultative siblicide (Hofer et al., 2016). Interestingly, we
did not find an effect of within-litter dominance status on survival
to adulthood (SI-F.4), nor did we observe differences in longevity
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or LRS of singleton, dominant and subordinate females (Figure 1).
Here again it would be interesting in future to expand these analyses
to account for the potential effects of sex and litter sex composi-
tion on short and long-term survival prospects of twin littermates
(Benhaiem et al., 2012; Hofer & East, 2008).

Our study provides new insights on the negative performance
consequences of a high number of lactating females in the clan
during early life, as this number decreased growth rate, survival to
adulthood and LRS (Figures 1 and 2c,f k). Negative performance con-
sequences of increased density in early life have been documented in
numerous studies (e.g. Clutton-Brock et al., 1987; Drago et al., 2011;
Panagakis et al., 2017). In hyenas, an increase in the number of
lactating adult females may increase competition among breeding
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FIGURE 3 Effect of cumulative early-life adversity on short-
term performance measures: (a) growth rate, (b) survival to
adulthood and (c) lifetime reproductive success. Predicted means
are reported with associated 95% confidence intervals. Dots
represent the original data points.

females for food resources in the territory. Alternatively, this effect
may change the type or rates of behavioural interactions, since an
increase in the number of lactating females would increase the fre-
quency of interactions between adult females and the frequency of
disruptions of nursing mothers (Golla et al., 1999), thereby lower-
ing the milk input of cubs—particularly for cubs of low-ranking fe-
males. In numerous species, increasing group size increases conflicts
among adult females (reviewed in Clutton-Brock & Huchard, 2013).

In our population, the probability of a lactating female present
at the den (and thus able to nurse) is influenced by the probability
of the presence of migratory herds (Gicquel, East, Hofer, Cubaynes,
et al., 2022; Hofer et al., 2016; Hofer & East, 1993b, 2003). Rainfall
is an important climatic driver of the Serengeti herbivore migration
(SI-A). Little and heavy levels of rainfall during early life substan-
tially decreased survival to adulthood, and heavy levels decreased
LRS, but heavy levels are comparatively rare (Figures 1 and 2d,i). In
bighorn sheep Ovis canadensis precipitation at birth affected lamb
survival but did not have long-term fitness consequences (Pigeon

et al., 2017). In hyenas, the effect of rainfall was particularly debil-
itating when cubs experienced high levels, which could be a con-
sequence of increased parasitic loads, since wet weather increases
the survival of the eggs and infective stages of some parasite spe-
cies (Ferreira et al., 2019; Shearer & Ezenwa, 2020), the transmis-
sion of pathogens and the frequency of respiratory diseases (Altizer
et al., 2006; Harvell et al., 2002). Heavy rainfall also increases the
likelihood of flooding of dens, leading to cubs drowning (Watts &
Holekamp, 2009). In the light of climate change and the resulting
observed increasing rainfall in the East Africa region (Gebrechorkos
et al., 2019; Gicquel, East, Hofer, Cubaynes, et al., 2022), this result
suggests high rainfall might have negative consequences for hyena
demography in the near future.

Did adverse conditions during early life have cumulative effects
on performance? We found no evidence to suggest this, as multivari-
ate or single-effect models showed a better fit than cumulative adver-
sity models, even though cumulative adversity models nonetheless
performed better than some single-effect and null models (Table 2).
In addition, expect for LRS, cumulative adversity models showed a
similar fit as those multivariate models with binary variables (Table 2).
This suggests that, for most performance measures, it is the process
of transforming variables into binary ones that likely resulted in the
relatively poor fit of cumulative adversity models. Binary adversity
scores may also fail to adequately capture the scale and complex-
ity of conditions of adversity experienced in early life, and different
classifications of adverse conditions might have produced different
results. Interestingly, in the case of LRS, the multivariate model with
binary variables had a much better fit than the cumulative adversity
model (Table 2). This suggests that even after accounting for the in-
troduction of error linked to the transformation of variables into bi-
nary adverse and favourable conditions, the adverse conditions we
considered during early life in this study did not seem to have a cu-
mulative effect on fitness in female hyenas in the Serengeti NP. The
limitation of cumulative adversity models is also discussed in a re-
cent human study which showed that ‘multiple individual risk’ models
(equivalent to our multivariate models) performed at least as well or
better than a cumulative numeric score model (LaNoue et al., 2020).
Also, the cumulative adversity index leaves out the potential contri-
bution of the magnitude or weight of different predictors. The focus
of our study was to improve our understanding of the impact of ad-
versity during the initial early-life stage of hyenas when mortality is
at its highest and individuals entirely depend on maternal milk. If the
early-life period is extended, for example, to cover the entire juvenile
life stage from birth to adulthood, as was done in a study on baboons
(Tung et al., 2016), results might be different.

To conclude, specific combinations of environmental conditions
were better at explaining variation in performance measures and
fitness than their cumulative effect. Our results suggest that any
cumulative adversity index thus needs to be verified as a plausible
and effective biomarker in every population and species. We sus-
pect that this particularly applies to species with a complex social
organisation where several environmental factors are likely to af-
fect performance measures to a different extent and interact with
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TABLE 2 Model performance in terms of AIC (Akaike information criterion) for different types of models aimed at predicting variation in
performance and fitness measures in spotted hyenas in the Serengeti NP. Values in bold indicate the best models with the lowest AIC values

Performance measures and fitness (response variables)

Model type Growth rate
Null model 635.0
Multivariate model® 615.8
Cumulative adversity model® 629.5
Multivariate model [binary variables]® 629.6
Single effect model? Rainfall 639.0

Maternal rank 636.5

Maternal age 632.7

Cub status 632.3

Lact. females 625.5

Lifetime
Survival to Age at first reproductive
adulthood reproduction Longevity success
925.2 1865.7 2190.8 658.5
898.4 1863.0 2192.6 599.0
963.4 1867.4 2190.2 644.9
965.6 1867.1 2192.7 621.7
908.4 1867.7 2192.2 641.1
926.9 1855.0 21921 659.1
926.9 1867.4 2184.3 618.2
9171 1869.6 2193.3 654.5
919.3 1867.6 2192.0 646.7

*Multivariate model: performance measure ~Rainfall + Maternal rank +Maternal age + Cub status + Lactating females.

bCumulative adversity model: performance measure ~early-life cumulative adversity index.

“Multivariate model [binary variables]: performance measure ~Rainfall (Little vs Heavy)+Maternal rank (Low vs High)+Maternal age (Young or Old vs
Prime age)+ Cub status (Singleton vs Dominant or Subordinate) + Lactating females (Low vs High).

9Single effect model: performance measure ~environmental factor during early life (e.g. Rainfall).

each other in shaping individual performance. A further complica-
tion arises from the fact that performance measures affect each
other and complex trade-offs may exist. For instance, compensa-
tory growth or early reproduction in response to particularly harsh
early-life conditions may be associated with a cost in terms of future
reproductive performance or longevity (Blomquist, 2009; Brommer
et al.,, 1998; Metcalfe & Monaghan, 2003; Zhang et al., 2015).
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