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Abstract: The cost-to-benefit ratio of group-living is thought to vary with group size:
individuals in “optimal” groups should have higher fitness than individuals in groups that
are too large or small. However, the relationship between group size and individual
fitness has been difficult to establish, a gap we address here in the gelada. We
demonstrate group size effects on the production of surviving offspring and on female
mortality rates, which are largely explained by group-size variation in infanticide risk and
foraging competition. We also identify a mechanism by which females may alter group
size: in large groups, females groomed with less than half of their group, increasing the
likelihood of fissions. Our findings provide insight into how and why group size shapes

fitness in long-lived species.

Keywords: optimal group size, fitness, folivore paradox, infanticide, reproduction,

survival
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Main Text:
Variability in group size within species reflects a delicate balance of the costs and
benefits of group living. For example, in large groups the costs of group-living (e.g.,
foraging competition: 1-3) may begin to outweigh the benefits (e.g., decreased
predation risk: 1, 4, 5), to the detriment of individual group members. Individuals in
“optimal” groups, by contrast, should have the highest lifetime reproductive success
(i.e., fitness: 6) compared to others in the population (7). Although the link between
group size and fitness has long been suspected, it has been challenging to actually
demonstrate with empirical data. This is, in part, because fitness in long-lived species is
difficult to measure. Instead, short-term measures of reproductive performance (e.g.,
birth rate) are often used as proxies for fitness. But, perhaps more problematic is that
the accuracy of measures of fitness (which are more accurate over a longer period of
time) are inversely related to the accuracy of measures of group size (which are more
accurate over a shorter period of time). To circumvent this problem, we developed a

novel measure of reproductive performance that accounts for changes in group size.

Here, we used a wild primate, geladas (Theropithecus gelada), as a test species to
identify whether we have evidence for an optimal group size for females and, if so,
whether we can identify the selective forces that shape it. Geladas are long-lived,
folivorous primates that live in social groups (hereafter, “units”) that vary in size from 1

to 13 adult females — variation that is present even within the same population (8). This
variability may be due to ecological pressures (e.g., due to the seasonal environment: 9)

as well as social pressures. For instance, infanticide is the leading cause of infant
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mortality: immigrant males kill over half of the dependent infants in a unit (10).
Moreover, larger units experience more takeovers than smaller units (11). Females in
larger units might therefore incur disproportionately higher costs than females in smaller

units.

We analyzed 9 years of data from 33 units that varied in size (Fig. 1), often month-to-
month. To address female fithess, we used two independent measures: (a)
Reproductive performance: A monthly binary score, where “successful” females (those
that produced an infant that survived to 18 months of age, the mean age at weaning for
this population: 12) received 1 point for each month of pregnancy and lactation (6
months of gestation + 18 months of lactation = 24 successful months). If an infant died
before reaching 1.5 years of age, no points were given to the months of
gestation/lactation prior to the infant death. Importantly, this monthly reproductive
performance variable is associated with a precise measure of group size; (b) Adult
female death rate: The number of adult female deaths out of the number of individual

females observed in each unit size each year.
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Fig. 1. Changes in unit size over time. Founding units (where observation started in 2006) are coded
by letters and arranged along the top axis according to initial size category (which is also indicated by
the size and color of the node). Size categories reflect the observed range in variation in unit size
during the study period (small = 1-4, in dark red; mid-sized = 5-7, in orange; large = 8+, in yellow), and
were used for visualization purposes only. Fissions and fusions are indicated by diagonal lines.

For our analyses, we defined unit size as the number of adult females in a unit (which is
also highly correlated with the total number of individuals in a unit, Fig. S1). Although
units in this population can range in size from 1-13 adult females, females in units in the
middle of this range (i.e., between 5-7 adult females, hereafter “mid-sized” units)
demonstrated the highest fithess. First, females in mid-sized units had the highest
reproductive performance (maximum females? estimate = -11.22 +/- 3.30 SE, p-value =
6.7 x 104, Fig. 2A), with 26.4% more productive months than females in small units and

17.2% more productive months than females in large units (Fig. 2B). Second, females in
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89  mid-sized units had the lowest mortality (maximum females? estimate = 13.52 +/- 3.01
90 SE, p-value = 7.07 x 10, Fig. 2C), with 51.8% lower mortality than females in small
91  units and 29.4% lower mortality than females in large units (Fig. 2D).
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Fig. 2. Females in mid-sized units had the highest fitness. (A) Residual productive months
(controlling for age) by unit size (number of adult females). Each circle indicates the summed
reproductive performance for a female over a 6-month period (n = 1677 observations from n = 185
females; binning was done for visualization purposes). Black diamonds indicate the mean for each unit
size, and error bars indicate the standard deviation around the mean; (B) Total productive months
divided by total months observed for all females by unit size category. The dotted horizontal line = 0.53
(the population mean); (C) Female death rates (deaths per female-year observed) by unit size (n = 32
distinct units; each point represents a unit-size-year where at least one death occurred, i.e., for each
year, we summed the number of deaths for each unit at a specific unit size and controlled for the total
female-years observed at that size, n = 55 unit-size-years). Unit-size-years where no deaths occurred
(n = 250 unit-size-years) are represented as tick marks along the x-axis. Black diamonds indicate the
mean death rates for each unit size, and error bars indicate the standard deviation around the mean;
(D) Female death rates by unit size category. The dotted horizontal line = 0.08 (the population mean).
Unit size categories were used for visualization purposes only (see Supplementary Methods).

93
94  If mid-sized units are optimal for female fitness, we then asked why. Specifically, can

95 social (male takeovers) and/or ecological (female feeding competition) pressures
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96 explain why females living in mid-sized units had higher fithess? Geladas - folivores that
97 feed on widely-dispersed food resources (13, 14) - should face low feeding competition
98 and should, correspondingly, live in large groups for predator protection (15). Yet, this is
99 not the pattern observed across numerous folivore taxa (the “Folivore Paradox”: 15; i.e.,
100 16). The leading hypothesis for why many folivores do not live in larger groups is that
101  smaller groups are less attractive targets for male takeovers and thus infanticide (17—
102  19), although within-group feeding competition may also play a role (20). Therefore, we
103 first examined how infanticide risk, as measured by both takeover frequency and
104  infanticide rates, varied across unit size.
105
106  As reported previously (10, 21), takeover frequency increased with unit size (maximum
107  females estimate = 0.51 +/- 0.20 SE, p-value = 1.29 x 10°?; Fig. 3A). However,
108 infanticides, the leading cause of infant death (12.3% of all infants born during this study
109 period died of infanticide, accounting for 50.8% of all dependent infant deaths), did not
110 follow this same pattern. Infanticide rates actually decreased with unit size overall
111 (maximum females estimate = -18.35 +/- 6.51 SE, p-value = 4.8 x 103 Fig. 3B), and
112  were lowest in mid-sized units (maximum females? estimate = 24.40 +/- 5.85 SE, p-
113 value = 3.0 x 10°%; Fig. 3B). Thus, while females in large units experienced more
114  frequent takeovers and the highest number of infanticides (17 out of 33 observed
115 infanticides occurred in large units), females in small units experienced the second
116  highest number of infanticides (10 out of 33) such that females in mid-sized units
117  experienced the lowest infanticide rates (rates were identical for both small and large

118 units at 0.14 infanticides / birth; compared to 0.08 infanticides / birth for mid-sized units).
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Although takeovers of small units were less frequent, when they did occur, immigrant

males killed disproportionately more infants than when they took over mid-sized units. In

this population, male takeovers dramatically alter female reproductive patterns (9, 22);
here we show that females in mid-sized units have a selective advantage over females
in smaller or larger units when it comes to these male-mediated birth patterns.
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Fig. 3. Both social and ecological factors explain why mid-sized units are optimal. (A) Number of
takeovers per unit-year observed. Each circle represents the takeover rate for each unit at a specific
size category. The dotted horizontal line indicates the overall mean takeover rate (0.55 takeovers per
unit-year); (B) The infanticide rates (number of infanticides per infants born for each unit-size-year) for
each unit size category in a given year. Unit-size-years where no infants were born were excluded from
the figure (n = 32 unit-size-years out of 97 total). The dotted horizontal line indicates the overall mean
infanticide rate (0.01 infanticides per birth); (C) Feeding rates for each focal female for each month
observed (n = 4,350 female-months). Rates were calculated by dividing the total minutes observed
feeding by the focal hours observed; (D) Adult female glucocorticoid metabolites (ng/g) by unit size
category (n = 3835 samples). The dotted horizontal line indicates the overall mean (25.11 ng/g). For all
figures, black diamonds reflect the mean for each category, with bars representing the standard
deviation.
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124

125  Socioecological theory predicts that female competition within a group should select for
126  smaller group sizes, while female competition between groups should select for larger
127  group sizes (23). We therefore examined whether we could detect increased

128 competition in two parameters: the amount of time females spent foraging (24) and
129 female energetic condition as measured by fecal glucocorticoids (25). Specifically, we
130 considered whether foraging effort (as measured by time spent feeding) or

131  glucocorticoid levels (a class of hormones that rise in response to increased metabolic
132 demands) varied across unit size.

133

134  Despite feeding primarily on dispersed grasses (13), we found evidence that geladas
135 may experience feeding competition associated with unit size. Specifically, unit size
136  predicted foraging effort: females in large units spent 53.89% more time foraging than
137  females in small units (large unit category estimate = 4.01 +/- 1.92 SE, z-value = 2.09,
138  p-value = 4.2 x 10?; Fig. 3C), and females in mid-sized units spent the least amount of
139 time foraging overall (maximum females? estimate = 2.30 +/- 0.72 SE, z-value=3.18, p-
140 value = 1.5 x 10°3; Fig. 3C).

141

142 We found no such group size association with glucocorticoid metabolites (maximum
143  females estimate = -0.91 +/- 0.61 SE, p-value = 0.14; maximum females? estimate =
144  0.67 +/- 0.44 SE, p-value = 0.13). Previous analysis in this population have indicated
145  that temperature, and not the availability of green grass, most strongly predicts

146  glucocorticoid levels (9, 26). Therefore, thermoregulatory demands, which presumably
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147  affect all individuals equally across units of different size, may constrain metabolic

148 needs more than food does. In addition, individual characteristics (e.g., gregariousness)
149  are likely important predictors of variation in glucocorticoid levels, especially where

150 more social partners may provide certain benefits (e.qg., thermoregulatory benefits: 27).
151  Both of these hypotheses warrant further investigation.

152

153  Taken together, our results show that females in mid-sized units appear to display

154  optimal fitness as the result of social and ecological pressures. These findings beg the
155 question: what, if anything, can females in seemingly “suboptimal” units do to improve
156 their situation? As the philopatric sex, female geladas have limited options for

157  “choosing” their unit size. Nevertheless, females have been observed to change their
158 unit size via unit transfers, fissions, and fusions. Unit transfers were rare (n=2; 0.003
159 transfers per female-year) and were only observed in larger units. Fusions were also
160 relatively rare and only observed in smaller units (n=3; 0.004 fusions per female-year).
161 In contrast, fissions were 3 times more common than fusions; females in larger units
162 tended to fission into 2 (or 3) daughter units (9 cases; 0.01 fissions per female-year).
163  Thus, females in suboptimal groups may achieve a more optimally-sized group by

164 forming a smaller unit when they are in large units or by forming a larger unit when they
165 are in small units.

166

167 We next tested how females might induce these changes — hypothesizing that

168 individual-level behaviors may precipitate unit fissions. Individuals in larger groups are

169 less likely to maintain social ties with everyone else in the group -- thus increasing the

10
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likelihood of a fission (28-31). In particular, female geladas in small and large units that
spend more time feeding, may be more constrained in the amount of time they can
devote to grooming (the primary means by which primates maintain social relationships,
32), ultimately limiting the number of social ties in these units. To test this possibility, we
first examined whether grooming time and/or the number of grooming partners varied by

unit size.

Time spent grooming did not vary according to unit size (maximum females estimate =
1.35 +/- 4.43 SE; p-value = 0.76; maximum females? estimate = -3.47 +/- 3.74 SE; p-
value = 0.36; Fig. 4A). This suggests that, even in the face of increasing foraging effort
(Fig. 3C), gelada females in all units conserve a set amount of social time. However,
while grooming time did not increase with unit size, the number of grooming partners did
(range: 0-6; maximum females estimate = 9.19 +/- 1.93 SE; p-value = 1.27 x 10°°; Fig.
4B) -- although this increase was not linear. The mean number of grooming partners
reached an asymptote between 2-3 grooming partners in large units (maximum
females? estimate = -4.83 +/- 1.51 SE; p-value = 1.59 x 10°3; Fig. 4B). Therefore, while
females in small or mid-sized units groomed with more than half (and, in some cases,
all) of the females in their unit, females in large units groomed, on average, with fewer
than half of the females available. In addition, because grooming time did not increase
even in these large units, females in larger units spent less time socializing with each

partner than females in smaller units.

11
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192  These changes in individual grooming behavior suggest that larger units could be more
193 vulnerable to fission than smaller units. We tested this using a social network analysis
194  approach: the network average clustering coefficient, which reflects how interconnected
195 members of a group are to one another (e.g., whether an individual’'s social partners are
196 also partners). The clustering coefficient represents group cohesion, with lower values
197  reflecting a less cohesive group. We found that the clustering coefficient decreased as
198 unit size increased (maximum females estimate = -0.93 +/- 0.41 SE; p-value = 3.39 x
199 102 Fig. 4C). In small units, all individuals were likely to be connected with all other unit

200 members, while in large groups individuals were more fractured.

12
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Fig. 4. Larger units are less socially cohesive than smaller units. (A) Total minutes spent grooming
by focal hour for each female-year (n = 557 female-years). The x-axis reflects the maximum number of
females in at unit across the year. (B) Number of female grooming partners a focal female was
observed to groom with for each year. (C) Network average clustering coefficient by unit size category.
Each circle indicates the mean clustering coefficient for a unit at a specific size category for each year.
For all figures, black diamonds reflect the mean each unit-size category, with bars representing the

standard deviation.

13


https://doi.org/10.1101/348383
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/348383; this version posted June 16, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

201

202 We hypothesize that when fitness costs accrue in large units, females respond by

203 focusing their interactions on a subset of individuals (33). This alters the social network
204  structure of the group, increasing the odds of a fission. Gelada social organization may
205 offer a unique opportunity for fissions to occur: gelada units form larger aggregations
206 (i.e., “bands”: 34) which may buffer the ecological costs of fissions. In contrast, fusions
207 may be less frequent because leader males of small units limit inter-unit interactions
208 among females. Indeed, the two fusions we observed took place immediately after the
209 disappearance of the leader male in one of the units.

210

211 Taken together, the individual fithess costs associated with living in either small or large
212 gelada groups — due to the combined effect of both social and ecological pressures —
213  points to the major role of balancing selection in shaping optimal group size. Our

214  findings and approach pave the way for future investigations of the fitness

215 consequences of demographic variation in primates and other long-lived species for
216  which paired fitness and demographic measures have been difficult to quantify.

217

218
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363 The data for this study derive from 9 years of observation (2006-2014) on a

364  population of wild geladas living in the Simien Mountains National Park, in northern
365 Ethiopia (13°13.5’ N latitude). The Simien Mountains Gelada Research Project

366 (SMGRP, formerly the University of Michigan Gelada Research Project) has collected
367 behavioral, demographic, genetic, and hormonal data from individuals since Jan 2006.
368 All gelada subjects are habituated to human observers on foot and are individually

369 recognizable. Daily precipitation was measured using a rain gauge, while daily

370 maximum and minimum temperatures were measured using a digital thermometer

371 placed in a permanently shaded area. We used longitudinal data from 189 adult females
372 in 33 reproductive units (20 original “founding” units plus 13 “daughter” units resulting
373  from fissions). All adult females had known or estimated birth dates from which we

374 calculated age. The mean age at the mid-point of the study (2010) for all females was
375 12.47 +/- 5.27 SD years; overall range = 4.75 - 27.83 years. Estimated birth dates were
376 calculated based on known dates for other reproductive events (e.g., maturation, first
377  birth, age of oldest offspring, or number of known offspring).

378 We used 15-min focal animal samples (35) to record all social behaviors

379 involving adult females, noting behavioral states (feeding, resting, moving, socializing)
380 and grooming behavior, including total time spent grooming and the identities of

381 grooming partners. This dataset represents 1845.5 hours of focal observation (mean =
382 4.23 +/- 3.57 SD focal hours per female-year).

383

384 Text S2. Unit size
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385 The identities of all individuals present in a unit were recorded each day the unit
386 was seen. For each month of the study period, we recorded the total number of adult
387 females in each unit; where changes in unit size occurred (i.e., due to adult female

388 deaths or subadult female maturations), we used the maximum number of adult females
389 in aunitin a given month. We focus on adult females because we have longitudinal
390 records of the number of adults in each unit for the entire study period but only started
391 recording the total number of individuals (including juveniles and infants) in 2012.

392 However, when we compared the maximum number of adult females in a unit to the
393 total number of individuals in a unit for the subset of data where we have both (2012-
394 2014), we found that both values were highly and significantly correlated (Pearson

395 correlation coefficient = 0.91, p-value = 4.5 x 10-%8; Fig. S1A). We also calculated the
396 maximum number of adult males in each unit for each month, which was not highly

397 correlated with the maximum number of females (Pearson correlation coefficient = 0.08,
398 p-value = 4.5 x 10%; Fig. S1B).

399 Changes in the number of adult females in a unit were either due to female

400 maturations or to deaths. Maturations were recorded as the first observation of a sex
401  skin swelling (details are outlined in 12). Deaths were recorded as the first day an

402 individual was no longer observed with a unit when that individual was consistently

403 absent for three consecutive encounters with that unit (and not observed in a different
404  unit, as in the case of transfers or fissions).

405 Dates of fissions, fusions, and female transfers were assigned to the first day unit
406 females were no longer observed together and subsequently observed either in a

407  separate daughter unit with a new leader male (in the case of fissions), together with
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408 non-unit females and a new leader male (in the case of fusions), or associating with a
409 different unit and new leader male (in the case of female dispersals). In all cases, we
410 immediately identified known females in daughter units or new units following their

411 disappearance from their natal unit.

412 Unless noted, all statistical models included the number of females as a

413 continuous predictor variable. However, for visualization purposes, we also categorized
414  unit size into small, medium (i.e., mid-sized), and large units based on the observed
415 range in variation in sizes. Specifically, cut-offs were determined by calculating the
416 tertiles of the observed monthly distribution of sizes: “small” indicates units of less than
417  or equal to 4 adult females; “mid-sized” indicates units between 5 and 7 adult females;
418 “large” indicates units of 8 or more adult females.

419

420 Text S3. Reproductive performance

421 For the majority of infants born during the study period (n = 243 out of 272 total),
422  the date of birth was known within a day or two. For those infants where we did not
423  observe their day of birth (n = 29), we were able to assign the date of birth within 1

424  month of the actual birth date based on established criteria (i.e., the size of the infant,
425 infant motor skills, presence/absence of the umbilical cord; for more details, see 9).
426  From these birth dates we were able to calculate conception dates based on the mean
427  gestation length (n = 183 days; for more details, see: 12).

428 We used a binary scoring system to assign female reproductive performance.
429 Females were “successful” when their infant survived to 1.5 years of age, which is the

430 mean age of weaning in this population (regardless of actual weaning date). Successful
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431 females received 1 point for each month of pregnancy and lactation leading up to the
432  designated end point of 1.5 years (6 months gestation + 18 months of lactation = 24
433  successful months). If the infant died before reaching 1.5 years of age, no points were
434 awarded to the months of gestation/lactation prior to the infant death.

435 The disappearance of any infant prior to weaning was assumed to be a case of
436 infant mortality. The cause of mortality was assigned based on the following

437 characteristics: if the infant's mother died at the same time, the cause of death was

438 recorded as “maternal death.” If the mother did not die at the same time, and the infant
439  death occurred within 9 months of a takeover, the cause of death was recorded as

440 “infanticide” (9, 10). All other causes of infant deaths were recorded as “unknown.”

441 To assess the effects of unit size on female reproductive performance, we

442  constructed a binomial generalized linear mixed-effects model (GLMM) using the Ime4
443  package (version 1.1-12: 36) in R (version 3.3.2: 37). The dependent binary variable
444  was the monthly success variable for each female-month. We modeled this outcome
445  variable as a function of the following predictors: female age (both the linear and

446  quadratic term, to control for the known effects of female age on reproductive output),
447  maximum number of males in the unit that month (as the number of adult males in a unit
448 varies independently from the number of adult females), and maximum number of

449 females in the unit that month (both the linear and the quadratic term). We controlled for
450 the repeated measures of individual identity, month, and year as random effects.

451 To account for the potential effect of pseudoreplication in our approach we also
452  binned our success variable across two different time periods (3 months and 6 months)

453  and constructed two new binomial GLMMs. For each of these models, the outcome
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454  variable was the number of successful months for each female over the given period out
455  of the number of unsuccessful months over the given period. We included individual

456 identity and the time period (i.e., the specific 3- or 6-month window) as random effects.
457 The results of this binning approach (summarized in Table S2 and S3)

458 recapitulated those of our original month-by-month analysis.

459

460 Text S4. Adult female death rate

461 For each study year, we calculated the total time (in female-years) each unit was
462  observed at a particular size and summed the number of female deaths observed in that
463 unit at each size. The death rate was calculated for each unit-size as the number of

464  adult female deaths out of the number of individual females observed in that unit size for
465 each year, and was modeled as a function of unit size, controlling for time observed (in
466 female-years) at each size.

467 To assess whether the rate at which adult females died varied by unit size, we
468 first calculated the number of deaths observed for each unit-year and the size of the unit
469 atthe time of each death. For each year in our analysis, we summed the total time (in
470 female-years) that we observed each unit at a specific size and matched the time

471 observed at a given size with the total deaths observed that year at that size. We

472  constructed a binomial GLMM using the Ime4 package. The dependent binomial

473  variable was the number of females that died out of the number of females that survived
474  during the time a unit was observed at a specific size. We modeled this outcome

475 variable as a function of the following predictors: unit size (the maximum number of

476 females in the unit, including both the linear and the quadratic term) and the mean age
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of all unit females observed (to control for the increasing risk of death with age). We
controlled for the repeated measures of unit and year as random effects, and to control
for observation time we offset our outcome variable by the number of female-years a

unit was observed at that specific size in a given year.

Text S5. Takeover rate

We recorded the dates of all observed male takeovers (n = 72) of known
reproductive units (following 9) as well as the number of mature females in the unit at
the time of takeover.

To assess how infanticide risk varied with unit size, we first considered takeover
frequency, as infanticides almost exclusively occur within the context of takeovers. We
calculated the total number of takeovers observed according to the size of the unit (i.e.,
number of adult females) at the time of takeover. We modeled this number as the
dependent variable in a Poisson GLMM, offset by the total observation time (unit-years)
of all units at each unit size. We controlled for the repeated effects of unit by including
unit as a random intercept. Finally, we included two fixed effect variables: the maximum
number of adult females in the unit and the average number of males in each size of

unit.

Text S6. Infanticide rate
Next, we considered whether infanticide rates varied by unit size. We first
calculated the number of infant births for each unit-year and the size of the unit at the

time of each birth (total N births = 269). Out of these births, we also calculated the
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number of infants that subsequently died due to infanticide before reaching 1.5 years of
age, i.e., the mean age at weaning in this population (12; total N infanticides = 33). For
each year in our analysis, we summed the total time (in female-years) we observed
each unit at a specific size and matched the time observed at a given size with the
number of births and the subsequent number of infanticides observed that year at that
unit size. We constructed a binomial GLMM using the Ime4 package. The dependent
binomial variable was the number of births that resulted in an infanticide out of the
number of births that did not result in an infanticide. We modeled this outcome variable
as a function of unit size at birth (the maximum number of females in the unit, including
both the linear and the quadratic term). We controlled for the repeated measures of unit
and year as random effects, and to control for observation time, we offset our outcome
variable by the number of female-years a unit was observed at that specific size in a

given year.

Text S7. Feeding time

Feeding time was recorded by noting the broad behavioral state (feeding,
moving, resting, or social) continuously throughout each 15-min focal. For each month,
we calculated total time spent feeding (minutes per focal hour) and limited our analysis
to females that had 3 or more separate focals for that month (>= 0.75 focal hours: n =
132 adult females over 58 months of observation).

To investigate the relationship between feeding time and unit size, we
constructed a series of linear mixed-effects models (LMM) using the Ime4 package. Our

dependent variable was the total minutes an individual spent feeding in a given month
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523 offset by the time observed that month (focal minutes). We considered seven variables
524  in total. First, we included factors related to the size of the unit: maximum number of
525 males in the unit that month, maximum number of females in the unit that month

526 (including either the linear term or the quadratic term for number of females), and the
527  unit size category (small, medium, large) that matched the size of the unit. Second, we
528 included factors related to the seasonal variation in temperature and food availability:
529 maximum temperature (mean maximum temperature across the previous 30 days) or
530 rain (cumulative rain over the previous 90 days: 9, 13). For maximum temperature, we
531 included either the linear or the quadratic term. Because temperature and rain were
532 correlated (Pearson’s correlation: r = -0.696, p < 2.2 x 101%), we ran two sets of LMMs,
533 one that included temperature (or temperature-squared) and one that included rain.
534  Finally, we included factors related to individual condition, which could impact energetic
535 demand: age (maximum female age for the month) and reproductive state (cycling,
536 lactating, or pregnant).

537 We compared all candidate models using AIC and present here the results of the
538 top two models: (i) maximum females?, maximum number of males, maximum

539 temperature?, maximum female age, and reproductive state (see Table S7) and (ii) the
540  unit size category, maximum number of males, maximum temperature?, maximum

541 female age, and reproductive state (see Table S8).

542

543 Text S8. Glucocorticoid metabolites

544 We collected fecal samples from 148 known adult females between 2006 and

545 2014 (n = 3835 hormone samples; mean = 26 samples per female; range: 1-150
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546  samples per female). Fecal samples were collected using noninvasive methods

547  developed by the SMGRP for hormone extraction and preservation under field

548  conditions (38). All samples were assayed for glucocorticoid metabolites (GCMs) using
549  reagents from the ImmuChem™ double antibody corticosterone 2% RIA kit (MP

550 Biomedicals, LLC, Orangeburg, NY). (For more details on hormone extraction and
551 assay methods see: 9).

552 To assess the effect of unit size on GCMs, we log-transformed GCM values to
553 approximate a normal distribution, and then modeled logGCMs (in a LMM using Ime4)
554  as a function of the following predictors. First, we included a variety of predictors

555  previously shown to affect female GCMs (9) due to (1) seasonal variation in

556 temperature, (2) individual characteristics, and (3) social events. Specifically, we

557 included mean maximum and mean minimum temperature over the 30 days prior to
558 sample collection, female age (which we included as both a linear and quadratic term),
559 and reproductive state (pregnant, cycling, or lactating), as well as the interactions

560 between age and age-squared and reproductive state. We also included a categorical
561 predictor reflecting whether the sample had been collected in the 30 days following a
562 takeover, and the interaction between takeover and reproductive state.

563 Finally, we included two predictors reflecting unit size: maximum number of unit
564 females (both the linear and quadratic term) and maximum number of unit males. We
565 controlled for the repeated effects of individual identity, month, unit, and year (for

566 results, see Table S9).

567

568 Text S9. Grooming time, partners, and network average clustering coefficient
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569 All grooming interactions, including the duration and identities of grooming

570 partners, were also recorded. For each year, we first calculated grooming time (minutes
571  of grooming, both given and received, per focal hour) for all co-resident females (i.e., for
572  all potential grooming partners). We also summed the number of adult female grooming
573 partners each focal was observed to groom with each year to calculate their total

574  number of grooming partners. Finally, we used social network analysis to assess the
575 global properties of the social network of each unit (39). Specifically, we used the

576  package igraph (version 1.0.0, 40, in R to first calculate the individual clustering

577  coefficient, or weighted transitivity, for each female in a unit based on dyadic grooming
578 rates (using the function transitivity, 41; at the local, or individual level, the clustering
579  coefficient reflects how embedded an individual is in a social network; i.e., how well-
580 connected they are as well as how well-connected their associates are). We limited this
581 analysis to units with 3 or more adult females, because the clustering coefficient is

582 based on the number of “closed” triangles in a network (i.e., how many triplets each

583 share ties). To assess the interconnectivity of the unit at the global level, or the network
584  average clustering coefficient, we calculated the mean individual clustering coefficient
585 for all adult females in the same unit each year (42). The network average clustering
586 coefficient indicates the degree to which all individuals in a unit cluster together.

587 To assess the effect of unit size on female social behavior, we constructed three
588 sets of LMMs using the Ime4 package. The outcome variables for each set of models
589 were: (1) grooming time: total yearly minutes grooming per focal hour; (2) grooming
590 partners: total yearly adult female grooming partners per focal female; and (3) network

591 average clustering coefficient. We modeled each outcome variable as a function of the
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592 following predictors: the maximum number of adult females in the unit (including the
593 linear and the quadratic terms), the maximum number of males in the unit, and (for the
594 first two individual-level measures) the focal female’s age at the end of the year. We
595 controlled for the repeated effects of individual identity (for grooming time and grooming
596 partners), unit, and year, and limited our analysis to females that had at least one hour
597  of focal observation during the year (four 15-min focals). Each model set included the
598 intercept-only null model, univariate models that considered only a single fixed effect,
599 and multivariate models that considered all combinations of fixed effects. Model fits
600 were compared using AIC and the results of the top model are reported here (see

601 Tables S10-S12).

602

603  Figures were constructed using ggplot2 (43).

604

605
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606 FIGURES S1.

607
A
G307
=
>
£
(2]
T 20+
=
©
=
2
= 101
8
S
1 2 3 4 5 7 8 9 10 11 12 13
total adult females in unit
B“ .
5
= 6 °
- L [ B J @
E [ ] ® L ]
Z4 - E
5 ®
ko] ®
D21
S
=
1 2 3 4 5 7 8 9 10 11 12 13
total adult females in unit
Fig. S1. The number of adult females in a unit is highly correlated with the total number of
individuals in a unit. (A) Total adult females in a unit (x-axis) by the total individuals (y-axis; including
juveniles and infants) in a unit for each unit-month. (B) Total adult females in a unit (x-axis) by the total
adult males (y-axis) in a unit for each unit-month.
608
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610 TABLES S1-S12.

611
Table S1. Results from reproductive performance model (1-month intervals)
Standard
Predictor Estimate Error z value p-value
Female age -87.70 10.02 -8.75 **x 2.1 x1018
Female age? -35.86 4.34 -8.27 ** 1.3 x 1016
Maximum males -0.40 0.04 -11.35 *% 7.1 x 10730
Maximum females -4.03 4.27 -0.94 3.4x10%
Maximum females? -11.22 3.30 -3.40 % 6,7 x 104
612
613

Table S2. Results from reproductive performance model (3-month intervals)

Standard
Predictor Estimate Error z value p-value
Female age -52.48 7.28 -7.21 **k 5.6 x 1013
Female age? -21.61 2.74 -7.89 0k 3.4 %1015
Maximum males -0.43 0.03 -12.64 *xx 1 3 x 10736
Maximum females -2.27 2.64 -0.86 3.9x10?
Maximum females? -4.81 2.09 -2.31 *2.1x107?
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614

Table S3. Results from reproductive performance model (6-month intervals)
Standard

Predictor Estimate Error z value p-value
Female age -34.56 5.87 -5.89 *** 3.8 x 10°
Female age? -16.06 2.05 -7.84 ** 4.6 x 1071
Maximum males -0.41 0.03 -13.33 **% 1.4 x 1040
Maximum females 0.73 1.99 0.37 7.1x101
Maximum females? -4.00 1.58 -2.54 *1.1x107?

615

616
Table S4. Results from female death rate model
Predictor Estimate Standard Error z-value p-value
Maximum females -23.10 3.12 -7.41 ***13x101%
Maximum females? 13.52 3.01 449 **71x10°
Female age 0.20 0.07 263 **85x103

617

618

619
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620
Table S5. Results from takeover rate model
Predictor Estimate Standard Error z-value p-value
Maximum females 0.51 0.20 249  *1.3x10?
Maximum males 0.64 0.18 3.59 ***3.4x10*
621
Table S6. Results from infanticide rate model
Predictor Estimate Standard Error z-value p-value
Maximum females -18.35 6.51 -2.82  **48x103
Maximum females? 24.40 5.85 4,17 ***3.0x10°
622

Table S7. Results from top model for monthly feeding time

Predictor Estimate Standard Error t-value p-value
Maximum females? 2.30 0.73 3.16 **3.2x103
Maximum males -2.12 0.54 -3.92  *** 9.6 x10°
Maximum temperature? 3.06 1.40 2.18 *3.1x107?
Female age -1.01 0.45 -2.23 * 2.7 x107?
Reproductive state: lactating 1.14 1.05 1.08 2.8 x101
Reproductive state: pregnant 0.27 1.30 0.21 8.3x10?
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623
Table S8. Results from top model for monthly feeding time (categorical predictor)
Predictor Estimate Standard Error t-value p-value
Unit category: Medium -1.89 1.54 -1.23 2.2x101
Unit category: Large 4.01 1.92 2.09 * 4.2 x107?
Maximum males -2.12 0.54 -3.92 ***38x10°
Maximum temperature? 3.06 1.40 2.18 *3.2x107?
Female age -1.01 0.45 -2.23 *2.2x107?
Reproductive state: lactating 1.15 1.05 1.08 2.7x10?
Reproductive state: pregnant 0.15 1.30 0.12 9.1x101

624

625
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626

Table S9. Results from glucocorticoids model

Predictor Estimate Standard Error  t-value p-value
Maximum females -0.91 0.61 -1.50 1.4 x 101
Maximum females? 0.67 0.44 1.53 1.3x101
Maximum males 0.03 0.01 4.73 %25 x106
Maximum temperature -0.06 0.01 -5.24 % 2.5x%x107
Minimum temperature -0.005 0.01 -0.59 5.5x 101
Takeover (Y) 0.06 0.02 3.16 ** 1.6 x10°3
Reproductive state: lactating 0.08 0.01 6.29 *** 3.9 x1071¢
Reproductive state: pregnant 0.11 0.01 8.69 ***<20x107?
Female age 2.27 0.45 4.99 *** 1.2 x106
Female age? -1.97 0.40 -4.90 *** 1.5 %106
Takeover (Y) x Reproductive state: lactating -0.03 0.04 -0.68 5.0 x101
Takeover (Y) x Reproductive state: pregnant 0.25 0.07 3.49 ** 4.9 x10%
Reproductive state: lactating x Female age -1.81 0.70 -2.60 **9.3x10°3
Reproductive state: pregnant x Female age -2.58 0.70 -3.68 ** 2.4 x10%
Reproductive state: lactating x Female age? 3.354 0.82 4.30 *% 1.8 x10°
Reproductive state: pregnant x Female age? 2.16 0.78 2.78 ** 5.6 x 1073

627
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Table S10. Results from grooming time model

Predictor Estimate Standard Error t-value p-value
Maximum females 1.35 4.43 0.31 7.6 x10?
Maximum females? -3.47 3.74 -0.93 3.6 x10?
Maximum males 0.48 0.14 3.44 **6.4x10*
Female age -0.42 0.16 271 **7.4x10°%
Table S11. Results from number of grooming partners model

Predictor Estimate Standard Error t-value p-value
Maximum females 8.88 1.94 458 **26x10°
Maximum females? -5.17 1.51 -3.42 **75x10*
Maximum males 0.08 0.05 1.45 1.5x10?
Female age -0.11 0.06 -1.97 .5.1x10?
Table S12. Results from clustering coefficient model

Predictor Estimate Standard Error t-value p-value
Maximum females -0.93 0.41 -2.26 * 3.4 x107?
Maximum females? 0.41 0.37 1.12 2.7 x10%
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