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Abstract

Obijectives: Several theories have been proposed to explain the impact of ecological
conditions on differences in life history variables within and between species.
Here we compare female life history parameters of one western lowland gorilla
population (Gorilla gorilla gorilla) and two mountain gorilla populations (Gorilla ber-
ingei beringei).

Materials and Methods: We compared the age of natal dispersal, age of first birth,
interbirth interval, and birth rates using long-term demographic datasets from Mbeli
Bai (western gorillas), Bwindi Impenetrable National Park and the Virunga Massif
(mountain gorillas).

Results: The Mbeli western gorillas had the latest age at first birth, longest interbirth
interval, and slowest surviving birth rate compared to the Virunga mountain gorillas.
Bwindi mountain gorillas were intermediate in their life history patterns.

Discussion: These patterns are consistent with differences in feeding ecology across
sites. However, it is not possible to determine the evolutionary mechanisms
responsible for these differences, whether a consequence of genetic adaptation
to fluctuating food supplies (“ecological risk aversion hypothesis”) or phenotypic
plasticity in response to the abundance of food (“energy balance hypothesis™).
Our results do not seem consistent with the extrinsic mortality risks at each site,
but current conditions for mountain gorillas are unlikely to match their evolution-
ary history. Not all traits fell along the expected fast-slow continuum, which illus-
trates that they can vary independently from each other (“modularity model”).
Thus, the life history traits of each gorilla population may reflect a complex inter-
play of multiple ecological influences that are operating through both genetic

adaptations and phenotypic plasticity.
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1 | INTRODUCTION

Life history theory posits that animals face energetic trade-offs in
investment among growth, maintenance and reproduction (Charnov &
Berrigan, 1993; Sibly & Brown, 2007; Stearns, 1992). Several theories
have been proposed to explain the linkages between ecological condi-
tions and demographic traits such as body size growth rates, age of
first reproduction, reproductive rates, and adult lifespan. Extrinsic
mortality risk (e.g., unavoidable mortality caused by environmental
influences such as predation, low food availability, or infectious dis-
ease) may limit the benefits of investment for future reproduction
(Promislow & Harvey, 1990). Species in environments with high mor-
tality risk may attain reproductive maturity earlier, invest more heavily
in reproduction earlier in life, and experience low offspring survival
(Table 1). In contrast, if mortality risk is low, and all else being equal,
life history theory predicts an extended developmental period and
production of fewer offspring with higher survival rates (Charnov &
Berrigan, 1993; Sibly & Brown, 2007).

Primates are notable for their slow growth, later age of first
reproduction, longer life spans, and lower fertility compared to most
other mammals of similar body size (Charnov & Berrigan, 1993;
Jones, 2011). A prevalent framework for explaining the comparatively
slow growth and extended juvenile period in primates is the ecological
risk aversion hypothesis (ERAH; Table 1; Janson & van Schaik, 1993).
While a high risk of unavoidable mortality can lead to fast juvenile
growth, Janson and van Schaik (1993) proposed that variance in the
energy supply can lead to selection for slower juvenile growth as a
strategy to counteract the increased ecological risk of starvation. The
original framework of the ERAH invokes genetic differences as a
cause of inter-specific variation in juvenile growth rates, but Janson
and van Schaik (1993) argue that it can be extended to explain the
fast-slow continuum observed in other life history traits in primates,
namely age of first reproduction, rate of reproduction, and lifespan.
They suggest that differences in ecological risk may explain the slower
life histories of frugivores compared to folivores because fruit avail-
ability is more variable seasonally and interannually than is availability
of foods consumed by folivores (Janson & van Schaik, 1993; Leigh &
Shea, 1996). Thus, these broad dietary categories have been a

focus in characterizing variation in life history parameters among great

TABLE 1 Hypotheses for life history variation.

Hypothesis Ecological condition

Extrinsic mortality risk High extrinsic mortality

(Promislow & Harvey, 1990)

Ecological risk aversion Highly variable food supply

(Janson & van Schaik, 1993)

Phenotypic plasticity in energy balance Low food availability

(Kuzawa & Bragg, 2012)

Extrinsic mortality plasticity High extrinsic mortality

(Kuzawa & Bragg, 2012)
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apes (Leigh & Shea, 1996; Watts, 2012). However, this is likely an

oversimplification and it may be more precise to directly examine the

variance in caloric and nutrient intake (Knott & Harwell, 2021).

Interspecific differences in life history parameters are often
attributed to genetic adaptations, whereas differences within a spe-
cies are more likely to reflect phenotypic plasticity. Phenotypic plas-
ticity is the ability of individual genotypes to have different
phenotypes in response to different ecological conditions (Barrett
et al, 2006; Ellis et al., 2009; Lee & Kappeler, 2003; Walker &
Hamilton, 2008). Where plasticity generates novel phenotypes or
combinations of traits in response to changing environmental condi-
tions, this may facilitate genetic change via natural selection over lon-
ger time scales (Kuzawa & Bragg, 2012). Kuzawa and Bragg (2012)
argue that plasticity in life history patterns are linked to nutritional
sufficiency (e.g., energy intake) and extrinsic mortality (Table 1). Nutri-
tional sufficiency refers to when energy intake meets or exceeds
energy needs (Kuzawa & Bragg, 2012) and hereafter we refer to this
as “energy balance” (Emery Thompson, 2017). When energy balance
is positive, individuals can have faster growth, earlier reproduction,
faster reproductive outputs, and larger adult body size (Kuzawa &
Bragg, 2012; Walker et al., 2006). When mortality risks are high, indi-
viduals may also have faster growth, earlier reproduction and faster
reproductive output, but smaller adult body sizes are predicted and
have been observed in some human populations (Kuzawa &
Bragg, 2012; Walker et al., 2006). Those predictions for phenotypic
plasticity in response to extrinsic mortality are qualitatively similar to
the extrinsic mortality risk hypothesis (above) that invokes genetic
adaptation as the evolutionary mechanism (Table 1).

Gorillas, classified as two species each having two subspecies, are
interesting for examining life history traits because they live in a wide
range of ecological conditions (Table 2). Ecological and life history dif-
ferences have primarily been reported between western gorillas
(Gorilla gorilla gorilla) and mountain gorillas (Gorilla beringei beringei), as
well as between the two populations of mountain gorillas in Bwindi
and the Virunga Volcanoes (Breuer et al., 2009; Robbins, Gray,
et al., 2009; Robbins, Stoinski, et al., 2009; Stoinski et al., 2013). Some
life history data have been published for Grauer's gorillas (Gorilla berin-
gei beringei) but little detailed information on their dietary intake is

available (Yamagiwa et al, 2003). No life history data has been

Age of first Interbirth
Mechanism parturition intervals Birth rates
Genetic adaptations Earlier Shorter Higher
Genetic adaptations Later Longer Lower
Phenotypic plasticity Later Longer Lower
Phenotypic plasticity Earlier Shorter Higher

Note: See main text for further explanation. The ecological condition is set to worst scenario in all cases for consistency.
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TABLE 2

Western gorillas

Terrestrial herbaceous vegetation 0.2-2.3%23

density (stems per m?)

% Frugivory 30-35%%78

Day journey length 1.5-2.6 km**°
Predation Leopard present®®
Group size 84 +43%
Nulliparous female dispersal 100%”

Male dispersal 100%2°

% One male groups 95%23

Ecological, dietary, grouping, and dispersal patterns among gorilla populations.

Bwindi mountain gorillas Virunga mountain gorillas

4.4-10.6* 8.8°

15%° <1%°

1.0 km?* 0.8 km*2

Leopard no longer present Leopard no longer present
9.6 + 6.4° 12.5£9.1%

77%8 50%

83%2 50%22

55%>21 60%2°

Note: * Seiler & Robbins, 2020, ? Doran-Sheehy et al., 2004, 3 Rogers et al., 2004, 4Ganas et al., 2004, *Watts, 1984, 6Doran-Sheehy et al., 2009, ’Masi
et al., 2009, ®Robbins et al., 2022, *Ostrofsky & Robbins, 2020, '°Cipolletta, 2004, *Seiler et al., 2018, **Wright et al., 2015, **Klailova et al., 2012,
14parnell, 2002, *°Roy et al., 2014; Granjon et al., 2020; Y’Manguette et al., 2020; *®This study; *’Robbins, Stoinski, et al., 2009; Robbins, Gray,

et al., 2009; 2°Breuer et al., 2012; ?*Robbins et al., 2019; %?Stoinski et al., 2009; 2°Robbins et al., 2016.

reported for Cross River gorillas (Gorilla gorilla diehli) because none is
habituated and little is known about their diet (Oates et al., 2003).

Western gorillas currently may face a higher extrinsic mortality
risk than mountain gorillas, but a comprehensive comparison would
be difficult for several reasons. Predation by leopards (Panthera par-
dus) is a threat to western gorillas, but mountain gorillas no longer
have natural predators in their habitat (Klailova et al., 2012). However,
leopards were present in mountain gorilla habitat as recently as the
1950s (Schaller, 1963), so their life history patterns may still reflect
predation risk avoidance strategies. One-male groups are more com-
mon for western gorillas than mountain gorillas, which is expected to
create a higher risk of infanticide when the dominant male dies
(Breuer et al., 2010; Robbins et al., 2013; Watts, 1989). Infanticide
can occur throughout infancy, whereas the risk of predation may
increase as offspring become more independent from their mothers
(Breuer et al., 2010). Mountain gorillas live at higher altitudes that
may increase their susceptibility to respiratory infections and thermo-
regulatory stress (Spelman et al., 2013; Watts, 1998). However, west-
ern gorillas are also vulnerable to respiratory disease (Griitzmacher
et al., 2016) and they live in a warmer climate than mountain gorillas,
which may increase the risk of disease, as Gurven et al. (2016) argued
for humans. Collectively, it is poorly understood how these factors
may affect age-specific mortality across populations. However, recent
evidence has shown differences in life expectancy at birth, which is
only 14.5 years for western gorillas at Mbeli versus 19.2 years for the
Virunga mountain gorillas and 19.9 years for Bwindi mountain gorillas
(Colchero et al., 2021).

Ecological risk may vary among gorilla populations because of var-
iation in the distribution, abundance, and seasonality of their main die-
tary items. Fruit is nearly absent from the diets of Virunga mountain
gorillas, but it is important for Bwindi mountain gorillas (15% of diet)
and western gorillas (35% of diet) (Doran-Sheehy et al., 2009; Masi
et al, 2009; Ostrofsky & Robbins, 2020; Robbins et al, 2022;
Watts, 1984; Wright et al., 2015). Fruit consumption varies between
10%-70% of feeding time per month for western gorillas (Masi
et al., 2009; Robbins et al., 2022), and between 0%-70% per month for

Bwindi mountain gorillas (Ostrofsky & Robbins, 2020). Those temporal
variations in fruit consumption may lead to temporal changes in energy
intake for western gorillas and Bwindi mountain gorillas (Masi
et al., 2015; Wright et al., 2015), but there is no evidence of seasonality
in energy intake for Virunga mountain gorillas (Grueter et al., 2014).

Differences in energy intake and energy expenditure may vary
among gorilla populations because of the differences in food availabil-
ity and distribution. The density of terrestrial herbaceous vegetation,
a key food source, is the lowest in western gorilla habitat, intermedi-
ate in Bwindi, and the highest in the Virunga Volcanoes (Table 1). Cor-
respondingly, western gorillas travel notably further per day than
mountain gorillas, with Bwindi mountain gorillas traveling further than
Virunga mountain gorillas (Table 1). Energy intake rates and time
spent feeding were similar in both mountain gorilla populations
(Wright et al., 2015). The only indication of lower energy balance for
Bwindi mountain gorillas is longer daily travel distances than their
Virunga counterparts, but the increase in distance traveled is unlikely
to have more than a negligible effect on energy expenditure (Wright
et al., 2015). A comparable analysis of energy intake has not been
reported for western gorillas, and potential differences in energy
expenditure due to thermoregulation and climbing have not been
measured.

Despite the paucity of evidence for clear energetic differences,
studies have reported marked differences in life history. Virunga
mountain gorillas have the earliest age of weaning and shortest inter-
birth interval, with Bwindi mountain gorillas having comparable values
to western gorillas (Eckardt et al., 2016; Nowell & Fletcher, 2007;
Robbins, Gray, et al., 2009; Robbins & Robbins, 2021; Robbins,
Stoinski, et al., 2009; Stoinski et al., 2013). Western gorillas have
slower physical maturation and are considered to be adults at later
ages than Virunga mountain gorillas (Breuer et al., 2009; Galbany
et al, 2017). The life history differences between mountain gorillas
and western gorillas have been attributed to their differences in fru-
givory, mainly based on the ecological risk aversion hypothesis
(Breuer et al., 2009; Galbany et al., 2017). However, a recent study
emphasized the potential importance of phenotypic plasticity,
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especially in light of faster life histories in captive versus wild western
gorillas (Meder, unpublished data; Stoinski et al., 2013), ascribed to
higher and more consistent food availability in captivity (Borries
et al., 2022). Similarly, life history differences between the mountain
gorillas at Bwindi versus the Virungas were suggested to be genetic
adaptations based on differences in frugivory, and/or phylogenetic plas-
ticity based on differences in food availability (Robbins, Gray,
et al., 2009; Robbins, Stoinski, et al., 2009). While selection might have
led to genetic differences between the two species of gorillas that
underlie differences in life histories (different adaptations have evolved
in the two species, which is also plausible, but less likely, for within-
species variation in G. beringei), it is also plausible that any such differ-
ences between and among species result from the effects of differences
in energy availability on shared, underlying genetic mechanisms (the
phenotypic plasticity hypothesis). These varied interpretations highlight
the need for more comprehensive comparisons of the demographic
traits in each population, and more detailed discussion of how they
relate to prevailing life history theories.

Here, using larger datasets than previously available, we compare
female life history parameters among the Virunga mountain gorillas,
Bwindi mountain gorillas, and western gorillas at Mbeli Bai in the
Republic of Congo. In addition to updating the previous comparisons
of interbirth intervals, we present new comparisons of the age of natal
dispersal, age of first birth, and birth rates. The age at natal dispersal is
not typically considered a life history variable, but it is a key life his-
tory event and it may positively correlated with the age at first repro-
duction (Robbins, Gray, et al., 2009; Robbins, Stoinski, et al., 2009), so
it is included for future comparisons with other studies. Populations
with faster maturation could have earlier ages of dispersal and first
birth, while populations with faster reproductive outputs could have
higher birth rates and shorter interbirth intervals. We discuss our

results within the context of the hypotheses explained in Table 1.

2 | METHODS

21 | Study sites and data collection

Data for the Bwindi mountain gorillas were collected from April 1993
through May 2020 in Bwindi Impenetrable National Park in Uganda
(Robbins et al., 2019; Robbins, Gray, et al., 2009). The demographic
records include 341 individuals in 12 social units that have been habit-
uated for research and tourism. Data for the Virunga mountain gorillas
were collected by the Dian Fossey Gorilla Fund from September 1967
through December 2017 in Volcanoes National Park in Rwanda
(Harcourt & Stewart, 2007; Robbins et al., 2011; Stoinski et al., 2009;
Watts, 1990). Those records include 326 individuals in 39 social units
that have been habituated for research. Data for western gorillas were
collected at Mbeli Bai, a swampy clearing in the Nouabalé-Ndoki National
Park in the Republic of Congo (Breuer et al, 2009; Manguette
et al,, 2019; Parnell, 2002; Stokes et al., 2003). The demographic data-
base includes 525 gorillas in 101 social units that were observed from
February 1995 through May 2020.

e WILEY-| %

At Mbeli Bai, observations of the western gorillas when they

entered the clearing were made from a 9 m high platform that pro-
vides almost complete visibility of the bai (Parnell, 2002). Some of
those gorillas have been observed within 1-2 days after their birth,
which is known because their group had just been seen without them.
The gorillas do not visit the clearing every day, so birth dates were
typically estimated by comparing their morphology and behavioral
characteristics with other gorillas whose age was already determined
(Breuer et al., 2009; Nowell & Fletcher, 2007; Parnell, 2002). The pre-
cision of those birthdates is estimated to be within a few weeks for
most gorillas who were first observed as infants, up to 1-2 years for
gorillas who were first observed as they approached adulthood, and
+4-10 years for adults. The mountain gorillas in Bwindi and in the Vir-
ungas were observed daily for several hours, but similar estimates of
birthdates were used for individuals who were not monitored since
birth (e.g., the initial composition of each group and subsequent

immigrants).

2.2 | Statistical analyses

We used generalized linear mixed models (GLMM) using the “lmer”
function in R version 4.0.3 to compare the age of natal transfers
among the three study sites. The models contained one data point for
each nulliparous female who made a natal transfer. The response vari-
able was the age of the female, and the predictor variable was the
study site. The species and social group were included as random
effect variables. Dates of natal dispersal for western gorillas were esti-
mated as the midpoint between the last observed visit of the source
group and the first observed visit of the destination (Breuer
et al., 2010; Stokes et al., 2003). We excluded females whose date of
birth and/or natal transfer was not known to within 3 months.

We also used GLMM to compare the age of first parturition
among the three study sites. The models contained one data point for
each nulliparous female whose first birth was observed. The response
variable was the age of the female, and the predictor variable was the
study site. The species and social group were included as random
effect variables. We excluded females whose date of birth and/or first
parturition was not known to within 3 months.

We used GLMM to compare the length of interbirth intervals
among the three study sites. The models included one data point for
each interval. The response variable was the length of the interbirth
interval, and the predictor variable was the study site. The species,
social group, and the mother of the offspring were included as random
effect variables. Interbirth intervals can be significantly shorter when
an infant dies, so the analyses were limited to offspring that survived
to reach age three (Robbins et al., 2007). We excluded intervals that
began/ended with a birth whose date was not known to within
3 months. We also excluded intervals when the mother temporarily
left the study groups, because we could have missed infants who died
shortly after birth.

We used GLMM to compare infant mortality at each site. The
models were run with a binomial error structure and logit link. The
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models included one data point for each offspring. The response vari-

able equaled “1” if the offspring survived to reach age three, and “0”
if the infant died. The predictor variable was the study site. The spe-
cies, social group, and the mother of the offspring were included as
random effect variables. The models excluded offspring that were
born during the last 3 years of observations at each study site,
because we could not determine whether those infants would survive
to reach age three. Dispersal of infants is exceedingly rare (even with
their mother), so all disappearances were assumed to be deaths.

We used rate-based x? calculations to compare the surviving birth
rates among the study sites (Altmann and Altmann, 1977). The surviv-
ing birth rate equaled the number of offspring that survived to reach
age three, divided by the number of adult female-years observed. At
each site, x2 was calculated as (a—e)?/e, where “a” was the actual
number of surviving births, and “e” was the expected number of sur-
viving births. The value of “e” for each site equaled at x fi/fr, where
at was the total number of surviving births among all sites, f; was the
number of female-years at the site, and fr was the total number of
female-years among all sites. Female-years equaled the number of
months that each female was observed, divided by 12. Females were
considered adults starting at age eight for mountain gorillas and age
10 for western gorillas. The models excluded the last 3 years of obser-
vations at each site, because we could not fully determine whether
infants would survive to reach age three.

All statistical analyses were performed in R version 4.0.3 (R Core
Team, 2020), except for the rate-based )(2 calculations, which were
performed in Excel. In each case, we began with a test that compared
all three study sites. If those results were significant, we performed
post hoc tests to determine how each pair of sites contributed to the

overall differences.

3 | RESULTS

The age of natal transfers did not vary significantly among the three
study sites (2 = 0.9, df = 2, p = 0.64; Figure 1). The average age of
natal transfers for females was 8.3 + 1.5 (n = 13) in the Virungas, ver-
sus 7.9 £ 0.8 years (n = 7) in Bwindi and 8.6 + 1.7 years (n = 13) at
Mbeli.

The age of first parturition varied significantly among the three
study sites (x? = 25.5, df = 2, p < 0.001; Figure 1). The average age of
first parturition was 10.1 £ 1.7 years (n = 56) in the Virungas, which
was not significantly different from 10.5+ 1.3 years (n = 10) in
Bwindi (x? = 0.36, df = 1, p = 0.55). The age at first parturition at
Mbeli was 12.2 + 0.6 years (n = 7), which was later for females in
both the Virungas (x?> = 10.0, df = 1, p = 0.002) and Bwindi (x> = 8.9,
df = 1, p = 0.003).

The average length of interbirth intervals differed significantly
among the three study sites (N = 224, x? = 25.5, df = 2, p < 0.001;
Figure 1). The average length of interbirth intervals was 4.2
+ 1.2 years in the Virungas (n = 135), which was significantly shorter
than 5.1+ 1.3 years (n=35) that survived through infancy at
Bwindi (x2 = 11.1, df = 1, p < 0.001). The interbirth intervals at Mbeli,
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FIGURE 1 Comparisons among the three gorilla populations for
(a) Interbirth interval, (b) age at nulliparous dispersal, and (c) age at
first birth.

54+ 0.9 years (h=54), were longer than those in the Virungas
(x? = 21.6, df =1, p <0.001), but not significantly different from
Bwindi (¢* = 1.2, df = 1, p = 0.27).

The females at the study sites showed significant differences in
the rate of giving birth to offspring that survived to reach age three
(x? = 7.6, df = 2, p = 0.023). The rate was 0.165 surviving births per
adult female-year in the Virungas, versus 0.152 in Bwindi and
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0.121 at Mbeli (N = 559.8, 1045.2, and 1142.0 adult female years,
respectively). The surviving birth rate at Mbeli was significantly lower
than in Bwindi (x> =44, df =1, p=0.035) and the Virungas
(x> = 7.3, df = 1, p = 0.007). The surviving birth rate at Bwindi did
not differ significantly from the Virungas (x> = 3.4, df = 1, p = 0.066).

4 | DISCUSSION

4.1 | Life history traits

Our results generally showed the earliest maturation and fastest
reproductive rates for the Virunga mountain gorillas, followed by
Bwindi mountain gorillas, and then the western gorillas at Mbeli
Bai (Tables 2 and 3). However, not all traits consistently varied
along a fast-slow continuum. Bwindi mountain gorillas had longer
interbirth intervals than Virunga mountain gorillas, which is
consistent with a later age of weaning in Bwindi (Robbins &
Robbins, 2021). However, the two populations shared a similar age
at natal transfer, age at first birth and surviving birth rate
(Figure 1). The Mbeli western gorillas had a later age at first birth
and lower surviving birth rate than both mountain gorilla popula-
tions, but the interbirth interval for Mbeli was not different from
Bwindi and it was longer than for the Virunga mountain gorillas.
The age of natal transfers is the only trait that did not vary signifi-
cantly among all three sites. Those results suggest that there is
more variation in traits that require meeting a threshold of ener-
getic, physiological, or physical condition such as the age at first
birth, interbirth intervals, and surviving birth rates. The lack of con-
sistent patterns among the three populations for all life history
variables examined lend support to the concept of “life history
modes,” which postulates that life history variables are dissociable
and may respond to selection independently of each other as
opposed to a “fast versus slow continuum” of life history traits,
(Borries et al., 2011; Leigh & Bernstein, 2006).

TABLE 3 Mean values for female life history patterns of great apes.

Virunga Bwindi

mountain gorilla mountain gorilla gorilla
Age at weaning 3.32 4.5° 4.6
Age of natal transfer 8.3 7.9 8.6
Age at first birth 10.1 10.5 12.2
Interbirth interval 4.2 5.1 54
Surviving birth rate 0.165 0.152 0.121
Female life expectancy 19.2%¢ 19.91¢ 14.5%¢

at birth
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According to the extrinsic mortality risk hypothesis (Table 1), individ-
uals with a higher extrinsic mortality risk are expected to have earlier
maturation and faster reproductive rates than those with lower extrin-
sic mortality risk (Charnov & Berrigan, 1993; Kuzawa & Bragg, 2012;
Promislow & Harvey, 1990). From that perspective, our results would
suggest that the extrinsic mortality risk has been highest in the Virun-
gas, followed by Bwindi, and then Mbeli. Those expectations contrast
with evidence that western gorillas may currently have a higher
extrinsic mortality risk than mountain gorillas (Colchero et al., 2021).
The apparent discrepancy does not necessarily conflict with the
extrinsic mortality risk hypothesis, however, because the current eco-
logical conditions may not be representative of the evolutionary his-
tory of each population. Hypothetically, this caveat could apply to
many evaluations of primate evolution, but it seems especially rele-
vant in this case because leopards were reported in the mountain
gorilla habitats until just a few decades ago (Schaller, 1963). Similarly,
it has been proposed that multimale groups are a moderately recent
development in the evolutionary history of mountain gorillas because
they do not have other traits typically associated with a multimale
social structure in other species, such as large testes, long estrous
periods, or exaggerated female sexual swellings (Harcourt, 1995; Rob-
bins, 2003). In addition to the absence of traits that we might expect
from an evolutionary history in which formation of multi-male groups
was typical, life history traits may also not fully reflect the correspond-
ing decline in infanticide risk for multimale mountain gorilla groups
and its impact on extrinsic mortality rates (see introduction; Breuer
et al., 2010; Robbins et al.,, 2013; Watts, 1989; see also Caillaud
et al,, 2020). Regardless, our results also do not seem consistent with
the extrinsic risk hypotheses (Table 1).

According to the ecological risk aversion hypothesis, populations
with a higher variation in energy supply are expected to have later
maturation and slower reproductive rates (Janson & van

Schaik, 1993). Support for the ecological risk aversion hypothesis has

Mbeli western

Bonobo? Chimpanzee Orangutan
Not available ~ 4-6%%78 6.5°
7-9 11-11.5%011 Female philopatry
13-14.5 13-14.5101112 1513
48 5.0-6.610111214.15 7.6
Not available Not available Not available
Not available 7.5 (Tai)*® 28.87
15.0 (Gombe)®
16.2 (Kanyawara)®
24.0 (Budongo)*®

Note: The values are given in years, except for the surviving birth rate, which equaled the number of offspring that survived to reach age three, divided by
the number of adult female-years observed. Values for gorilla populations represent results from the current study, except where noted.

Furuichi, 1989; 2Eckardt et al., 2016; *Robbins & Robbins, 2021; “Nowell & Fletcher, 2007; >Lonsdorf et al., 2020; ®Matsumoto, 2017; "Bray et al., 2018;
8Badescu et al.,, 2017; “van Noordwijk et al., 2013; '°Nishida et al., 2003; *'Wittig & Boesch, 2019; **Wallis, 1997; *3van Noordwijk et al., 2018;
14Reynolds, 2005; *°Sugiyama, 2004; **Colchero et al., 2021; ’Wich et al., 2004.
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been found in studies of gibbons (Reichard & Barelli, 2008) and sifaka

(Ravosa et al., 1993). Our results would suggest that the variance in

energy supply has been highest for western gorillas at Mbeli, followed
by mountain gorillas in Bwindi and then those in the Virungas. Those
expectations are consistent with the differences in frugivory among
the three populations, which has been used as a proxy for the vari-
ance in energy supply for gorillas and other primates, but broad food
categories may not reflect energy intake (Knott & Harwell, 2021).
Further study is needed to more precisely quantify the variation in
food availability for gorillas, particularly because the availability of
one of the main food sources for western gorillas (tree leaves) has
not been quantified at any site. Using endocrine measures, such as
C-peptides, to measure energy balance would be a valuable way to
avoid the complexities of measuring energy intake via dietary stud-
ies and the energetic costs of thermoregulation and climbing
(e.g., Grueter et al., 2014).

The energy balance hypothesis is similar in its predictions to the
ERAH, but it invokes phenotypic plasticity as the mechanism, whereas
the ERAH invokes genetic adaptations as a way to overcome limita-
tions in phenotypic plasticity and it does not preclude existence of
any phenotypic plasticity (Table 1). According to this hypothesis, ani-
mals are expected to have earlier maturation and faster reproductive
rates when they have a greater net energy balance (Kuzawa &
Bragg, 2012). From that perspective, we suggest that the energy bal-
ance has been highest in the Virungas, followed by Bwindi, and then
Mbeli. Those results are consistent with the availability of the most
reliable food for gorillas at all sites (terrestrial herbaceous vegetation),
as well as the variation in their daily travel distances. To further illus-
trate the potential for phenotypic plasticity, we ran post hoc t-tests to
compare the interbirth intervals and age of first parturition between
captive western gorillas (A. Meder, unpublished data; females were
not on contraception and they resided with a suitable male who was
not the silverback of the group where they grew up) versus the wild
western gorillas at Mbeli. The average length of interbirth
intervals was 4.7 + 1.8 years (n = 74) for captive western gorillas (sim-
ilar to values in Stoinski et al., 2013; which is significantly less than
54 +0.9 years [n=54] at Mbeli [t=3.2, df =112.7, p = 0.002]).
The average age of first parturition was 8.2 + 1.2 years among
27 female captive western gorillas, which is significantly earlier than
12.2 + 0.6 years among seven females at Mbeli (t = 12.8, df = 19.7,
p < 0.001). Those results would suggest that captive western gorillas
can more easily maintain a neutral or positive energy balance than
wild western gorillsa at Mbeli. The age of first parturition for captive
western gorillas was even earlier than the Virunga mountain gorillas
(10.1 £ 1.7 years, n = 56; t = 6.1, df = 69.2, p < 0.001). There are no
mountain gorillas in captivity so it is unclear whether the life histories
of the two species would differ from each other under optimal condi-
tions. Similarly, some of the strongest support for the energy balance
hypothesis are cases of accelerated reproductive schedules of animals
consuming supplemental food compared to those foraging solely in
the wild (e.g., Altmann & Alberts, 2005; Borries et al., 2011). In addi-
tion to the life history traits that we have examined, energy balance

has also been linked to physical ontogeny, growth rates, and variation

in adult body size in humans and baboons (Antén et al., 2016; Leigh &
Bernstein, 2006; Walker et al., 2006).

4.3 | Great apes and human evolution

Studies examining the evolution of life history patterns of great apes
have mainly focused on the role of food availability and seasonality
(e.g., Knott & Harwell, 2021; Leigh & Shea, 1996; Watts, 2012).
Orangutans face the most uncertainty in food availability and have
the “slowest” life history patterns, mountain gorillas have the most
stable food supply and the “fastest” life history patterns, and those of
chimpanzees and bonobos are intermediate (Table 3; Emery
Thompson, 2013; Knott & Harwell, 2021; van Noordwijk et al., 2018;
Watts, 2012). Surprisingly, some life history parameters for western
gorillas are closer to chimpanzees than to the Virunga mountain
gorillas (Table 3). Western gorilla females disperse from their natal
groups and have their first offspring a year earlier than chimpanzees,
but they appear to have similar interbirth intervals. Western gorillas
consume less fruit and more terrestrial herbaceous vegetation than
chimpanzees (Head et al., 2011; Morgan & Sanz, 2006), but the diet
of western gorillas is closer to chimpanzees than to the Virunga
mountain gorillas (Lodwick & Salmi, 2019; Rothman et al., 2007,
Wrangham et al., 1998). However, such between species comparisons
should also factor in adult body size, brain size, and growth rates from
wild populations.

Like gorillas, chimpanzees and orangutans live in environmentally
heterogeneous habitats (Kalan et al., 2020; Vogel et al., 2015), yet few
studies have examined inter-population variability in their life history
patterns. Variability in reproductive rates of chimpanzees is believed
to be linked to differences in environmental conditions within and
between populations (Emery Thompson, 2013; Walker et al., 2018;
Wittig & Boesch, 2019). No differences in reproductive parameters
were observed among orangutan populations, however, despite varia-
tion in ecological conditions (van Noordwijk et al., 2018). Food avail-
ability and extrinsic mortality risk may influence fertility parameters
and survivorship in a complex fashion (Barrett et al., 2006; Ellis
et al., 2009; Walker & Hamilton, 2008).

5 | CONCLUSION

This study of mountain gorillas and western gorillas has highlighted
the potential roles of both genetic adaptations and phenotypic plastic-
ity by examining the differences in ecological conditions and life his-
tory patterns both between species and within species. Our results
showed greater similarity between the two populations of mountain
gorillas than we observed between mountain gorillas versus western
gorillas. Those results may not only reflect that mountain gorillas
have greater environmental similarity with each other compared to
western gorillas, but also a shorter time of genetic isolation. The
Virunga and Bwindi populations split about 5000 years ago (Roy
et al., 2014), whereas the western and eastern species of gorillas split
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roughly 1.2 to 3 MYA, with some gene flow continued until as
recently as 80,000 to 200,000 years ago (Xue et al., 2015).

Based on the current ecological conditions for each gorilla popu-
lation, the detailed differences in life history traits seem more consis-
tent with the ecological risk aversion and energy balance hypotheses
than the extrinsic mortality risk hypotheses (Charnov &
Berrigan, 1993; Janson & van Schaik, 1993; Kuzawa & Bragg, 2012).
Interestingly, not all life history traits vary in the same way across
gorilla populations, suggesting that age at first birth, interbirth interval,
and surviving birth rate may be dissociated in their response to varia-
tion in ecological conditions. When interpreting these findings, how-
ever, any conclusions about genetic adaptations must be considered
tentative, because the current ecological conditions may not reflect
the evolutionary history of each species (especially mountain gorillas).
Moreover, the consequences of phenotypic plasticity and genetic
adaptation may be difficult to distinguish in the absence of genetic
data, as the two mechanisms may also be related. Multiple hypotheses
may be relevant simultaneously, and their relative importance can be
difficult to discern for closely related populations (Borries et al., 2022;
Ellis et al., 2009). Thus, the life history traits of each gorilla population
may reflect a complex interplay of multiple ecological influences that
are operating through genetic adaptations as well as phenotypic

plasticity.
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