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Abstract

In group-living mammals, individual efforts to maximize reproductive success result in conflicts and compromises between the
sexes. Females utilize counterstrategies to minimize the costs of sexual coercion by males, but few studies have examined the
effect of such behaviors on female reproductive success. Secondary dispersal by females is rare among group-living mammals,
but in western gorillas, it is believed to be a mate choice strategy to minimize infanticide risk and infant mortality. Previous
research suggested that females choose males that are good protectors. However, how much female reproductive success varies
depending on male competitive ability and whether female secondary dispersal leads to reproductive costs or benefits has not
been examined. We used data on 100 females and 229 infants in 36 breeding groups from a 20-year long-term study of wild
western lowland gorillas to investigate whether male tenure duration and female transfer rate had an effect on interbirth interval,
female birth rates, and offspring mortality. We found that offspring mortality was higher near the end of males’ tenures, even after
excluding potential infanticide when those males died, suggesting that females suffer a reproductive cost by being with males
nearing the end of their tenures. Females experience a delay in breeding when they dispersed, having a notable effect on birth
rates of surviving offspring per female if females transfer multiple times in their lives. This study exemplifies that female
counterstrategies to mitigate the effects of male-male competition and sexual coercion may not be sufficient to overcome the
negative consequences of male behavior.

Significance

Individual reproductive success is maximized through conflicts and compromises between the sexes in social mammals. In
species with high dimorphism, females can experience sexual coercion by males and develop counterstrategies to reduce these
costs. We studied this link in western lowland gorillas, which exhibit female secondary dispersal, a strategy that is believed to
reflect female choice for the protective abilities of males. We found that females are faced with the dilemma of staying with a
silverback at the end of his tenure and risk higher infant mortality versus dispersing and suffering reproductive delays and lower
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birth rates. This study shows that female reproductive strategies, namely dispersal, used to counter the effects of sexual coercion
by males are not sufficient to overcome the negative consequences of male behavior.

Keywords Gorilla gorilla - Infanticide - Infant mortality - Tenure length - Dispersal costs

Introduction

Social structures of group-living species are a result of male
and female reproductive strategies (Kappeler and van Schaik
2002; Clutton-Brock 2007; Palombit 2015). In most mam-
mals, female reproductive strategies are likely to center on
access to food due to the energetic costs and limitations on
reproduction caused by gestation and lactation, whereas male
reproductive strategies focus on the availability of females that
results in male-male competition and sexual coercion (Trivers
1972; Smuts and Smuts 1993). Male-male contest competi-
tion can lead to large sexual dimorphism and male monopoli-
zation of females (Clutton-Brock 2007; Clutton-Brock and
Huchard 2013). In turn, females develop counterstrategies
against male coercion and may seek out males that offer pro-
tection from conspecifics or predators (Breuer et al. 2009).
These divergent reproductive strategies often result in pro-
nounced sexual conflicts (Trivers 1972; Arnqvist and Rowe
2013; Palombit 2015).

Females can suffer the costs of infanticide by males, which
is a clear example of sexual conflicts in social mammals and
especially in primates (Lukas and Huchard 2014; Palombit
2015). Males commit infanticide to improve their own repro-
ductive success by reducing that of competitors and subse-
quently siring offspring with the mothers of the infants that
were killed, which consequently lowers the fitness of the
mothers (Hrdy 1977). After an infanticide, females return to
estrous faster and are likely to transfer to and mate with the
infanticidal male (Smuts and Smuts 1993). The loss of an
infant constitutes a serious fitness cost for females with slow
reproductive rates (Pusey and Packer 1994; Palombit 2015).
In response, females have developed counterstrategies to in-
fanticide including forming permanent associations with male
defenders, remaining with the father until weaning of the in-
fant, emigration to a multimale group, mating with multiple
males, or joining a better protector male (Palombit 2015). In
species with female philopatry, unweaned offspring are par-
ticularly vulnerable to infanticide when an intruder male de-
poses the current alpha male (Rudran 1973; Packer and Pusey
1983; Swedell et al. 2011; Kalbitzer et al. 2017). During group
takeovers, pregnant females or females with young infants do
not have many choices because dispersing would leave them
vulnerable to infanticide by the male of the new group and
therefore, the timing of dispersal is essential. However, infan-
ticide risk by immigrant males during group takeovers can be
reduced if females actively disperse to voluntarily join other
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males during the limited time window between weaning of
their last offspring and before conceiving again (Sterck et al.
2005; Robbins 2009). Nevertheless, female dispersal may be
an effective counterstrategy to infanticide and may reduce the
benefits of males attempting a takeover as males are less likely
to risk injury by challenging a dominant male only to find that
all females leave for another male (Steenbeek 2000; Janson
etal. 2012).

If females gain protection against infanticide by associating
with a male and use dispersal as a counterstrategy to infanti-
cide, then female transfer decisions are an expression of fe-
male choice based on the protective qualities of rival males
(Harcourt and Stewart 2007). This ability to disperse in sexu-
ally dimorphic species gives females a certain amount of in-
tersexual power that is not present in female philopatric spe-
cies (Lewis 2018). In this paper, female dispersal, also called
secondary or breeding dispersal, refers to the movement of
breeding females who have already left their natal group for
other groups and involves a change in reproductive partners
(Isbell and Van Vuren 1996; Clutton-Brock and Lukas 2012).
While inbreeding avoidance has been considered an explana-
tion for natal dispersal in social mammals, female secondary
dispersal can be better explained by socioecological factors
such as access to better mating opportunities, better habitat,
and reduction of within-group competition or coercion.
Female philopatry is often assumed to be more advantageous
than dispersing because it assures the knowledge of the home
range and offers better opportunities for cooperation with rel-
atives (Clutton-Brock and Lukas 2012). Although female na-
tal dispersal is found in several species of mammals (Strier
1994; Clobert et al. 2012), female secondary dispersal is only
known to occur routinely in a handful of mammal species
including most social equids, several tropical bats, Thomas
langurs, and gorillas in addition to some observations in wool-
ly and spider monkeys (Sterck and Korstjens 2000; Nagy et al.
2007; Di Fiore et al. 2009; Debefte et al. 2015; Furuichi et al.
2015; Stevenson et al. 2015). It is not well understood why
this strategy is so rare, but could be linked to costs of dispersal
including loss of habitat familiarity after dispersing (Bonte
et al. 2012), higher rates of aggression directed to the dis-
persers (Isbell and Van Vuren 1996), or reproductive costs
such as longer latencies before next reproduction as in dispers-
ing female feral horses (Debeffe et al. 2015).

A female’s choice of group and secondary transfer decision
may be based on the ability of the current dominant male of
her group to provide better protection against infanticide
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compared with other males. Evidence that females seek a male
that can provide better protection is suggested by observations
that groups with a larger male have more females (Breuer et al.
2012), that dispersal is triggered by the death of an offspring in
mountain gorillas (Harcourt et al. 1976; Robbins 2009), or by
increased aggression towards the alpha male by extragroup
males as in Thomas langurs (Sterck et al. 1997). Variation in
male strength and male-male contest competition is expected
over different phases of the male dominance tenure, with
males predicted to be more vulnerable to competitors when
they are not fully grown and are less experienced in the early
phase of their tenure or when they passed their prime and have
lower competitive ability (Steenbeek 2000; Alberts 2012).
Male strength and competitive ability may correlate negative-
ly with age and are likely to vary among males of the same
age, because other factors may also play a role such as body
size, physical condition, experience, personality, and skills
(Plavcan and van Schaik 1997; Arnott and Elwood 2009;
Wright et al. 2019). The optimal female reproductive strategy
may therefore involve a trade-off between dispersal costs,
such as time lost for reproduction, versus the benefits of
choosing better protective male (Robbins et al. 2009).

To investigate how female reproductive success may be
influenced by the trade-off between dispersal costs and the
benefits of being with a better protector male, we analyzed
the demographic data of a population of western lowland go-
rillas (Gorilla gorilla gorilla) from over two decades of con-
tinuous observations at Mbeli Bai in the Nouabalé-Ndoki
National Park in northern Republic of Congo. Western low-
land gorillas have large sexual dimorphism (Parnell 2002) and
live almost exclusively in one-male groups, consisting of only
one silverback (fully mature adult male), adult females, and
immature individuals (Parnell 2002; Gatti et al. 2004; Robbins
and Robbins 2018). The one silverback of each group pro-
vides protection against infanticide. The risk of infanticide
may be especially high after the only male in a one-male group
dies, because unweaned offspring are vulnerable as females
are forced to join an extra-group male (Watts 1989; Robbins
et al. 2013). Female transfer between groups only during in-
tergroup encounters and females have not been observed rang-
ing on their own (Stokes et al. 2003). Group takeovers by
extra-group males have not been observed in western gorillas
when the silverback of a group is still alive, so male tenures
end either with the death of the silverback or the transfer of all
adult females to another group. Silverbacks almost always
have only one tenure. Female transfer between social units
in gorillas is believed to reflect female choice for high-
quality males because larger silverbacks have more females
and lower infant mortality (Caillaud et al. 2008; Breuer et al.
2010). However, females would be expected to transfer when
the strength and quality of a male decreases as he ages and
approaches the end of his tenure. Dispersal has been associat-
ed with reproductive delays for female mountain gorillas

(Robbins et al. 2009), and similar costs can be expected for
western lowland gorillas.

We examined the reproductive success of female western
gorillas using three variables: the survival probability of their
offspring through infancy, the duration of their interbirth in-
tervals (IBI), and the birth rate of surviving offspring (Robbins
et al. 2007; Pusey 2012). We hypothesized that females face a
trade-off between dispersal costs and the benefits of being
with a better protector male. We assumed males to be the best
protector males when they are in the middle of their tenure
(presumably in their prime) and not as good protectors when
they are at the beginning of their tenure (often young and
inexperienced) or at the end of their tenure (often old). More
specifically, we predicted that (1) infant mortality initially de-
creases as tenure duration increases due to males approaching
their prime, and then, infant mortality increases as silverbacks
approach the end of their tenures, due to a decrease in
competitive/protective ability, senescence, or higher risk of
infanticide if the male dies; and (2) female dispersal is associ-
ated with breeding delays that result in longer interbirth inter-
vals and lower surviving birth rates, but is expected to be
associated with lower infant mortality.

Methods
Study population

Western gorillas were studied at Mbeli Bai, a 12.9-ha swampy
forest clearing in the Nouabalé-Ndoki National Park,
Republic of Congo (Parnell 2002; Stokes et al. 2003; Breuer
et al. 2009). It is unknown whether swampy forest clearings
have any influence on our results. We can exclude potential
anthropogenic effects influencing the population dynamics of
the study subjects because Mbeli Bai is a pristine forest with
no legal logging, illegal human activities, or major disease
outbreaks observed during the study. We used the demograph-
ic data collected by three principal investigators (TB, EJS,
RJP) and their site managers/assistants from February 1995
until October 2015 for 55,230 observation hours on 6140
observation days (average 9 h/day) during nearly continuous
daily monitoring (Table S1). We observed the gorillas visiting
the clearing from a 9-m-high observation platform
overlooking the bai with an almost 100% visibility, using a
combination of spotting scopes, a digital camera, and videos.
Gorillas were identified using facial features such as the shape
of the brow-ridges, ears and nose prints, body size, and pelage
coloration (Parnell 2002; Breuer et al. 2009, 2010). We used
age-sex categories based on Breuer et al. (2009) with offspring
considered dependent until weaning (4 years of age), females
considered adult at 10 years of age, and males at 18 years.
Blinded methods were not used in this study.
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Estimates of dates of demographic changes

A total of 440 gorillas were observed including 229 infants
born to 100 adult female gorillas in a total of 36 breeding
groups. Because individual gorilla groups did not visit the
clearing every day, there were gaps of observation, and dates
of birth, presumed death, and dispersal were estimated. We
assumed that individuals were resident in a particular group
if they were observed in the same group before and after the
gaps of observation. Some infants were observed within a few
days after birth as confirmed by recent previous observations
of the group without them. Beyond that age, birthdates were
estimated by comparing morphological and behavioral char-
acteristics with infants of known age (Parnell 2002; Nowell
and Fletcher 2007; Breuer et al. 2009). The precision of those
birthdates is believed to be within a few weeks for most go-
rillas who were first observed as infants and within 1-2 years
for gorillas who were first observed as they approached adult-
hood. All analyses were limited to infants for whom the date
of births was known to within +45 days. We excluded five
cases of twins from all analyses due to the difficulties of rais-
ing two offspring simultaneously potentially leading to longer
interbirth intervals independently of the variables tested.

Dispersal dates were quantified as the midpoint between
the last visit of the group of origin and the first of the group of
destination (Stokes et al. 2003; Breuer et al. 2010). When a
gorilla disappeared, we were usually unable to determine
whether it had died or dispersed. It is unlikely that infants
(<4 years) could survive without their mother (Nowell and
Fletcher 2007; Breuer et al. 2009), so if the mother was sight-
ed without the offspring when the infant was less than four
years of age, we assumed that it had died (as in Breuer et al.
2012). For silverbacks that disappeared, we also assumed they
had died because in most cases, the silverbacks were seriously
injured or very thin before disappearance (Breuer et al. 2010).
We estimated dates of disappearance/death as the midpoint
between the last time an individual was observed and the first
time the group was seen without him/her. When a silverback
died, infants of that group were assumed to have been killed
by the new group leader, although a few cases where infants
survived the death of their presumed father have been docu-
mented (Stokes et al. 2003; Breuer et al. 2012).

We calculated male tenure duration as the interval between
the first and last dates that a silverback was observed in asso-
ciation with adult females. Two of those intervals included an
intermediate period in which the silverback was not associated
with any adult females and those periods with no adult fe-
males were subtracted from the tenure duration (51 months
and 13 months). Even with 20 years of observation, we had
complete tenures for few males (n =5, Fig. 2). For long-lived
species such as gorillas which can have tenures of more than
17 years (Hagemann et al. 2018), examining the beginning
and the end of the tenures separately can be a useful way of
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circumventing the lack of complete tenures. Therefore, we
used two variables as estimates of tenure duration: the elapsed
tenure: the duration since the tenure began and the remaining
tenure: the time until the tenure ended (see Figs. 1 and 2).
Tenures ended when all females transferred to a different
group or when the silverback died. We did not include two
tenures that started before the group was first observed and
extended beyond the observation period. Male tenure duration
was considered a better proxy for male competitive ability
than male age in this population because competitive ability
is likely to vary among males of the same age and because the
birthdates of the males were estimated. Furthermore, the esti-
mated age of the silverback was significantly correlated with
the elapsed tenure (R=0.92, N=136, p=<0.001) and the
remaining tenure (R =—0.43, N=58, p=0.001).

Analyses of offspring mortality

We used mixed Cox proportional hazard models to exam-
ine the relationships between male tenure duration, female
dispersal, and infant survival. Male tenure duration was
used to examine the potential effects of their competitive/
protective ability and infanticide risks on infant survival.
We fitted two sets of models: one that included only groups
that were monitored since the tenure of the silverback be-
gan (elapsed tenure, model 1) and another one that used
only the groups that were monitored until the tenure ended
(remaining tenure, model 2). The response variable was
whether the infant survived to age four (yes =1, no =0).

Elapsed tenures

R GB & O© O c\;‘i) o @ @ ®e ® @

Remaining tenures (all males)

® @ G‘lf} ®0 %C} @ ®

Remaining tenures (surviving males)

® © +:> *

0 5 10 15 20
Tenure duration (years)
Fig.2 Duration of the known tenures used in the study (elapsed (N =22),
remaining tenures both with all males (N = 14), and with only surviving
males (N =6)). Each point represents the tenure of one silverback, the

boxes are medians and upper and lower quartiles. The stars are the
complete tenures (N=15)
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Fig. 1 Graphical description of
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Infants still alive at the end of the study but being below
4 years of age were censored. The predictor variables of the
two models were the time elapsed between the tenure’s
beginning and the infant’s birth and the time elapsed be-
tween the infant’s birth and the tenure’s end, respectively.
We included a squared term for both the elapsed tenure and
the remaining tenure to account for the possibility that we
captured more than half of the tenure length. For the re-
maining tenure model, we fitted two separate models, one
model using all tenures that ended (model 2a) to examine
the overall risks for females with a silverback nearing the
end of his tenure, while a second model used only groups
where the silverback survived the end of his tenure (tenure
ending with the transfer of the last female) to examine only
the risks while the silverback was still alive (by excluding
the most obvious cases of infanticide when he died) (model
2b). To be included in the analysis, a tenure needed to be
long enough to include at least one infant birth. In models 1
and 2a, we controlled for female age and the number of
weaned individuals in a group (group size) when the infant
was born, as well as the quadratic terms for those variables
because non-linear patterns have been reported in other
species (Robbins et al. 2006; Markham et al. 2015). We
did not include parity as a control predictor because it was
highly correlated with female age and lead to collinearity
issues in the models. Sample sizes were too small to in-
clude control predictors in model 2b. To examine the in-
fluence of a dispersal event on the survival of the next
offspring, we tested whether infants born after a dispersal
event were more likely to survive than infants of females
that did not disperse (model 3).

We conducted mixed Cox proportional hazard models with
the function “coxme” of the “coxme” package (Therneau
2018) in R (R Core Team 2017). We z-transformed (to a mean
of 0 and a standard deviation of 1) all quantitative predictor
variables to obtain more comparable estimates and to ensure
model interpretability (Schielzeth 2010). All Cox models in-
cluded random effect variables for the identity of the mother
and the identity of their group. Each model was fitted with the
full random slope structure (Table 1). We checked diagnostics
for model stability by excluding levels of random effects one

silverback
—>Silverback dies and
group disintegrates

at a time from the data set and comparing the estimates derived
with those obtained from the model based on all the data; no
influential cases were observed. We established the signifi-
cance of the full models as compared with the null models
(comprising only the control predictors as well as the random
effects; (Forstmeier and Schielzeth 2011), using likelihood
ratio tests (Dobson and Barnett 2008), conducted with the
function ANOVA with the argument set to “Chisq”.

Analyses of interbirth intervals

An IBI is defined as the interval in months between two suc-
cessive births by the same mother. In mountain gorillas, IBls
are shorter after an offspring dies (Robbins et al. 2006). We
therefore separated the analysis between surviving birth inter-
vals (SIBI) and death—birth intervals (DBI). Surviving
interbirth intervals are defined as the time between the birth
of an offspring that survived to the age of 4 years and the next
birth by the same mother, whereas death—birth intervals are
the time between the death of an infant and birth to the next
one. We tested if both SIBI and DBI were longer following a
female transfer. To decrease the risk of undetected infants that
died shortly after birth, we excluded interbirth intervals of
females that were not observed for a period longer than
9 months between when their last offspring reached the age
of 4 years (for SIBI) or death of last offspring (for DBI) and
birth of the next infant.

To examine the influence of dispersal on the duration of the
interbirth interval, we fitted two linear mixed models (LMM)
with a Gaussian error structure and an identity link. The re-
sponse variable was the duration of the SIBI (model 4a) and
the duration of the DBI (model 4b), respectively. The fixed
effects predictor variable was whether the female transferred
to a known group during the interbirth interval (yes = 1, no =
0). We excluded interbirth intervals that included involuntary
transfers that occur after group disintegration due to the death
of the silverback, because these are unlikely to represent fe-
male choice. Similar to analysis of infant mortality, we con-
trolled for the age of the mother and the number of individuals
>4 years of age in the group as well as their squared term
when the infant was born.
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In all linear mixed models of surviving interbirth intervals,
we included random effects for the identity of the mother and
the identity of the group the infant was born into as well as all
associated random slopes (Table 1). We z-transformed (to a
mean of 0 and a standard deviation of 1) all quantitative pre-
dictor variables (female age and group size) and fitted the
model by using the “lmer” function of the “lme4” package
(Bates et al. 2015) in R (R Core Team 2017). We checked
whether the residuals were homogeneous and normally dis-
tributed by visualizing a qqplot and the residuals plotted
against fitted value, both indicating no obvious deviations
from the assumptions. We checked for model stability by ex-
cluding subjects one at a time from the data and compared the
derived model estimates with those from the full dataset, no
influential subjects were found. Variance inflation factors
(VIF) were derived from the function “vif” of the R-package
“car” (Field 2005; Fox and Weisberg 2011) applied to a stan-
dard linear model excluding random effects and indicated no
collinearity.

Analyses of surviving birth rates

To examine the combined impacts of female fertility and off-
spring survival, we fitted a linear model with Gaussian error
structure testing how dispersal events affected the rate of giv-
ing birth to surviving offspring (surviving birth rate; SBR) of
35 females who were observed for at least 10 years of adult-
hood (model 5). The model included one data point for each
female. Surviving birth rates were calculated as the number of
surviving offspring, divided by the number of years a female
was observed as an adult. The predictor variable was the num-
ber of transfers for each female. To reduce the potential effects
of demographic stochasticity, each data point was weighted
according to the duration of the observation per female
(Robbins et al. 2006). We fitted the model using the function
“Im” of the statistics package R (R Core Team 2017). A
Gaussian was preferred over a Poisson error structure due to
heavy underdispersion of the Poisson model. Checks of nor-
mality, homogeneity, and model stability were similar as for
the IBI models.

Results
Infant mortality

Of the 229 infants that were born during the study period, 40%
(n=91) died before reaching age four, 40% (n = 92) survived to
the age of four, and 20% (n = 46) were below age of four years
at the end of the study. A survival analysis using all infants
revealed an overall survival probability of 55% to age four.
Infant mortality tended to be higher in early years of life
(Pearson correlation: »=0.943, n =4, p =0.057, Fig. S1).

Infant mortality was not significantly correlated with the
male elapsed tenure duration (model 1; Table 1). However,
infant mortality was negatively correlated with the remaining
male tenure duration, even when we excluded the infants born
in groups in which the males had died (Model 2a, b in Tables 1
and 2; Fig. 3), suggesting that infants had a higher risk of
mortality towards the end of a male tenure due to a potential
decrease in male competitive ability as well as due to the risk
of infanticide if the silverback dies. Infant mortality was as
high as 78% for infants that were born during the last 5 years
of a male’s tenure compared with 39% before that time period
(Fig. 3a). When we only used the remaining tenures of silver-
backs whose tenures did not end because they died, the mor-
tality was as high as 67% for infants that were born during the
last 5 years of a male’s tenure compared with 30% before (Fig.
3b). Mortality of infants born before and after a transfer event
of females did not differ significantly (model 3 in Table 1)
suggesting that transferring to another group does not provide
a direct benefit of improved survival of her next offspring.

Interbirth intervals

The average duration of the surviving interbirth intervals was
67.0 (SD=11.0) months (n =42, range =51.4-90.8). The
length of the interbirth interval was dependent on whether a
female transferred or not. Females who transferred after their
offspring survived to age 4 years had an average SIBI of 69.6

+12.0 months, which is significantly longer than an average
SIBI of 64.8 +10.8 months for females who did not transfer
(model 4a in Tables 1 and 3; Fig. 4a), representing a delay of
4.81 (SD =1.26) months. When females transferred after the
death of an infant, they gave birth on average 8.7 (SD =8.0)
months later than females who did not transfer. These females
had an average DBI of 21.2 +11.9 months, which is signifi-
cantly longer than 12.6 & 3.9 months for females who did not
transfer (model 4b in Tables1 and 3; Fig. 4b).

Surviving birth rates

The dispersal costs were further tested using the surviving
birth rates (SBR). Among the 35 females who were monitored
for at least 10 years, we observed 100 births in 473 female-
years (sum of number of years each female was an adult),
which represents an overall birth rate of 0.21 offspring per
female per year. Of those 100 offspring, 52 survived to age
four, which represents a birth rate of 0.11 surviving offspring
per female per year. The surviving birth rate per female was
significantly negatively correlated with the number of trans-
fers made by each female (Model 4a in Tables 1 and 3; Fig. 5).
Specifically, the model shows that females have a birth rate of
0.14 surviving offspring per year if they never transferred
compared with 0.06 surviving offspring per year if they trans-
ferred four times (Fig. 5).
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Table 2 Statistical details of Cox models testing the effects of male competitive ability and risk of infanticide (models 1 and 2) as well as benefits of
dispersal (model 3) on infant survival probability. P values considered significant (p <0.05) are in italics

Model Fixed effect Coefficient Exp(coef) Se(coef) z )2

1 Elapsed tenure —0.280 0.756 0.303 -0.92 0.360
Elapsed tenure squared —0.008 0.992 0.200 —0.04 0.970
Group size 0.009 1.001 0.224 0.04 0.970
Group size’ 0.037 1.037 0.187 0.20 0.840
Female age 0.274 1.316 0.202 1.36 0.180
Female age’ 0212 1.236 0.175 1.21 0.230

2a Remaining tenure (all males) —-1.231 0.292 0.343 -3.59 < 0.001
Remaining tenure squared 0.390 1.477 0.224 1.74 0.081
Group size —0.088 0916 0.312 -0.28 0.780
Group size’ -0.014 0.986 0.246 —0.06 0.950
Female age -0.302 0.740 0.243 —1.24 0.210
Female age” —0.158 0.854 0.154 -1.03 0.300

2b Remaining tenure (surviving males) —0.997 0.369 0.463 -2.16 0.031

3 Dispersal event 0.436 1.547 0.429 1.02 0310
Group size 0.005 1.005 0.194 0.03 0.980
Group size? 0.191 1.210 0.193 0.99 0.320
Female age 0.581 1.788 0.239 2.43 0.015°
Female age® 0.095 1.099 0.211 0.45 0.660

 Full-null model comparison (Table 1) is not significant

Reproductive costs transfer away from a silverback near the end of his tenure.
The calculations used an equation from Robbins et al.
We ran post hoc calculations to assess whether the reproduc- (2009):

tive costs of longer interbirth intervals would outweigh the

potential benefits of lower offspring mortality when females rd = DBI x ((M:~M,)/(1-Mc)) (1)

(b)
e 1
2 2 :
3 s ~
@ w s
o] o
o o
a a
I m
.2 -Z
[ 2
3 3 0.4
= =
i g
= =
0.2 1
—— Infants born <5 years before end of tenure —— Infants born <5 years before end of tenure
004 Infants born >5 years before end of tenure 004 Infants born >5 years before end of tenure
) T T T T T T T T T T 1 I ! ! ! ! I I I ! I I 1
0.0 0.8 1.6 2.4 3.2 4.0 0.0 0.8 16 2.4 3.2 4.0
Infant age (years) Infant age (years)

Fig. 3 Effect of remaining tenure duration on infant survival to age four the last female. In both plots, the solid line is the survival probability of
for (a) infants born in groups where the tenure ended both with the death offsprings born < 5 years before the end of the tenure and the dotted line is
of'the silverback and after the last female transferred out of the group and the survival probability of offsprings born > 5 years before the end of the
(b) for infants that were born into a group that ended with the transfer of tenure
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Table 3  Statistical details of linear and linear mixed models testing the
effects of a dispersal event on two measures of female reproductive
success: the duration of interbirth intervals (SIBI: model4a, DBI:
model4b) and surviving infant birth rates. P values considered
significant (p < 0.05) are in italics

Model Fixed effect Estimate Standard error ¢ p

4a (Intercept) 5.183 0.241 - -
Dispersal event 0.627 0.255 2459  0.019
Group size -0.103 0.114 -0.907 0.372
Group size squared 0.078 0.136 0.577  0.513
Female age —-0411 0.128 -3.202 0.022°
Female age squared 0.063 0.188 0.334  0.747

4b (Intercept) 1.110 0.096 - -
Dispersal event 0918 0.264 3472 0.002
Group size —0.008 0.067 —0.120 0.886
Group size squared —0.063  0.061 —1.030 0.287
Female age 0.085 0.065 1.315  0.170
Female age squared 0.001 0.052 0.017  0.993

5 (Intercept) 0.142 0.016 - -
Dispersal event —0.020 0.008 2597 0011

*Female age was not significant in a reduced model without the squared
terms

in which M, is the infant mortality rate in their current group
(78% with a silverback <5 years away from the end of his
tenure), M, is the expected mortality rate in the dispersal
destination (39% with a silverback >5 years away from the
end of his tenure), and DBI is the average length of
interbirth intervals when an infant dies (21.2 months). The
equation indicates that a female could tolerate a reproductive
delay (rd) of up to 37.6 months, while still increasing their
expected reproductive success through the dispersal. Thus,
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the equation suggests that the observed reproductive delays
(4.81 months for SIBI) should not prevent females from
increasing their reproductive success by dispersing to avoid
high infant mortality at the end of a male tenure.

Discussion

In western lowland gorillas, females experience sexual coer-
cion by males (Robbins et al. 2013; Breuer et al. 2016) and
respond by seeking the protection of powerful males. Despite
the limitation of the data, our results show that offspring mor-
tality increases towards the end of the male’s tenure, (presum-
ably due to declining strength of the silverback), such that
females are faced with the trade-off between staying and
risking higher infant mortality (because the silverback loses
competitive ability and eventually dies) versus transferring
and suffering the costs of longer interbirth intervals and lower
birth rates. If females transfer to counter the effects of male-
male competition and sexual coercion, then, our study dem-
onstrates that female reproductive strategies were not suffi-
cient to overcome the adverse consequences of male behavior.

Reproductive costs of male tenure duration

When considering all tenures that ended, infant mortality was
higher for infants born towards the end of the tenure (78%
infant mortality within the last 5 years to end of tenure).
This high mortality is most likely due to infanticide when
the female transfers to a new male after the death of the current
silverback (Stokes et al. 2003; Breuer et al. 2010). This result
supports the argument and findings in many other species that
killing an unweaned offspring will accelerate the return of the

*
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Fig.4 Interbirth intervals and transfer event. Interbirth intervals after a surviving offspring (a) and after the death of the last offspring (b). Boxes represent
medians and upper and lower quartiles. Dotted lines link interbirth intervals of the same females. The one asterisk above each plot represents a P < 0.05
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Fig. 5 Surviving birth rates as a function of the number of voluntary
female transfers. Each point represents one female that was observed
for longer than 10 years. The dashed lines represent the fitted model
and its 95% confidence limits

female to a breeding state and allow the new silverback to
raise his own offspring (van Schaik and Janson 2000;
Cheney et al. 2004; Lukas and Huchard 2014).

However, our results also show that infant mortality was
still higher at the end of the tenure, even if the silverback did
not die (67% within the last 5 years to the end of the tenure),
suggesting that silverbacks may be less capable of protecting
their offspring as they reached the end of their tenure; in many
case, they are old and presumably declining in strength.
Western lowland gorilla silverbacks near the end of their ten-
ure may have difficulties in keeping other males away from
females during aggressive group encounters similar to obser-
vation in Thomas langur males (Steenbeck 2000). Extra-group
male Thomas langurs have been observed to perform both
infanticide and aggression towards females during these en-
counters (Steenbeek 1999), potentially explaining why males
near the end of their tenure may avoid other groups or interact
with them less frequently (Steenbeek 2000). Western lowland
gorilla males near the end of their tenure have also been ob-
served avoiding other groups in the clearing of Mbeli Bai
(Mbeli Bai Study, MM pers. obs.) although this has not been
statistically tested yet. If silverbacks near the end of their ten-
ure avoid other groups, it is possible that they lose access to
high-quality habitat. Infant mortality may therefore not only
be due to infanticide or aggression during intergroup encoun-
ters but also suffer reduced access to high-quality food, but
this idea remains to be tested. Females may therefore avoid the
costs of higher infant mortality when with a silverback near
the end of his tenure, (who may exhibit signs of senescence or
declining strength), by transferring to another silverback (van

@ Springer

Schaik 1996; Sterck et al. 1997; Sicotte 2001). In gorillas, this
is also supported by the tendency for females to emigrate
following the death of an infant (Watts 1989; Stokes et al.
2003). Although larger silverbacks have been found to have
more females in their group and higher offspring survival
(Breuer et al. 2012), their strength is likely to vary over time.
Female gorillas could assess the current strength, fighting abil-
ity, and health of their silverbacks by the intensity or duration
of their threat displays occurring during intergroup encounters
(Sicotte 2001; Breuer et al. 2012). Nonetheless, the ability of
female gorillas to avoid infanticide may still be limited by the
difficulties of predicting how the strength of their silverback
will change throughout infancy of their next offspring.

Against our expectations, we found no evidence that
infant mortality was higher in the beginning of a male’s
tenure and decreased with time. In fact, we found that
infant mortality increased as a silverback was further
along in his tenure, although this pattern was not statis-
tically significant, suggesting that some elapsed tenures
may be almost complete tenures and already show the
pattern found at the end of a male’s tenure. Male com-
petitive ability often peaks during early adulthood in
species in which males acquire females by forming a
group (Dunbar 2013), and our results suggest that silver-
backs may only be successful in starting a group when
they are physically strong enough to fight off predators
or other males. Solitary males will typically have ade-
quate strength to defend groups when females join them.
Young silverbacks may also have fewer females, which
in turn may make it easier to protect them or females
could choose males in their prime or emigrate away from
young, inexperienced males as in lions (Pusey and
Packer 1994). A detailed study of female dispersal pat-
terns, including whether females preferentially disperse
to younger or older silverbacks, is ongoing (MLM
et al., unpubl. data).

Reproductive delays with dispersal

Dispersal costs have been found in several species of birds and
mammals (Bonte et al. 2012; Debeffe et al. 2015). Our results
show that dispersal has costs on subsequent reproductive at-
tempts for adult female lowland gorillas because the duration
of the surviving interbirth interval was on average 5 months
longer when it included a transfer event, which is similar to the
delay observed in mountain gorillas (Robbins et al. 2009).
Besides the reproductive delay, female lowland gorillas who
transferred multiple times in their lives had reduced surviving
birth rates, suggesting that dispersal may also have long-term
consequences on female reproductive success. However, we
cannot exclude that females experiencing higher infant mor-
tality were also more likely to transfer (Shafer et al. 2011;
Gueijman et al. 2013). Nevertheless, these reproductive delays
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are substantial because they can as much as half'the number of
surviving offspring born to a female over her lifetime. Our
analysis suggests that females that transfer four times over
their reproductive lifespan would need approximately 17 years
to produce a surviving offspring (surviving birth rate of 0.06/
year) compared with 7 years for females that never transfer
(surviving birth rate of 0.14/year). With such a high cost,
females should avoid transferring unless it represents a sub-
stantial benefit for future reproduction.

Trade-off between staying versus transferring

Our calculations suggest that the observed reproductive costs of
longer interbirth intervals do not outweigh the potential benefits
of lower offspring mortality when females transfer away from a
silverback near the end of his tenure. Several additional factors
could also come into play when female gorillas face the trade-off
between staying in their current group and risk the cost of infant
mortality versus dispersing and facing a reproductive delay. They
have a limited time window in which to disperse between when
their current infant is weaned and before conceiving again be-
cause it is unlikely that they will transfer when they are pregnant
or lactating due to the risk of infanticide (Sterck et al. 2005;
Robbins et al. 2009). This time window is approximately
4 months (as calculated with the 12.5 months DBI minus
8.5 months gestation period). The observed DBI suggest that
females barely need a recovery period for themselves between
end of lactation and next conception (similar to orangutans, van
Noordwijk et al. 2018), yet female gorillas could use this
4 months period to weigh their options of staying versus leaving.
Females may try to delay reproduction until they can transfer to a
more suitable partner, as found for Thomas’s langurs (Steenbeek
2000), but if such a mate is not found during this limited time
window or if the current silverback actively prevents them from
transferring, females may stay and conceive again with a weak
silverback and thus suffer a high infanticide risk if their current
silverback dies.

The risk of injury from male coercion during intergroup en-
counters can represent a cost of attempting dispersal for female
gorillas and may prevent them from transferring (Watts 1991;
Robbins 2009; Breuer et al. 2016). Potential migrant females
(females without weaned offspring and not pregnant) at Mbeli
received significantly more aggression when the group encoun-
tered a silverback, which supports this assumption. Furthermore,
females in larger groups received less aggression, suggesting that
it may be easier to transfer away from a group with more females
(Breuer et al. 2016). After a successful transfer, females may still
need several months to conceive after joining a new group due to
aggression by resident females (Watts 1992; Harcourt and
Stewart 2007), resident females actively preventing newly trans-
ferred females from mating leading to delayed conception
(Doran-Sheehy et al. 2009), unfamiliarity with the new habitat

(Isbell and Van Vuren 1996), or uncertainty about the protective
abilities of the new male as in lions (Pusey and Packer 1994).

Despite these potential costs suffered by dispersing females,
female secondary dispersal is common in lowland gorillas
(Stokes et al. 2003) suggesting that the benefits of transfer can
overall outweigh the costs of staying in the current group
(Clutton-Brock and Lukas 2012). If females can leave a male
near the end of his tenure before conceiving again and transfer
to a younger male at the beginning of his tenure, these dispersal
benefits may far outweigh the costs of staying with a male
reaching the end of his tenure. On the other hand, if silverbacks
at the beginning of their tenure attract more females, higher
mating competition among females may be expected (Doran-
Sheehy et al. 2009) or higher within-group feeding competition,
although our results did not show that female reproductive suc-
cess was influenced by the size of the group. If females transfer
to a more competitive male, infant mortality is expected to be
lower after a transfer event; however, we did not find evidence
of female transfer affecting infant survival, similar to observa-
tions of Thomas langurs (Sterck et al. 1997). In conclusion,
transfer decisions are likely made based on the sum of many
factors, with the ultimate aim of maximizing female reproduc-
tive success via shorter interbirth intervals and lower infant
mortality that result in higher surviving birth rates. Because
females suffer the highest costs when with a male reaching
the end of his tenure, the timing of dispersal may be a key to
improve reproductive success.

Implications for evolution of social systems

The social organization of primates is believed to be influ-
enced by feeding competition, predator avoidance, and repro-
ductive strategies (Schiilke and Ostner 2012). Our results sug-
gest that male strategies can impose substantial costs on fe-
males, despite female counterstrategies of secondary dispersal
(Harcourt and Stewart 2007; Pradhan and van Schaik 2008),
and may explain why female secondary dispersal is so rare
among mammals (Dobson 2013) and occurs primarily in spe-
cies with strong male-male competition, which results in
ephemeral one-male groups that last only for the duration of
male tenures (Steenbeek 1999). This is in contrast to many
primate species living in multimale-multifemale social groups
that exist for many generations, primarily with female
philopatry. Thus, the influence of sexual conflict on social
systems may be just as important as ecological factors in some
species (Sterck et al. 1997; van Schaik and Kappeler 1997).
Additional long-term data on behavioral strategies and repro-
ductive success should help to further disentangle the impacts
of these factors on the evolution of different social systems
found in primates (Clutton-Brock and Janson 2012).
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