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The cost–benefit ratio of group living is thought to vary with group size:
individuals in ‘optimally sized’ groups should have higher fitness than indi-
viduals in groups that are either too large or too small. However, the
relationship between group size and individual fitness has been difficult
to establish for long-lived species where the number of groups studied is
typically quite low. Here, we present evidence for optimal group size that
maximizes female fitness in a population of geladas (Theropithecus gelada).
Drawing on 14 years of demographic data, we found that females in small
groups experienced the highest death rates, while females in mid-sized
groups exhibited the highest reproductive performance. This group size
effect on female reproductive performance was largely explained by vari-
ation in infant mortality (and, in particular, by infanticide from immigrant
males) but not by variation in reproductive rates. Taken together, females
in mid-sized groups are projected to attain optimal fitness due to conspecific
infanticide and, potentially, predation. Our findings provide insight into
how and why group size shapes fitness in long-lived species.
1. Introduction
Variability in group size within species reflects a balance between the costs and
benefits of group living [1,2]. For example, individuals living in large groups
may experience high within-group foraging competition (a cost; e.g. [3–5])
but low predation risk (a benefit; e.g. [3,6–9]), or high parasite loads (a cost;
e.g. [10]) but improved resource defence (a benefit; e.g. [11]). Individuals
living in optimally sized groups, where (by definition) the benefits outweigh
the costs, should have the highest lifetime reproductive success (i.e. fitness
[12]) compared to others in the population [13]. Although the link between
group size and fitness has long been the focus of socioecological theory, it
has been challenging to demonstrate this relationship with empirical data.
This is, in large part, because group size fluctuates over an individual’s lifespan,
making it difficult to align a specific group size with a clear fitness metric
(especially in long-lived species). As a result, testing the effects of group size
requires long-term data across multiple groups of variable size.

Ecological costs and benefits at both extremes of group size support the idea
that mid-sized groups are optimal. For example, the feeding costs of living in
large groups are well documented: variables that indicate greater within-
group feeding competition, such as home range size, day range length and
feeding time are often positively correlated with group size (carnivores [14];
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primates [15,16]), and those that reflect the consequences of
such competition, such as body condition, fertility and survi-
val are often negatively correlated with group size [17–22].
Despite the costs of living in large groups, individuals are
often found in groups significantly larger than the theoretical
species optimum [23,24], probably because splitting into two
smaller groups is equally, if not more, costly. This may be
particularly true if small groups are more susceptible to pre-
dation [25,26] or if between-group competition pushes
competitively weaker groups into inferior home ranges
(carnivores [27]; primates [28,29]). Perhaps as a consequence
of costs at both extremes, individuals in both large and
small groups exhibit higher glucocorticoid levels, greater ran-
ging disadvantages, and experience more extreme energetic
conditions when compared to individuals in mid-sized
groups (e.g. [16,30–32]; reviewed in [5]).

However, many species do not exhibit group sizes that
conform to predictions based on ecological factors (e.g.
[33]). For example, although folivores are thought to experi-
ence low within-group feeding competition, females in
numerous folivorous taxa live in groups that are smaller
than those found in frugivorous species (the ‘folivore para-
dox’ [34]; e.g. [35]). For some folivorous species, within-
group feeding competition may still be high, thus limiting
group size (primates [36]; elephants [37]; deer [38]). Alterna-
tively (or additionally), in many folivorous primates, females
may form smaller groups because these groups are less
attractive to immigrant males and thus less vulnerable to
infanticide [39,40]. By contrast, in some species, infanticide
risk may favour larger groups that are better able to prevent
male immigration or defend dependent offspring [41]. As a
result, the conspecific threat of infanticide has the potential
to shape group size such that mid-sized groups are optimal,
but isolating the effects of such social factors from
environmental factors has proven challenging.

Geladas are folivorous monkeys that feed on widely dis-
persed food resources consisting primarily of graminoid
(grass and sedge) leaves [42,43]. Due to this ubiquitous
resource base, geladas face low within-group feeding compe-
tition [44] and (as predicted [34]) live in large groups for
predator protection [45,46]. However, gelada social organiz-
ation is not so simple: individuals form small reproductive
groups (hereafter, ‘units’, varying in size from 1 to 12 adult
females [47]) which, in turn, unite to form large bands
(100+ individuals) that travel and forage together in the
same home range (forming a ‘multi-level society’ [46]). The
large foraging band likely represents the ecological unit (i.e.
by offering some degree of protection from predation [48])
and conforms to the predictions of standard socioecological
theory [34]. By contrast, the small reproductive unit rep-
resents the social unit and, as such, is likely shaped by
social factors. Specifically, male ‘takeovers’, where a new
immigrant male replaces the dominant male, have the poten-
tial to dramatically alter female reproductive patterns via
sexual conflict—infanticide and the Bruce effect [49,50].
Infanticide is the leading cause of infant mortality: immigrant
males can kill up to half of the dependent infants in a unit
[51]. Moreover, larger units experience more takeovers than
smaller units [52].

Ecological factors like habitat quality are unlikely to vary
significantly among units in the same band; therefore, we
predict that females in larger units incur disproportionately
higher fitness costs due to male takeovers compared to
females in smaller units. Alternatively (or additionally),
when a takeover occurs, infants in small groups may have a
higher chance of being killed due to poor infant defence. If
both large and small units incur fitness costs due to infanti-
cide, then we predict that females in mid-sized units will
exhibit the highest fitness. Finally, adult female survival
may also be affected by unit size: females in small units
may be more vulnerable to predation (e.g. [25]), while
females in larger units may be more vulnerable to disease
(e.g. [53]). If both factors affect female longevity in geladas,
then we predict the lowest adult female death rates in
mid-sized units.

To test these predictions, we first examined the evidence
for an optimal unit size for gelada females. Specifically, we
tested if unit size predicted female death rates and/or repro-
ductive performance (the production of surviving infants).
Second, because reproductive performance could be a pro-
duct of both female fertility and/or infant mortality, we
explored the effect of unit size on these two components.
Specifically, we assessed variation in both interbirth intervals
(IBIs), which should track both female energetic condition
(e.g. [54,55]; reviewed in [7]) and takeover-related fetal loss
[49,56], and in infant mortality, which is predominantly
driven by infanticide for this population [51]. Third, we
examined how the cause of infant deaths varied by unit
size, specifically considering the extent to which maternal
death and/or infanticide explained these patterns. Taken
together, our results show that females in mid-sized units
appear to display optimal fitness, resulting from the com-
bined effects of lower adult female death rates and
infanticides in these units.
2. Material and methods
(a) Study site and subjects
The data for this study derive from 14 years of observation (Jan
2006–Jul 2020) on a population of wild geladas living in the
Simien Mountains National Park, in northern Ethiopia (13°13.50 N
latitude). The Simien Mountains Gelada Research Project (SMGRP,
formerly the University of Michigan Gelada Research Project)
has collected near-daily behavioural, demographic, genetic and
hormonal data from individuals since Jan 2006. All gelada sub-
jects are habituated to human observers on foot and are
individually recognizable. We used longitudinal data from 200
adult females in 46 reproductive units (20 original ‘founding’
units that later formed 26 units following fissions).
(b) Unit size
The identities of all individuals in a unit were recorded each day
the unit was seen. For each month of the study period, we
recorded the total number of adult females in each unit; where
changes in unit size occurred (i.e. due to adult female deaths
or subadult female maturations), we used the maximum
number of adult females in a unit in a given month. We focus
on adult females because we have longitudinal records of the
number of adults in each unit for the entire study period but
only started recording the total number of individuals (including
juveniles and infants) in 2012. However, when we compared the
number of adult females in a unit to the total number of individ-
uals in a unit for the subset of data where we have both (2012–
2020), we found that both values were highly correlated (Pearson
correlation coefficient = 0.76, p-value = 2.2 × 10−16).
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Gelada units contain one reproductively dominant ‘leader
male’ as well as 0–3 ‘follower males’ that receive few reproduc-
tive opportunities but can deter male takeovers [47]. Because
the number of females and the number of males could have con-
trasting impacts on female fitness components, and because the
number of males was weakly correlated with the number of
females (Pearson correlation coefficient = 0.21, p-value = 2.2 ×
10−16), we did not include males when calculating group size.
In all relevant analyses, we considered the number of males
separately as covariates.

Changes in the number of adult females within a unit were
primarily due to female maturations and deaths. Maturations
were recorded as the first observation of a sex skin swelling
(details are outlined in [57]). Deaths were recorded as the first
day an adult female was no longer observed with a unit for
more than three consecutive encounters with that unit (and not
observed in a different unit, as in the case of transfers or fissions).

Dates of fissions, fusions and female transfers were recorded
as the first day the unit females were no longer observed together
and subsequently observed either in a separate unit with a new
leader male (for fissions), together with non-unit females and a
new leader male (for fusions), or associating individually with
non-unit females and a new leader male (for the rare cases of
female dispersal). In all cases, we immediately identified
known females in fissioned units or in new units following
their disappearance from their natal unit.

All models included female unit size as a continuous predic-
tor variable (see electronic supplementary material, figure S1 for
the observed distribution of unit sizes). However, for visualiza-
tion purposes in our figures, we also categorized units into
small, medium (i.e. mid-sized) and large units based on the
observed range in unit sizes. Specifically, cut-offs were deter-
mined by calculating the tertiles of the observed monthly
distribution of sizes: ‘small’ indicates units of less than or equal
to 4 adult females; ‘mid-sized’ indicates units from 5–7 adult
females; and ‘large’ indicates units of 8 or more adult females.
(c) Adult female death rates
For this analysis, we included data on 200 adult female geladas.
All adult females had known or estimated birth dates from
which we calculated age. Dates of birth were known for 56
adult females born during the study, while the remaining
females’ birth dates were estimated using their size at the start
of observation (n = 44), back-calculated using life-history mile-
stones (i.e. maturation or first birth, n = 40), or extrapolated
from their total number of infants (n = 60). The mean age at the
mid-point of the study (2013) for all females was 11.86 ± 5.14
s.d. years (range = 3.54–28.90 years). There was no mean differ-
ence in female age across unit sizes (estimated or known;
females estimate =−2.01 ± 2.35 s.e., p-value = 0.394), but large
units skewed towards having more young females than small
(Kolmogorov–Smirnov D = 0.094, p-value = 0.049) and mid-
sized units (D = 0.104, p-value = 0.012; electronic supplementary
material, figure S2).

To assess whether the adult female death rate varied by unit
size, we constructed a binomial generalized linear mixed model
(GLMM) using the lme4 package (v. 1.1.20 [58]) in R (v. 3.6.0
[59]). Here, the unit of observation was the female-year (1 Jan–
31 Dec, unless truncated by maturation, death or the start or
end of the study period). The dependent binary variable indi-
cated whether the female died during the study year, which
was modelled as a function of the following predictors: unit
size (the average number of females in the unit, including both
the linear and the quadratic term), the female’s age at the start
of the year (linear and quadratic) and the number of males (i.e.
the total number of adult follower males plus one leader male).
We controlled for the repeated measures of female, year and
unit as crossed random effects (due to unit fissions, females
can reside in multiple units during their lifetimes). Additionally,
we constructed mixed-effects Cox proportional hazards models
on adult female survival using the R package coxme [60]. For
these models, we incorporated uncertainty in female ages by
sampling randomly from females’ minimum and maximum
birth dates. Model averaged results from 1000 survival model
simulations were congruent with the results from the GLMM
(electronic supplementary material, table S6).
(d) Reproductive performance
For the majority of infants born during the study period (n = 352
out of 394 total), the date of birth was known within a day or
two. For those infants where the exact date of birth was unavail-
able (n = 42), we were able to assign a birth date within one
month of the actual birth date based on established morphologi-
cal and behavioural criteria (i.e. the size of the infant, infant
motor skills and the presence/absence of the umbilical cord;
for more details; see [57]). Conception dates were retrospectively
assigned by subtracting the mean gestation length (n = 183 days;
see [57]) in the population from the observed or estimated date of
birth.

We used a binary scoring system to assign female reproduc-
tive performance on a monthly basis. Females were assigned a 1
in a given month if they conceived an infant that survived to 1.5
years of age (the mean age of weaning in this population [57]),
regardless of actual weaning date. Females were assigned a 0 if
they conceived an offspring that died before reaching 1.5 years
of age or if they did not conceive during the calendar month.
We excluded all months and births after 2018, as the survival
outcomes of these infants were not resolved by the end of the
study period.

To assess the effects of unit size on female reproductive per-
formance, we constructed a binomial GLMM. The dependent
binary variable indicated whether a female conceived a surviv-
ing offspring during each female-month (273 surviving
offspring, 996.5 female-years total, 188 females). We modelled
this outcome variable as a function of the following predictors:
female age (both the linear and quadratic term, to control for
the known effects of female age on reproductive output,
reviewed in [61]), number of females and the number of males.
We controlled for the repeated measures of individual identity,
unit and year as crossed random effects. To capture the effect of
unit size variation beyond the month of conception, we addition-
ally modelled reproductive performance using 6-month bins
(i.e. Jan–Jun, Jul–Dec) that were centred on the two primary con-
ception seasons [50]. We used the same binary outcome listed
above and included the average number of females and males
as fixed effects. The results from this separate analysis (electronic
supplementary material, table S7) were congruent with those
generated from the model using monthly data.

Given the long lifespans of geladas, we do not have the data
necessary to directly calculate lifetime reproductive success.
However, we estimated this value by pairing median ages at
death with reproductive rates across the three unit size categories
(i.e. small, medium and large). Specifically, we first calculated
median ages at death for adult females at each unit size category
from survival curves including right-censored females (electronic
supplementary material, figure S3). Second, we calculated repro-
ductive rates by summing the total number of surviving
offspring within each unit size category and then dividing by
the total number of female-years. To approximate lifetime repro-
ductive success, we subtracted the population mean age at first
birth (6.06 years; range: 4.88–7.56 [57]) from the median ages at
death and multiplied these reproductive lifespans by their corre-
sponding reproductive rates. Although these static estimates may
not reflect true differences in lifetime reproductive success
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(because unit size changes across the lifespans of individual
females, especially following fissions and fusions), we use
these estimated fitness differences to underscore the potential
costs of remaining at suboptimal unit sizes and to highlight the
need for female strategies to avoid these costs.

(e) Interbirth intervals
Using the birth dates of all infants in this population, we
calculated IBIs between females’ successive offspring. We con-
structed two linear mixed-models (LMM) using the lme4
package. For both models, the dependent variable was the
length of the IBI in days, which was modelled as a function of
unit size at the first infant’s birth (both linear and quadratic),
the mother’s age, and the infant’s sex. In the first model, we
used only IBIs following surviving offspring (n = 187), as infant
mortality substantially shortens IBIs in this population and else-
where [51]. However, because IBIs where takeovers occur may
capture instances of takeover-related fetal loss (i.e. the ‘Bruce
effect’ [49]), which can lengthen IBIs [56], in the second model
we only included the subset of IBIs that did not contain takeovers
or infant deaths (n = 82). Rather than reflecting fetal loss, vari-
ation in these ‘takeover-independent’ IBIs should reflect the
ecological advantages (e.g. higher food intake) that some females
have over others in their ability to wean offspring and conceive
again.

( f ) Infant mortality
The disappearance of any infant prior to the average age at
weaning in this population (1.5 years of age [57]) was assumed
to be a case of infant mortality. To assess infant mortality and
its causes across unit sizes, we constructed a mixed-effects Cox
proportional hazards model using the R package coxme [60].
For this model, we used all 394 infants born during the study
period. Infants entered the dataset at birth and were censored
at death (n = 90) or if their social units stopped being observed
(n = 17) and exited the dataset when they survived to 1.5 years
of age (n = 287). We used the number of females present during
the month of the infant’s birth as a fixed effect, including both
linear and quadratic terms. We included birth year, unit and
maternal ID as random effects. Schoenfeld residuals showed no
significant deviations from the assumption of proportional
hazards.

(g) Takeover rates
We recorded the dates of all observed male takeovers (n = 80) of
known reproductive units (following [50]) as well as the number
of mature females in the unit at the time of takeover. We calcu-
lated the length of time each unit was seen at a given size for
each year the unit was observed (244 total unit-years) and
counted the number of takeovers that occurred during these
periods. To calculate the influence of unit size (i.e. a number of
adult females) on the likelihood of takeover, we modelled the
number of takeovers a unit experienced as the dependent vari-
able in a Poisson GLMM. Since takeovers are more likely to
occur during longer observation windows, we included the
number of continuous months the unit was seen at a given size
as an offset term. To control for repeated measures across units
and time, we included unit and year as random intercepts.
Finally, we included two fixed-effect variables: the number of
adult females in the unit and the average number of males.

(h) Causes of infant mortality
To examine whether the probable causes of infant mortality
varied with unit size, we assigned the cause of mortality based
on the following characteristics: if the infant’s death occurred
within six months of a takeover, the cause of death was recorded
as ‘infanticide’ (n = 31) [50,51]. If the infant died within three
months of their mother’s death or disappearance, the cause of
death was recorded as ‘maternal death’ (n = 27). If maternal
and infant disappearances co-occurred within the six months fol-
lowing a male takeover; however, the cause of death was
categorized as ‘maternal death’ (n = 4). All other causes of
infant deaths were recorded as ‘unknown’ (n = 32). For each of
these mortality outcomes, we constructed a binomial GLMM
using the lme4 package. Here, we modelled whether the infant
died of each respective mortality cause (i.e. maternal death,
infanticide and unknown) as a binary variable, using unit size
(both linear and quadratic) as a fixed effect and unit as a
random effect. For these three analyses, we used only infants
whose survival outcomes were known (n = 377; i.e. no right-cen-
sored offspring). All figures were constructed using ggplot2 [62],
and prediction intervals were extracted from mixed-models
using the effects package [63].
3. Results
(a) Adult female death rates
Of the 200 adult females included, 90 died before the end of
the study period (median age at death = 16.2 years, including
right-censored females). Unsurprisingly, the odds of dying
increased substantially with age (age estimate = 30.07 ± 4.06
s.e., p-value = 2.1 × 10−5). Females in small units had the high-
est death rates (females estimate =−9.39 ± 4.78 s.e., p-value =
0.049; figure 1a; electronic supplementary material, table S1).
Specifically, females in small units had an annual death rate
of 10.4%, while females in medium and large units had an
annual death rate of 5.8% and 7.3%, respectively.
(b) Reproductive performance
Although reproductive units in this population can range in
size from 1 to 12 adult females, females in units in the
middle of this range (i.e. between 5 and 7 adult females, here-
after ‘mid-sized’ units) had the highest reproductive
performance. Females in mid-sized units were most likely
to conceive surviving offspring (females2 estimate =−18.14 ±
7.69 s.e., p-value = 0.018; figure 1b; electronic supplementary
material, table S1) and were 17.6% more likely than females
in small units and 39.8% more likely than females in large
units to produce a surviving offspring. Given the median
ages at death calculated from survival curves (16.0 years in
small units, 19.7 years in mid-sized units, and 16.0 years in
large units; electronic supplementary material, figure S3),
females are projected to produce approximately 4.35 surviv-
ing infants in mid-sized units, compared to 2.70 infants in
small units, and 2.27 infants in large units.
(c) Interbirth intervals
IBIs tended to be slightly longer in larger units (females esti-
mate = 492.6 ± 242.6 s.e., p-value = 0.044; females2 estimate =
388.9 ± 226.4 s.e., p-value = 0.088; figure 2a). However, this
effect was no longer significant when only IBIs that were
uninterrupted by takeovers were included for analysis
(females estimate = 39.2 ± 230.3 s.e., p-value = 0.867; females2

estimate = 376.8 ± 224.8 s.e., p-value = 0.107; figure 2b;
electronic supplementary material, table S2).
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(d) Infant mortality
Out of 394 infants, 90 (22.8%) died before reaching 1.5 years.
Infants born into small and large units were more likely to die
before this age than infants born into medium-sized units
(HR = 1.06 ± 0.017 s.e., p-value = 0.0014; figure 2c; electronic
supplementary material, table S3). Specifically, 28.2% and
33.8% of infants born into small and large units died before
weaning, while only 10.4% of infants born into mid-sized
units died before reaching this age.
(e) Takeover rates
Takeover frequency increased with unit size (females esti-
mate = 7.50 ± 2.47 s.e., p-value = 0.003; figure 3a; electronic
supplementary material, table S4). On average, small units
experienced male takeovers once every 4.15 years, mid-
sized units once every 3.17 years, and large units once
every 1.61 years. However, the number of males did not influ-
ence the frequency of takeovers (males estimate =−0.13 ± 0.13
s.e., p-value = 0.308; electronic supplementary material,
table S4).
( f ) Causes of infant mortality
Infanticides and maternal death accounted for 38.9% and
25.6% of all dependent infant deaths, respectively.
Despite the fact that small units experienced the lowest take-
over rates, females in mid-sized units experienced the
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lowest infanticide rates (females2 estimate = 10.81 ± 3.72 s.e.,
p-value = 0.004; figure 3b; electronic supplementary material,
table S5): 9.1% and 12.8% of infants born into small and large
units experienced infanticide, respectively, while only 3.0% of
infants in mid-sized units experienced infanticide.

Second, infants in mid-sized units were about half as
likely to die as a result of maternal death as females in
small and large units (females2 estimate = 5.25 ± 3.38 s.e.,
p-value = 0.12, figure 3b; electronic supplementary material,
table S5), although this effect was not significant. Specifically,
9.1% and 8.3% of infants born into small and large units died
following their mothers’ deaths, while only 4.5% of infants in
mid-sized groups died under these circumstances. Lastly,
there was no association between unit size and infant mortalities
of unknown cause.
4. Discussion
Taken together, our results show that females in mid-sized
units have the highest fitness. Females in smaller units die
at the highest rates and females in both smaller and larger
units have lower reproductive performance, primarily as a
result of takeover-related infanticide. Specifically, male take-
overs are more frequent in larger units and are more likely
to lead to infanticide when they do occur in smaller units.
We also show that infant death rates, but not takeover-inde-
pendent female fertility (i.e. uninterrupted IBIs), vary by
unit size, with the lowest infant death rates occurring in
mid-sized units. As a result, females in mid-sized units
demonstrate the highest reproductive performance and,
when factoring in variation in adult female death rates, are
expected to produce more offspring over the course of their
reproductive lifespans than are females in small or
large units.

Infants in small and large units were more likely to die
from infanticide than infants in mid-sized units. The conspe-
cific threat of infanticide has been suggested to limit group
sizes in folivores (i.e. the ‘folivore paradox’ [39]). However,
larger groups have also been suggested to act as a deterrent
to male takeover and infanticide [41]. Here, we show that
both forces may work in conjunction to result in optimal
mid-sized groups. Infanticide in large units was driven by
high rates of male takeovers. By contrast, we are less certain
why infanticide in small units was also high, despite infre-
quent takeovers. One possibility is that small units have
poor infant defence (e.g. as suggested in grey langurs [41]).
Another possibility is that new males may be more likely to
commit infanticide in smaller units because smaller units pre-
sent fewer immediate reproductive opportunities (i.e.
receptive, cycling females) than larger units. A third possi-
bility is that infanticide risk may follow a ‘dilution effect’
(similar to predation risk [64]), where infants in large units
are buffered by an increased number of potential targets.

Our proxy for ecological factors, IBI [7], did not explain
variation in reproductive performance across unit sizes
(after removing cases where male-mediated fetal loss may
have occurred). This is not surprising given the relatively dis-
persed and non-monopolizable diet of geladas. This analysis,
however, did not consider whether unit size interacts with
other metrics that might track ecological advantages, such
as reproductive ageing, age at maturation or age at first
birth. Based on a recent analysis on female maturations for
this population [65], we expect that females in small units
will have later ages at maturation and first birth to avoid
inbreeding (since their fathers have longer tenures), and we
expect that females in large units will have earlier ages at
maturation and first birth due to the ‘Vandenbergh effect’
that accompanies male takeovers. However, even if these pre-
dictions are supported in future analyses, we do not expect
these unit size differences to significantly alter our reproduc-
tive success estimates for two reasons: first, the observed
range in age at first birth in this population is narrow [57],
and second, in similarly long-lived primates, age at first
birth had a very modest impact on variation in lifetime fitness
[66,67]. Future analyses that address the potential for differ-
ent female reproductive strategies, which require more
complete female lifespans than we have currently, will
allow us to determine the effects of unit size on realized
lifetime reproductive success.

Adult female death, which contributes to low lifetime
reproductive success, was highest in small units. Although
female deaths could be triggered by takeover-related injuries
[56], smaller units experienced less frequent takeovers than
mid-sized or large units, and we did not observe an increase
in adult female deaths after takeovers (in contrast with infant
deaths, which do increase following takeovers [56]). Females
in small units may be more likely to die if females in larger
units monopolize food resources. Indeed, strong between-
group competition has been shown in other folivorous
species (e.g. [68,69]); however, in geladas, feeding-related
aggression between units is relatively rare and low-intensity
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[70]. Moreover, if between-group competition was strong, we
would expect females in the smallest units to show the long-
est IBIs. We think the most likely explanation is that females
in small units are more vulnerable to predation. Although the
large foraging bands characteristic of gelada social structure
probably act as a deterrent to predators [48], large units
may monopolize more central locations within the band
during the day or sleeping positions on the cliffs at night,
thus leaving small units vulnerable at the periphery. This
question will require simultaneous targeted data collection
on relative group position—a focus of our future research.

What, if anything, can females in suboptimal groups do?
In broad strokes, they have three theoretical choices: they
can disperse to a new unit entirely, they can add females
to their too-small units or they can subtract females from
their too-large units. In this population, female dispersal is
rare (n = 2 across the entire study period; 0.008 per unit-
year); reproductive units consist of close maternal kin, and
females tend to remain in the same unit they were born
into [71]. Adding females can be accomplished through
demographic processes (maturation); however, small units,
given their lower reproductive performance and high
adult female death rates, require more time to grow than
mid-sized or large units. Some small units may never
reach an optimal size, or, worse, could become ‘sinks’, at
risk of dying out entirely (and we have seen at least one of
our units go extinct). This raises the possibility that unit
size and female fitness are bidirectionally related: units
grow or shrink according to female reproductive perform-
ance and survival, while group size itself can also impose
fitness costs, creating a feedback loop. Therefore, for some
small units, a more effective way to add females may
involve joining with another unit (fusions). Fusions are
rare (n = 3 across the entire study period; 0.012 per unit-
year) and may involve a number of hurdles (e.g. resistance
of leader males and/or unrelated females), but these obser-
vations suggest that this is nevertheless a viable option for
gelada females.

Although some small units may become sinks, overall
demographic analyses from this population indicate that
the stochastic growth rate is 3.5% [72]. Thus, the more
common problem (for mid-sized and large units) is that
they continue to grow in size. Subtracting females from
units can occur when one group splits permanently into
two groups (fissions), which we routinely observe for large
units (n = 11; 0.045 per unit-year). Compared to other primate
taxa, gelada social organization may offer more opportunities
for fissions to occur, as the band may buffer the ecological
costs of fissions. In sum, unit size changes occur via frequent,
slow and small demographic processes (i.e. maturations and
deaths) combined with rare, rapid and large group dynamics
(i.e. fusions and fissions). Future analyses will focus on
identifying the relative importance that these events have
in structuring groups and the social network metrics that
anticipate changes in group dynamics.

Takeover frequency was positively associated with the
number of females in a unit (as previously reported in this
population [52]) but was not associated with the number
of males in a unit. This stands in contrast with our previous
research showing that multi-male units (consisting of a
leader male and 1+ follower males) experienced fewer take-
overs per unit-year than units with only one adult leader
male across all unit sizes [47]. In geladas, the consequences
of males for female fitness may depend on the reproductive
strategies of individual follower males and on the ability of
leader males to regulate group membership (rather than
solely on the quantity of males), which require further
data and analysis. Indeed, in a number of primates, group
composition (e.g. a higher ratio of males to females) has
been shown to reduce the risk of takeovers and/or infanti-
cide (e.g. [73]; reviewed in [74]). For example, the
reproductive success of female white-faced capuchins
(Cebus capucinus) was both negatively correlated with
group size and positively correlated with the ratio of
males to females in the group [75]. By contrast, multi-male
groups of ursine colobus monkeys (Colobus vellerosus) had
higher rates of male immigration and infanticide, perhaps
because these dominant males were ineffective at deterring
immigrants [40]. Whether female geladas in small or large
multi-male units demonstrate higher reproductive perform-
ance than females in small or large single-male units
remains to be seen.

The link between group size and individual fitness has
long been the focus of socioecological theory, yet it has
been difficult to demonstrate this relationship for long-lived
species with empirical data. Here, we leveraged long-term
data from a population of wild geladas to provide insight into
how and why group size shapes female fitness—specifically,
adult female deaths and conspecific infanticide.
Data accessibility. All data and code used in this analysis are available at:
https://doi.org/10.5281/zenodo.4737602 [76].
Authors’ contributions. E.T.J.: conceptualization, data curation, formal
analysis, funding acquisition, methodology, visualization, writing-
original draft, writing-review and editing; J.A.F.: data curation,
formal analysis, funding acquisition, visualization, writing-original
draft, writing-review and editing; T.J.B.: conceptualization, formal
analysis, funding acquisition, investigation, methodology, project
administration, supervision, writing-review and editing; A.L.: data
curation, formal analysis, funding acquisition, investigation, method-
ology, project administration, supervision, writing-review and
editing; N.S.-M.: conceptualization, data curation, formal analysis,
funding acquisition, investigation, methodology, project adminis-
tration, supervision, visualization, writing-original draft, writing-
review and editing; J.C.B.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, project
administration, supervision, visualization, writing-review and
editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Competing interests. Authors declare no competing interests.
Funding. This work was supported by National Science Foundation
(grant nos. BCS-0715179, IOS-1255974, BCS-1340911, IOS-1854359;
BCS-1723237; BCS-17123228; BCS-2010309); Leakey Foundation
(multiple grants); National Institutes of Health (grant no. R00-
AG051764); National Geographic Society (grant nos. 8100–06, 8989–
11, 50409R-18; the Fulbright Scholar Program; Sigma Xi; American
Society of Primatologists; Wildlife Conservation Society and the
University of Michigan.

Acknowledgements. We would like to thank the Ethiopian Wildlife Con-
servation Authority (EWCA) and the wardens and staff of the Simien
Mountain National Park for their permission and ongoing support
for our long-term research project. Additionally, we are grateful to
our excellent field team across the years, most especially E. Jejaw,
A. Fanta, S. Girmay, J. Jarvey and M. Gomery for their assistance
with field data collection. We also owe thanks to A. Marshall,
B. Dantzer, J. Mitani and two anonymous reviewers for providing
valuable feedback on this manuscript.

https://doi.org/10.5281/zenodo.4737602
https://doi.org/10.5281/zenodo.4737602


8
References
royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20210820
1. Alexander RD. 1974 The evolution of social
behavior. Annu. Rev. Ecol. Syst. 5, 325–383. (doi:10.
1146/annurev.es.05.110174.001545)

2. Terborgh J, Janson CH. 1986 The socioecology of
primate groups. Annu. Rev. Ecol. Syst. 17, 111–136.
(doi:10.1146/annurev.es.17.110186.000551)

3. Janson CH, Goldsmith ML. 1995 Predicting group
size in primates: foraging costs and predation risks.
Behav. Ecol. 6, 326–336. (doi:10.1093/beheco/6.3.
326)

4. Grove M. 2012 Space, time, and group size: a model
of constraints on primate social foraging. Anim.
Behav. 83, 411–419. (doi:10.1016/j.anbehav.2011.
11.011)

5. Markham AC, Gesquiere LR. 2017 Costs and benefits
of group living in primates: an energetic
perspective. Phil. Trans. R. Soc. B 372, 20160239.
(doi:10.1098/rstb.2016.0239)

6. Pulliam HR. 1973 On the advantages of flocking.
J. Theor. Biol. 38, 419–422. (doi:10.1016/0022-
5193(73)90184-7)

7. van Schaik CP. 1983 Why are diurnal primates living
in groups? Behaviour 87, 120–144. (doi:10.1163/
156853983X00147)

8. Whiteside MA, Langley EJG, Madden JR. 2016 Males
and females differentially adjust vigilance levels as
group size increases: effect on optimal group size.
Anim. Behav. 118, 11–18. (doi:10.1016/j.anbehav.
2016.04.025)

9. Rasa OAE. 1989 The costs and effectiveness of
vigilance behaviour in the dwarf mongoose:
implications for fitness and optimal group size.
Ethol. Ecol. Evol. 1, 265–282. (doi:10.1080/
08927014.1989.9525516)

10. Rifkin JL, Nunn CL, Garamszegi LZ. 2012 Do animals
living in larger groups experience greater
parasitism? A meta-analysis. Am. Nat. 180, 70–82.
(doi:10.1086/666081)

11. Wrangham RW. 1980 An ecological model of
female-bonded primate groups. Behaviour 75,
262–300. (doi:10.1163/156853980X00447)

12. Clutton-Brock TH. 1988 Reproductive success:
studies of individual variation in contrasting
breeding systems. Chicago, IL: University of Chicago
Press.

13. Giraldeau L-A. 1988 The stable group and the
determinants of foraging group size. In The ecology
of social behavior (ed. CN Slobodchikoff ), pp.
33–53. New York: NY: Academic Press.

14. Carbone C, Cowlishaw G, Isaac NJB, Rowcliffe JM.
2005 How far do animals go? Determinants of day
range in mammals. Am. Nat. 165, 290–297.
(doi:10.1086/426790)

15. Majolo B, de Bortoli Vizioli A, Schino G. 2008 Costs
and benefits of group living in primates: group size
effects on behaviour and demography. Anim. Behav.
76, 1235–1247. (doi:10.1016/j.anbehav.2008.06.
008)

16. Markham AC, Gesquiere LR, Alberts SC, Altmann J.
2015 Optimal group size in a highly social mammal.
Proc. Natl Acad. Sci. USA 112, 14 882–14 887.
(doi:10.1073/pnas.1517794112)

17. Gesquiere LR, Altmann J, Archie EA, Alberts SC.
2018 Interbirth intervals in wild baboons:
environmental predictors and hormonal correlates.
Am. J. Phys. Anthropol. 166, 107–126. (doi:10.
1002/ajpa.23407)

18. Clutton-Brock TH, Albon SD, Guinness FE. 1982
Competition between female relatives in a
matrilocal mammal. Nature 300, 178–180. (doi:10.
1038/300178a0)

19. Borries C, Larney E, Lu A, Ossi K, Koenig A. 2008
Costs of group size: lower developmental and
reproductive rates in larger groups of leaf monkeys.
Behav. Ecol. 19, 1186–1191. (doi:10.1093/beheco/
arn088)

20. McComb K, Moss C, Durant SM, Baker L, Sayialel S.
2001 Matriarchs as repositories of social knowledge
in African elephants. Science 292, 491–494. (doi:10.
1126/science.1057895)

21. Waterman JM. 2006 Delayed maturity, group fission
and the limits of group size in female Cape ground
squirrels (Sciuridae: Xerus inauris). J. Zool. 256,
113–120. (doi:10.1017/S0952836902000146)

22. Creel S, Creel NM. 2015 Opposing effects of group
size on reproduction and survival in African wild
dogs. Behav. Ecol. 26, 1414–1422. (doi:10.1093/
beheco/arv100)

23. Sibly RM. 1983 Optimal group size is unstable.
Anim. Behav. 31, 947–948. (doi:10.1016/S0003-
3472(83)80250-4)

24. Krause J, Ruxton GD. 2002 Living in groups. Oxford,
UK: Oxford University Press.

25. Clutton-Brock TH, Gaynor D, McIlrath GM, Maccoll
ADC, Kansky R, Chadwick P, Manser M, Skinner JD,
Brotherton PNM. 1999 Predation, group size and
mortality in a cooperative mongoose, Suricata
suricatta. J. Anim. Ecol. 68, 672–683. (doi:10.1046/
j.1365-2656.1999.00317.x)

26. Guindre-Parker S, Rubenstein DR. 2020 Survival
benefits of group living in a fluctuating
environment. Am. Nat. 195, 1027–1036. (doi:10.
1086/708496)

27. Mosser A, Packer C. 2009 Group territoriality and the
benefits of sociality in the African lion, Panthera leo.
Anim. Behav. 78, 359–370. (doi:10.1016/j.anbehav.
2009.04.024)

28. Cheney DL, Seyfarth RM. 1987 The influence of
intergroup competition on the survival and
reproduction of female vervet monkeys. Behav.
Ecol. Sociobiol. 21, 375–386. (doi:10.1007/
BF00299932)

29. Harris TR. 2006 Between-group contest competition
for food in a highly folivorous population of black
and white colobus monkeys (Colobus guereza).
Behav. Ecol. Sociobiol. 61, 317–329. (doi:10.1007/
s00265-006-0261-6)

30. Pride RE. 2005 Optimal group size and seasonal
stress in ring-tailed lemurs (Lemur catta). Behav.
Ecol. 16, 550–560. (doi:10.1093/beheco/ari025)
31. Papageorgiou D, Farine DR. 2020 Group size and
composition influence collective movement in a
highly social terrestrial bird. Elife 9, e59902. (doi:10.
7554/eLife.59902)

32. Williams CK, Lutz RS, Applegate RD. 2003 Optimal
group size and northern bobwhite coveys. Anim.
Behav. 66, 377–387. (doi:10.1006/anbe.2003.2215)

33. Rudolph K, Fichtel C, Schneider D, Heistermann M,
Koch F, Daniel R, Kappeler PM. 2019 One size fits
all? Relationships among group size, health, and
ecology indicate a lack of an optimal group size in a
wild lemur population. Behav. Ecol. Sociobiol. 73,
132. (doi:10.1007/s00265-019-2746-0)

34. Isbell LA. 1991 Contest and scramble competition:
patterns of female aggression and ranging behavior
among primates. Behav. Ecol. 2, 143–155. (doi:10.
1093/beheco/2.2.143)

35. Koenig A, Borries C. 2002 Feeding competition and
infanticide constrain group size in wild hanuman
langurs. Am. J. Primatol. 57, 33–34.

36. Snaith TV, Chapman CA. 2007 Primate group size
and interpreting socioecological models: do folivores
really play by different rules? Evol. Anthropol. 16,
94–106. (doi:10.1002/evan.20132)

37. Archie EA, Morrison TA, Foley CAH, Moss CJ, Alberts
SC. 2006 Dominance rank relationships among wild
female African elephants, Loxodonta africana. Anim.
Behav. 71, 117–127. (doi:10.1016/j.anbehav.2005.
03.023)

38. Focardi S, Pecchioli E. 2005 Social cohesion and
foraging decrease with group size in fallow deer
(Dama dama). Behav. Ecol. Sociobiol. 59, 84–91.
(doi:10.1007/s00265-005-0012-0)

39. Steenbeek R, van Schaik CP. 2001 Competition and
group size in Thomass langurs (Presbytis thomasi):
the folivore paradox revisited. Behav. Ecol. Sociobiol.
49, 100–110. (doi:10.1007/s002650000286)

40. Teichroeb JA, Wikberg EC, Bădescu I, Macdonald LJ,
Sicotte P. 2012 Infanticide risk and male quality
influence optimal group composition for Colobus
vellerosus. Behav. Ecol. 23, 1348–1359. (doi:10.
1093/beheco/ars128)

41. Treves A, Chapman CA. 1996 Conspecific threat,
predation avoidance, and resource defense:
implications for grouping in langurs. Behav. Ecol.
Sociobiol. 39, 43–53. (doi:10.1007/s002650050265)

42. Jarvey JC, Low BS, Pappano DJ, Bergman TJ,
Beehner JC. 2018 Graminivory and fallback foods:
annual diet profile of geladas (Theropithecus gelada)
living in the Simien Mountains National Park,
Ethiopia. Int. J. Primatol. 39, 105–126. (doi:10.
1007/s10764-018-0018-x)

43. Fashing PJ, Nguyen N, Venkataraman VV, Kerby JT.
2014 Gelada feeding ecology in an intact ecosystem
at Guassa, Ethiopia: variability over time and
implications for theropith and hominin dietary
evolution. Am. J. Phys. Anthropol. 155, 1–16.
(doi:10.1002/ajpa.22559)

44. Dunbar R, Dunbar P. 1975 Social dynamics of gelada
baboons. Basel, Switzerland: S. Karger.

http://dx.doi.org/10.1146/annurev.es.05.110174.001545
http://dx.doi.org/10.1146/annurev.es.05.110174.001545
http://dx.doi.org/10.1146/annurev.es.17.110186.000551
http://dx.doi.org/10.1093/beheco/6.3.326
http://dx.doi.org/10.1093/beheco/6.3.326
http://dx.doi.org/10.1016/j.anbehav.2011.11.011
http://dx.doi.org/10.1016/j.anbehav.2011.11.011
http://dx.doi.org/10.1098/rstb.2016.0239
http://dx.doi.org/10.1016/0022-5193(73)90184-7
http://dx.doi.org/10.1016/0022-5193(73)90184-7
http://dx.doi.org/10.1163/156853983X00147
http://dx.doi.org/10.1163/156853983X00147
http://dx.doi.org/10.1016/j.anbehav.2016.04.025
http://dx.doi.org/10.1016/j.anbehav.2016.04.025
http://dx.doi.org/10.1080/08927014.1989.9525516
http://dx.doi.org/10.1080/08927014.1989.9525516
http://dx.doi.org/10.1086/666081
http://dx.doi.org/10.1163/156853980X00447
http://dx.doi.org/10.1086/426790
http://dx.doi.org/10.1016/j.anbehav.2008.06.008
http://dx.doi.org/10.1016/j.anbehav.2008.06.008
http://dx.doi.org/10.1073/pnas.1517794112
http://dx.doi.org/10.1002/ajpa.23407
http://dx.doi.org/10.1002/ajpa.23407
http://dx.doi.org/10.1038/300178a0
http://dx.doi.org/10.1038/300178a0
http://dx.doi.org/10.1093/beheco/arn088
http://dx.doi.org/10.1093/beheco/arn088
http://dx.doi.org/10.1126/science.1057895
http://dx.doi.org/10.1126/science.1057895
http://dx.doi.org/10.1017/S0952836902000146
http://dx.doi.org/10.1093/beheco/arv100
http://dx.doi.org/10.1093/beheco/arv100
http://dx.doi.org/10.1016/S0003-3472(83)80250-4
http://dx.doi.org/10.1016/S0003-3472(83)80250-4
http://dx.doi.org/10.1046/j.1365-2656.1999.00317.x
http://dx.doi.org/10.1046/j.1365-2656.1999.00317.x
http://dx.doi.org/10.1086/708496
http://dx.doi.org/10.1086/708496
http://dx.doi.org/10.1016/j.anbehav.2009.04.024
http://dx.doi.org/10.1016/j.anbehav.2009.04.024
http://dx.doi.org/10.1007/BF00299932
http://dx.doi.org/10.1007/BF00299932
http://dx.doi.org/10.1007/s00265-006-0261-6
http://dx.doi.org/10.1007/s00265-006-0261-6
http://dx.doi.org/10.1093/beheco/ari025
http://dx.doi.org/10.7554/eLife.59902
http://dx.doi.org/10.7554/eLife.59902
http://dx.doi.org/10.1006/anbe.2003.2215
http://dx.doi.org/10.1007/s00265-019-2746-0
http://dx.doi.org/10.1093/beheco/2.2.143
http://dx.doi.org/10.1093/beheco/2.2.143
http://dx.doi.org/10.1002/evan.20132
http://dx.doi.org/10.1016/j.anbehav.2005.03.023
http://dx.doi.org/10.1016/j.anbehav.2005.03.023
http://dx.doi.org/10.1007/s00265-005-0012-0
http://dx.doi.org/10.1007/s002650000286
http://dx.doi.org/10.1093/beheco/ars128
http://dx.doi.org/10.1093/beheco/ars128
http://dx.doi.org/10.1007/s002650050265
http://dx.doi.org/10.1007/s10764-018-0018-x
http://dx.doi.org/10.1007/s10764-018-0018-x
http://dx.doi.org/10.1002/ajpa.22559


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

288:20210820

9
45. Pappano DJ, Snyder-Mackler N, Bergman TJ,
Beehner JC. 2012 Social ‘predators’ within a
multilevel primate society. Anim. Behav. 84,
653–658. (doi:10.1016/j.anbehav.2012.06.021)

46. Snyder-Mackler N, Beehner JC, Bergman TJ. 2012
Defining higher levels in the multilevel societies of
geladas (Theropithecus gelada). Int. J. Primatol. 33,
1054–1068. (doi:10.1007/s10764-012-9584-5)

47. Snyder-Mackler N, Alberts SC, Bergman TJ. 2012
Concessions of an alpha male? Cooperative defence
and shared reproduction in multi-male primate
groups. Proc. R. Soc. B 279, 3788–3795. (doi:10.
1098/rspb.2012.0842)

48. Dunbar RIM. 1986 The social ecology of gelada
baboons. In Ecological aspects of social evolution
(eds DI Rubenstein, RW Wrangham), pp. 332–351.
Princeton, NJ: Princeton University Press.

49. Roberts EK, Lu A, Bergman TJ, Beehner JC. 2012
A Bruce effect in wild geladas. Science 335,
1222–1225. (doi:10.1126/science.1213600)

50. Tinsley Johnson E, Snyder-Mackler N, Lu A, Bergman
TJ, Beehner JC. 2018 Social and ecological drivers of
reproductive seasonality in geladas. Behav. Ecol. 29,
574–588. (doi:10.1093/beheco/ary008)

51. Beehner JC, Bergman TJ. 2008 Infant mortality
following male takeovers in wild geladas.
Am. J. Primatol. 70, 1152–1159. (doi:10.1002/ajp.
20614)

52. Bergman TJ, Ho L, Beehner JC. 2009 Chest color and
social status in male geladas (Theropithecus gelada).
Int. J. Primatol. 30, 791–806. (doi:10.1007/s10764-
009-9374-x)

53. Ezenwa VO. 2004 Host social behavior and parasitic
infection: a multifactorial approach. Behav. Ecol. 15,
446–454. (doi:10.1093/beheco/arh028)

54. Koenig A, Borries C, Chalise MK, Winkler P. 1997
Ecology, nutrition, and timing of reproductive
events in an Asian primate, the Hanuman langur
(Presbytis entellus). J. Zool. 243, 215–235. (doi:10.
1111/j.1469-7998.1997.tb02778.x)

55. Emery TM, Muller MN, Wrangham RW. 2012 The
energetics of lactation and the return to fecundity
in wild chimpanzees. Behav. Ecol. 23, 1234–1241.
(doi:10.1093/beheco/ars107)
56. Schneider-Crease I, Chiou KL, Snyder-Mackler N,
Bergman TJ, Beehner JC, Lu A. 2020 Beyond infant
death: the hidden costs of male immigration in
geladas. Anim. Behav. 159, 89–95. (doi:10.1016/j.
anbehav.2019.11.010)

57. Roberts EK, Lu A, Bergman TJ, Beehner JC. 2017
Female reproductive parameters in wild
geladas (Theropithecus gelada). Int. J.
Primatol. 38, 1–20. (doi:10.1007/s10764-016-
9939-4)

58. Bates D, Maechler M, Bolker B, Walker S,
Christensen R, Singmann H. 2019 Lme4: linear
mixed-effects models using Eigen and S4 (Version
1.1-20). See https://rdrr.io/cran/lme4.

59. R Core Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria: R Core
Team.

60. Therneau T. 2015 coxme: mixed effects Cox models.
R package version 2.2-3. See http://CRAN.R-project.
org/package=coxme.

61. Pusey A. 2012 Magnitude and sources of variation
in female reproductive performance. In The
evolution of primate societies (eds JC Mitani, J Call,
PM Kappeler, RM Palombit, JB Silk), pp. 343–366.
Chicago, IL: University of Chicago Press.

62. Wickham H. 2011 ggplot2. WIREs Comp. Stat. 3,
180–185. (doi:10.1002/wics.147)

63. Fox J. 2003 Effect displays in R for generalised linear
models. J. Stat. Softw. 8, 1–27.

64. Foster WA, Treherne JE. 1981 Evidence for the
dilution effect in the selfish herd from fish
predation on a marine insect. Nature 293, 466–467.
(doi:10.1038/293466a0)

65. Lu A, Feder JA, Snyder-Mackler N, Bergman TJ,
Beehner JC. 2021 Male-mediated maturation in wild
geladas. Curr. Biol. 31, 214–219. (doi:10.1016/j.cub.
2020.10.003)

66. Weibel CJ, Tung J, Alberts SC, Archie EA. 2020
Accelerated reproduction is not an adaptive
response to early-life adversity in wild baboons.
Proc. Natl Acad. Sci. USA 117, 24 909–24 919.
(doi:10.1073/pnas.2004018117)

67. Bercovitch FB, Berard JD. 1993 Life history costs and
consequences of rapid reproductive maturation in
female rhesus macaques. Behav. Ecol. Sociobiol. 32,
103–109. (doi:10.1007/BF00164042)

68. Koenig A. 2000 Competitive regimes in forest-
dwelling Hanuman langur females (Semnopithecus
entellus). Behav. Ecol. Sociobiol. 48, 93–109.
(doi:10.1007/s002650000198)

69. Harris TR, Chapman CA, Monfort SL. 2009 Small
folivorous primate groups exhibit behavioral and
physiological effects of food scarcity. Behav. Ecol.
21, 46–56. (doi:10.1093/beheco/arp150)

70. Jarvey JC. 2016 The importance of underground
foods in female gelada (Theropithecus gelada)
socioecology. Ann Arbor, MI: University of Michigan.
See https://deepblue.lib.umich.edu/handle/2027.42/
134702.

71. Snyder-Mackler N, Alberts SC, Bergman TJ. 2014
The socio-genetics of a complex society: female
gelada relatedness patterns mirror association
patterns in a multilevel society. Mol. Ecol. 23,
6179–6191. (doi:10.1111/mec.12987)

72. Sloan E, Beehner JC, Bergman TJ, Lu A,
Snyder-Mackler N, Jacquemyn H. In preparation.
Effects of climate variability on the demography of
wild geladas.

73. Ostner J, Kappeler PM. 2004 Male life history
and the unusual adult sex ratios of redfronted
lemur, Eulemur fulvus rufus, groups. Anim.
Behav. 67, 249–259. (doi:10.1016/j.anbehav.2003.
05.012)

74. Teichroeb JA, Jack KM. 2017 Alpha male
replacements in nonhuman primates:
variability in processes, outcomes, and terminology.
Am. J. Primatol. 79, e22674. (doi:10.1002/ajp.
22674)

75. Fedigan LM, Jack KM. 2011 Two girls for every boy:
the effects of group size and composition on the
reproductive success of male and female white-
faced capuchins. Am. J. Phys. Anthropol. 144,
317–326. (doi:10.1002/ajpa.21414)

76. Tinsley Johnson E, Feder JA, Bergman TJ, Lu A,
Snyder-Mackler N, Beehner JC. 2021 Data from: The
Goldilocks effect: female geladas in mid-sized
groups have higher fitness. GitHub. (doi:10.5281/
zenodo.4737602)

http://dx.doi.org/10.1016/j.anbehav.2012.06.021
http://dx.doi.org/10.1007/s10764-012-9584-5
http://dx.doi.org/10.1098/rspb.2012.0842
http://dx.doi.org/10.1098/rspb.2012.0842
http://dx.doi.org/10.1126/science.1213600
http://dx.doi.org/10.1093/beheco/ary008
http://dx.doi.org/10.1002/ajp.20614
http://dx.doi.org/10.1002/ajp.20614
http://dx.doi.org/10.1007/s10764-009-9374-x
http://dx.doi.org/10.1007/s10764-009-9374-x
http://dx.doi.org/10.1093/beheco/arh028
http://dx.doi.org/10.1111/j.1469-7998.1997.tb02778.x
http://dx.doi.org/10.1111/j.1469-7998.1997.tb02778.x
http://dx.doi.org/10.1093/beheco/ars107
http://dx.doi.org/10.1016/j.anbehav.2019.11.010
http://dx.doi.org/10.1016/j.anbehav.2019.11.010
http://dx.doi.org/10.1007/s10764-016-9939-4
http://dx.doi.org/10.1007/s10764-016-9939-4
https://rdrr.io/cran/lme4
http:&sol;&sol;CRAN.R-project.org&sol;package&equals;coxme
http:&sol;&sol;CRAN.R-project.org&sol;package&equals;coxme
http:&sol;&sol;CRAN.R-project.org&sol;package&equals;coxme
http://dx.doi.org/10.1002/wics.147
http://dx.doi.org/10.1038/293466a0
http://dx.doi.org/10.1016/j.cub.2020.10.003
http://dx.doi.org/10.1016/j.cub.2020.10.003
http://dx.doi.org/10.1073/pnas.2004018117
http://dx.doi.org/10.1007/BF00164042
http://dx.doi.org/10.1007/s002650000198
http://dx.doi.org/10.1093/beheco/arp150
https://deepblue.lib.umich.edu/handle/2027.42/134702
https://deepblue.lib.umich.edu/handle/2027.42/134702
https://deepblue.lib.umich.edu/handle/2027.42/134702
http://dx.doi.org/10.1111/mec.12987
http://dx.doi.org/10.1016/j.anbehav.2003.05.012
http://dx.doi.org/10.1016/j.anbehav.2003.05.012
http://dx.doi.org/10.1002/ajp.22674
http://dx.doi.org/10.1002/ajp.22674
http://dx.doi.org/10.1002/ajpa.21414
http://dx.doi.org/10.5281/zenodo.4737602
http://dx.doi.org/10.5281/zenodo.4737602

	The Goldilocks effect: female geladas in mid-sized groups have higher fitness
	Introduction
	Material and methods
	Study site and subjects
	Unit size
	Adult female death rates
	Reproductive performance
	Interbirth intervals
	Infant mortality
	Takeover rates
	Causes of infant mortality

	Results
	Adult female death rates
	Reproductive performance
	Interbirth intervals
	Infant mortality
	Takeover rates
	Causes of infant mortality

	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


