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SUMMARY

Between-group competition in social animals ap-
pears to be a prominent selective pressure shaping
the evolution of territoriality and cooperation [1–4].
Evidence for an effect of between-group competi-
tion on fitness in territorial species, however, is
mostly lacking because of difficulty in measuring
between-group competition and its long-term
impact [5]. Between-group competition corre-
sponds to a complex set of interactions between
neighboring groups, and its intensity seems to
depend on the competitive abilities of each inter-
acting group [6, 7]. We tested whether the compet-
itive ability of groups and the pressure exerted by
neighboring groups affected the reproductive suc-
cess of wild female chimpanzees (Pan troglodytes
verus). Using long-term data on four neighboring
groups in the Taı̈ National Park, Côte d’Ivoire,
collected over the course of 54 observation years,
we measured the competitive ability of habituated
groups using the number of mature males and
the pressure exerted by non-habituated neighbors
with an index of neighbor pressure that combined
the frequency of neighboring encounters and
related spatial information. Importantly, we found
that experiencing low neighbor pressure provides
fitness benefits through increased offspring
survival and shorter inter-birth intervals. Also,
many males in a group are associated with shorter
inter-birth intervals. We conclude that high be-
tween-group competition hampers fast reproduc-
tion and offspring survival when exposure is during
the prenatal period. Our findings suggest that hav-
ing many males in a group results in fitness bene-
fits and that between-group competition should
be considered as a potential selective pressure
that shaped key social adaptations in the hominoid
lineage.
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We investigated the effects of chimpanzee between-group

competition on female reproductive success within the concep-

tual framework of the inter-group dominance hypothesis [8],

which postulates that between-group competition results in a

between-group hierarchy with more dominant groups enjoying

better reproductive success than less dominant ones. A group’s

dominance depends on its competitive capacity relative to other

groups, measured by group size or number of individuals of the

dominant sex [6]. The dominance of neighboring groups can be

estimated by the intensity of the pressure they exert on a partic-

ular group [9]. Thus, to investigate the impact of between-group

competition on reproductive success, one needs to consider

both the group’s competitive ability and the level of neighbor

pressure experienced. We define neighbor pressure as a

component of between-group competition corresponding to a

threat caused by presence of neighbors in one’s territory. Repro-

ductive success should improve when individuals live in a group

with high competitive ability and low neighbor pressure. We

tested these predictions using 54 observation years of ranging

and demographic data on four neighboring groups (north, mid-

dle, south, and east) of wild chimpanzees (Pan troglodytes verus)

in the Taı̈ National Park, Ivory Coast [10, 11]. Chimpanzees are a

suitable species to study the effects of between-group competi-

tion as they are predominantly hostile toward neighbors and in-

ter-group encounters can be lethal [12–14]. Lethal aggression

between neighbors depends on the number of males [13], so

we used the number of mature males >12 years old (range

0�7 across groups) [15, 16] to approximate the competitive abil-

ity of habituated groups. The pressure exerted by neighbors is

often measured by using rates of inter-group encounters [17–

21], home-range overlap [22], or population density [23, 24].

However, low rates of inter-group encounters may not reflect

low neighbor pressure but rather inter-group encounters avoid-

ance, especially when power asymmetry exists [25]. Population

density, although applicable for comparative studies of different

populations [13], is not suitable for within-population compari-

sons where local variation in population density is usually low.

As locations of inter-group encounters can have an effect on

the outcome of such contests [9, 19], we measured the neighbor

pressure by a novel index combining information on occurrence
nuary 20, 2020 ª 2019 The Author(s). Published by Elsevier Ltd. 1
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Table 1. Offspring Survival Is Negatively Associated with

Neighbor Pressure during Pregnancy

Terms b SE p 95% CI

Food availabilitya,b 0.294 0.214 0.170 0.95, 1.87

Number of individualsa,b �0.058 0.216 0.790 0.67, 1.33

Number of malesa,b �0.049 0.240 0.840 0.61, 1.47

Neighbor pressurea,b 1.025 0.391 0.008c 1.51, 4.85c

Sex_infant_maled �0.777 0.398 0.051 0.19, 1.13

Age of motherb,d 0.596 0.231 0.010c 1.15, 2.87c

Rank of motherb,d �0.117 0.197 0.550 0.66, 1.19

Cox proportional hazards model on offspring survival based on the

pregnancy period (N = 81 offspring for 44 mothers; 37 death events). A

positive regression coefficient b indicates an increased likelihood for

the hazard to occur (e.g., death). Means and SD of z-transformed vari-

ables and test statistics are given in Data S2. Food availability is multi-

plied by each group territory size. See also Table S3 and Data S2.
aTest predictors.
bz-transformed.
c95% confidence intervals (CIs) and p values indicating a statistically sig-

nificant effect; 95% CIs are calculated using the R function ‘‘coxph’’ and

are based on the hazard ratios (the exponent of the coefficients b).
dControl predictors.
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and location of inter-group encounters (n = 384). This measure,

which approximates the theoretical take-over pressure [17], as-

sumes that the threat is higher if neighbor intrusion occurs close

to the center of the residents’ territory [19] or in frequently used

locations [9, 17, 26]. We then propose the following composite

neighbor pressure index (NPI) = m [(I) 3 (K)]j 3 Fj, where ‘‘I’’ rep-

resents the relative distance of the inter-group encounter to the

territory center [26] and ‘‘K’’ the value of the inter-group encoun-

ters locations as a function of usage by the group over the past

year [19]. Over a time period of interest j (i.e., during the

8.5 months of pregnancy), the mean (m) value of the product of

these two spatial measures is multiplied by F as the mean fre-

quency of inter-group encounter occurrence [17–19]. We as-

sume that the neighbor pressure index is high in a given group

when inter-group encounters are more frequent and occur in lo-

cations that are close to the territory center and frequently used

by the territory owners.

To assess the effect of between-group competition on

chimpanzee female reproductive success, we analyzed how a

group’s competitive ability, neighbor pressure, and within-group

competition affected offspring survival and inter-birth interval

lengths. Because the importance of inter-group encounters’ lo-

cations for chimpanzees’ dynamics of between-group competi-

tion has not previously been tested, and to assess whether our

index is an adequate measure of costs due to between-group

competition, we performed ad hoc model comparisons using

an information-theoretic approach [27] between the models,

including the neighbor pressure index, and subsequent models

testing the effect of each component of the neighbor pressure in-

dex separately while keeping the other variables in all models

constant. We included vocal and physical inter-group encoun-

ters when computing the neighbor pressure index, because

both types of inter-group encounters are known to trigger a

stress response [28, 29]. Although they differ in the risk of injury,

they are unlikely to differ in their long-term effects on territory
2 Current Biology 30, 1–7, January 20, 2020
usage, such as location avoidance. However, because physical

inter-group encounters trigger a stronger cortisol response than

vocal inter-group encounters [29], we computed further survival

models testing the effect of the number of physical and vocal in-

ter-group encounters or the number of physical inter-group en-

counters only, which we compared to the original model that

tested the effect of the neighbor pressure index. We did not

consider patrolling behavior, as we concentrated on evidence

of neighbor detection.

Effects of Neighbor Pressure on Survival Probability
We first modeled the survival probability of offspring (age

range: 0–234 months; n = 81) using a Cox proportional hazards

mixed-effects model, in which we averaged each predictor

across the months of pregnancy for each mother (n = 44),

thus reflecting potential prenatal effects on survival. Test pre-

dictors were the number of mature males (range: 0.5–6.25)

and the neighbor pressure index (range: 0.0001–0.617) as mea-

sures of between-group competition and the number of within-

group weaned individuals (range: 4.12–40.25) as a measure of

within-group competition. Because territory sizes differ be-

tween groups, we considered food availability scores (range:

0.66–10.31) based on the monthly fruit availability index (FAI)

[30] multiplied by the yearly territory sizes to represent both

between-group and within-group competition. We controlled

for the mother’s dominance rank, her age at offspring

birth, and the sex of the offspring. We included mother and

group identity as random effects. We monitored offspring sur-

vival continuously from birth to the end of the study period, dur-

ing which 37 offspring died. Mortality rates (number of deaths)

did not differ significantly between groups (chi-square test c 2 =

6.77, df = 3, p = 0.08; n(North) = 9, n(Middle) = 4, n(South) = 17,

n(East) = 7; Table S1).

The test predictors significantly affected the probability of

survival (likelihood ratio test [LRT]: c 2 = 9.50; df = 4; p = 0.04).

Specifically, high neighbor pressure (z = 2.62; p = 0.008; Table

1; Figure 1A) during pregnancy decreased offspring survival.

Neither the number of mature males (z = �0.21; p = 0.84) nor

the number of weaned individuals (z = �0.27; p = 0.79) affected

survival. A subsequent analysis testing survival up to 3 years of

age (to restrict offspring mortality to the dependency period)

almost reached significance (LRT: c 2 = 9.99, df = 4, p = 0.04;

specific effect of the neighbor pressure index: z = 1.95, p =

0.051; Table S2; Figure 1B). A weaker effect here than when

examining survival across all ages may be attributed to the fact

that survival before weaning (%3 years) mostly depends on

mother’s survival [10, 31], with the exception of few adoption

cases [32, 33]. Also, to determine whether the negative impact

of neighbor pressure on survival was limited to the prenatal

period or also acts similarly during lactation, we conducted three

similar survival analyses in which the test and control variables

were averaged across the first year, the first 2 years, and the first

3 years of lactation. The probability of survival over lifetime was

not significantly affected by the test predictors in all threemodels

(first year—LRT: c 2 = 2.47, df = 4, p = 0.64; Data S1A; 2 years—

LRT: c 2 = 1.73, df = 4, p = 0.78; Data S1B; 3 years—LRT: c 2 =

1.62, df = 4, p = 0.80; Data S1C), indicating more pronounced

effects of neighbor pressure during the prenatal than the lacta-

tion period.



Figure 1. Effects of Between-Group

Competition and Within-Group Competition

on Female Reproductive Success

(A) Effect of neighbor pressure values during

pregnancy on offspring survival, up to 150 months.

(B) Effect of neighbor pressure values on offspring

survival up to 3 years old (see also Table S2); red

curve for neighbor pressure below the mean

(range: 0–0.061; N = 56 pregnancies) and blue

curve for neighbor pressure above the mean

(range: 0.062–0.617; N = 25 pregnancies).

(C) Neighbor pressure effect on inter-birth interval

length.

(D) Effect of group size (measured by the number of

weaned individuals) on inter-birth interval length.

(E) Effect of the number of mature males on inter-

birth interval length. Dashed lines show the fitted

models and the gray areas their 95% confidence

interval. Letters and associated colors correspond

to the different communities: E, east group; M,

middle group; N, north group; S, south group.
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To compare the effect of the neighbor pressure index with the

effect of the individual components of the index on survival dur-

ing the pregnancy period, we conducted a model comparison

based on Akaike information criterion (AIC) [27]. This indicated

that the neighbor pressure index had the strongest effect on sur-

vival, although the individual components showed a lesser

impact on survival (Table 3; Data S2). Additional comparisons

investigating the effects of the number of physical encounters

only, or physical and vocal encounters, both showed less impact

on survival than the effects of the neighbor pressure index (Table

S3; Data S2).

Effects of Between-Group Competition on Inter-birth
Interval Length
Inter-birth interval is a life history trait commonly used to assess

female reproductive success [34]. High-ranking females show

higher reproductive rates compared to low-ranking females,

creating shorter inter-birth intervals in most mammals [34–41].

In some chimpanzee populations, females have shorter inter-

birth intervals with increasing group territory size [42]. Also,

high-ranking females showed faster reproductive rates due

to access to more preferred food in their core area [43, 44].

These studies suggest that better access to resources improves

reproductive conditions and allows females to reproduce faster

[45]. It has also been shown, in various species [46] and in Taı̈

chimpanzees [47], that inter-birth interval lengths differ depend-

ing on the sex of the previous infant. In sum, we expect higher

reproductive rates (shorter inter-birth intervals) for better

compared to poorer reproductive conditions, which we expect

to be negatively affected by higher between-group and
C

within-group competitions. We fitted a

linear mixed model (LMM) [48] investi-

gating whether variation in inter-birth in-

terval lengths was influenced by mean

values of the number of mature males

(range: 0.8–7) and of the neighbor pres-

sure index (range: 0.0035–0.2577) as be-

tween-group competition measures and
by the number of within-group weaned individuals (range:

8–38.07) as within-group competition measure. We included

food availability multiplied by territory sizes (range: 0.76–9.58),

where low values are expected to be associated with high be-

tween-group and within-group competition. We controlled for

the sex of the previous infant [47] and for the mother’s mean

dominance rank and her age at conception. The covariates

were averaged for each female across the time period (range:

1–4 years) when females should resume reproduction (3 years

after the last birth until next conception). We only included fe-

males with a previous offspring that survived at least 3 years

(estimated period for post-partum amenorrhea [49]; n = 71 in-

ter-birth intervals for 44 mothers; inter-birth intervals mean ±

SD = 1,800.8 ± 343.3 days; range: 1,218–2,709 days). The orig-

inal model included the interactions of dominance rank with all

other variables, as dominance is known to influence the length

of inter-birth intervals [39, 43, 44], and random effects comprised

the identity of groups and mothers.

The test predictors significantly affected inter-birth interval

length (LRT: c 2 = 18.89; df = 8; p = 0.01), but none of the inter-

actions were significant. Therefore, we fitted a reduced model

without the interactions (Tables 2 and S4). Both between-group

and within-group competitions affected inter-birth intervals’

length as predicted. Female inter-birth intervals were longer

when neighbor pressure was high (Figure 1C: estimate ± SE =

86.96 ± 34.15; df = 1; p = 0.037) and when the number of weaned

individuals was high (Figure 1D: estimate ± SE = 124.62 ± 34.07;

df = 1; p = 0.018) and shorter when the number of mature males

was high (Figure 1E: estimate ± SE =�125.37 ± 39.39; df = 1; p =

0.015). Like for the survival model, the ad hoc comparison of AIC
urrent Biology 30, 1–7, January 20, 2020 3



Table 2. Inter-birth Intervals Are Affected by Neighbor Pressure,

Number of Mature Males, and Group Size

Terms c2 p 95% CI

Intercept 1,584, 1,783

Food availabilitya,b 0.492 0.482 �52.67, 104.32

Number of individualsa,b 5.590 0.018c 56.17, 196.50c

Number of malesa,b 5.860 0.015c �209.04, �43.68c

Neighbor pressurea,b 4.344 0.037c 20.87, 153.85c

Sex infant maled 5.598 0.017c 72.63, 376.36c

Age of motherb,d 0.282 0.595 �46.06, 99.15

Rank of motherb,d 0.200 0.654 �86.70, 56.36

The results correspond to a reduced LMM not including the interactions

(see text). Means and SD of z-transformed variables and variance

components of the random effects and residuals are given in Table

S4. Food availability is multiplied by each group territory size. See also

Table S4.
aTest predictors.
bz-transformed.
c95% CIs and p values indicating a statistically significant effect.
dControl predictors.

Table 3. Model Comparisons between a Model Using the

Composite Index for Neighbor Pressure (Model NPI) and

Subsequent Models Replacing the Composite Index by the

Frequency F of Inter-group Encounters (Model Frequency F), the

Degree of Intrusion (Model Intrusion I), and the Kernel of the

Inter-group Encounters Locations (Model Kernel K)

Analysis Model df logLik AIC

Delta

AIC

AIC

Weight

Survival model NPI 7 �122.261 259.5 0 0.509

Survival model I 7 �123.018 260.7 1.25 0.272

Survival model K 7 �123.886 261.8 2.32 0.160

Survival model F 7 �124.870 263.7 4.29 0.060

Inter-birth

interval

model NPI 18 �493.188 1,022.4 0 0.666

Inter-birth

interval

model I 18 �494.619 1,025.2 2.86 0.159

Inter-birth

interval

model K 18 �495.126 1,026.3 3.88 0.096

Inter-birth

interval

model F 18 �495.322 1,026.6 4.27 0.079

See also Data S2.
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for models differing only in the inter-group encounter parameters

revealed that the variance of inter-birth intervals is better

explained by the model including the neighbor pressure index,

followed by the intrusion and the past usage models (Table 3).

DISCUSSION

This study provides evidence for effects of between-group

competition on female reproductive success in a highly territorial

social species under natural conditions. First, high neighbor

pressure is associated with reduced offspring survival and

longer inter-birth intervals. Second, high competitive ability is

associated with short female inter-birth intervals. Our results

support the notion that between-group competition can act as

a selective pressure shaping social behavior, because females

in groups with high neighbor pressure and fewmales experience

reduced reproductive success. The role of between-group

competition in shaping specific adaptations, so far, has been

difficult to test due to the need for long-term data on several

groups within a population (but see [50] for experimental evi-

dence) and due to the difficulty in measuring levels of be-

tween-group competition. Here, we investigate the potential

costs of between-group competition, although the question of

what chimpanzees compete over will need further investigation

relating neighbor pressure and socio-environmental conditions.

Using the neighbor pressure index and each group’s compet-

itive ability both as measures of between-group competition, we

can tease apart the effects due to the neighbor pressure from

those due to a given group’s offensive capacity. The neighbor

pressure index not only impacts significantly on reproductive

success measures but also explains their variance better than

the rate and the number of inter-group encounters (all types

and physical only). Importantly, themodels including the location

parameters are more supported than the models with the rate of

inter-group encounters. These results reinforce the idea that in-

ter-group encounters’ locations influence the costs of between-

group competition. High neighbor pressure during pregnancy,
4 Current Biology 30, 1–7, January 20, 2020
but not during lactation, reduced offspring survival, indicating a

prenatal effect of neighbor pressure on offspring survival.

Possible mechanisms explaining this effect could involve

repeated high maternal hypothalamic pituitary adrenal activity

caused by nutritional stress related to limited access to nutritious

food resources, such as nut tree patches, in contested areas of

the territory when neighbor pressure is high [51] or caused by

mothers’ repeated exposure to inter-group encounters, a known

stressor in chimpanzees [28, 29, 52]. In chimpanzees, mothers’

stress levels during gestation are associated with that of their

offspring during development [53]. Like in humans, prenatal

stress in chimpanzees may increase the susceptibility to

offspring disease and thus mortality [54] or trigger epigenetic

changes as seen in primates experiencing strong environmental

pressures [55]. It should be noted that high neighbor pressure

can be precipitated by higher mortality in one group relative to

another, with weakened groups experiencing more neighbor

pressure, and death is caused by a number of factors. In Taı̈

chimpanzees, for example, these include poaching, leopard pre-

dation, and disease [10, 11, 56, 57]. Nonetheless, our results

suggest that thosewho experienced high neighbor pressure pre-

natally are more vulnerable to mortality in general, even if causes

of mortality are likely not directly linked to between-group

competition.

Our results indicate that, under favorable conditions, such as

periods of low neighbor pressure, chimpanzee females produce

faster, which results in shorter inter-birth intervals. Causal fac-

tors promoting this result could be tested in future studies. Likely

candidates include improved access to patchy resources under

low neighbor pressure conditions and an increase of territory

size for more competitive groups [42, 58]. Chimpanzees rely on

ephemeral ripe fruits and may experience nutritional stress in

low fruit seasons [59], and access to key food patches could

also be obstructed by neighbors’ presence. As for the effect

on survival, repeated exposure to inter-group encounters and

a higher neighbor pressure could also act as a repeated stressor,
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resulting in negative effects on reproductive success. This may

be particularly the case when high neighbor pressure is sus-

tained over months or several years, such as during the inter-

birth intervals (range: 1–4 years). High glucocorticoids during

inter-group encounters are likely linked to the elevated risk of

aggression resulting in injury or death, particularly of inter-group

infanticide [28, 29], even though these rates are lower in Taı̈ than

in other chimpanzee populations [13, 60].

Reproductive rates were also shorter when more males were

present in a group. Large numbers of males are associated

with larger territories in Taı̈ [10, 18]. These results replicate and

confirm previous findings in chimpanzees [42] and other primate

species [61], in which females reproduce faster when territory

size is increased. More males also indicate a strong competitive

ability at the between-group level (better fighting potential and

larger territories) [18, 60], which should reduce neighbor pres-

sure [8, 17]. Having many males may reduce incursions of neigh-

bors and thus reduce the neighbor pressure experienced and

potential loss of territory, which would benefit females, although

high neighbor pressure could increase the loss of territory and

thus increase within-group competition [62]. However, we

cannot rule out that many males increase sexual within-group

competition, in which case females might counteract increased

sexual coercion by males [63] by reproducing faster. Inter-birth

intervals were longer with high numbers of weaned individuals,

suggesting costs of within-group feeding competition, despite

no significant effect of food availability. In sum, increased repro-

ductive rates seem a beneficial strategy for females when repro-

ductive conditions are favorable.

Between-group competition is considered a strong driver of

group territoriality and within-group cooperation [1–4, 14]. Our

study demonstrates the potential of between-group competition

to drive selection for particular social traits in wild chimpanzees,

a highly territorial species. Similar effects are expected in other

territorial social species with hostile inter-group encounters

associated with high potential costs [21]. Territoriality can be

an evolutionary stable strategy when intrusions by neighbors

are costly for territory owners [64]. Thus, the potential costs

incurred by between-group competition and the advantage of

increased number of males likely shaped the intense territoriality

of chimpanzees. Similarly, the capacity of chimpanzees to coop-

erate as a group could have been selected for in a context of

intense between-group competition [14, 65]. It would be adap-

tive to reduce the potential costs of neighbor incursions by coop-

erative border patrols, a strategy used by chimpanzees [14, 15],

but this remains to be tested. In humans, intense levels of be-

tween-group competition have been proposed as a major selec-

tive pressure shaping the evolution of certain social adaptations

until recently considered particularly specialized in humans,

such as group-level cooperation with non-kin [66] and strong

in-group cooperation in the face of out-group threat underpinned

by facilitative neuroendocrine mechanisms [14, 67]. This study

in chimpanzees offers a demonstration that between-group

competition holds the potential to drive selection of particular

traits and thus adds strong support to other chimpanzee studies

[14, 68] indicating that such between-group competition-

driven social adaptations have a much older evolutionary history

within hominoids than previously thought. Intense levels of be-

tween-group competition, in conjunction with effects of group
dominance [8], likely could have led to group extinctions in the

hominin lineage [69, 70]; thus, our study adds information to con-

ditions in which extinction of groups could have occurred and

which specific adaptations facilitating reduction of risk could

have been under selection.
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MuMin v.1.42-1 [75] CRAN (https://cran.r-project.org)

AICcmodavg v.2.2-1 [76] CRAN (https://cran.r-project.org)

Other

Variable measurements and analysis scripts This paper N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sylvain

Lemoine (sylvain_lemoine@eva.mpg.de). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We collected non-invasive observational data on four habituated wild chimpanzee groups from the Taı̈ National Park, Ivory Coast:

North (0-4 adult males, 6-12 adult females), South (2-7 adult males, 6-21 adult females), Middle (1-3 adult males, 2-4 adult females)

and East (3-7 adult males, 9-18 adult females). Data collection extended from 1997 to 2016, cumulating in 54 years across groups [10,

11]. The length of the study periods varied between communities (North: 19 years, South: 17 years, Middle: 5 years; East: 9 years –

Table S1). We chose 12 years old as the cut-off age for males, based on evidence for social dominance, participation to border patrol

and paternity [77–79], similarly to previous studies on chimpanzees where adolescent males were also considered [15, 68]. We

considered females as adult as soon as they presented exaggerated sexual swellings (minimum age: 9.5 years old). We used the

number of weaned individuals, which is equivalent to the number of individuals that can feed independently from their mothers

and travel without assistance, as a proxy for within-group feeding competition. We expressed the number of males and weaned in-

dividuals in the analyses asmeanmonthly values. Dominance ranks of females were calculated daily using the Elo ratingmethod [80],

in which we used submissive unidirectional pant grunt vocalizations to establish hierarchies [81]. Within each group and for each fe-

male, we used themean rank over the particular period of time considered. Age and rankwere poorly correlated (Pearson R = 0.43) so

both variables could be included in the analyses. All behavioral data collections follow the ethical guidelines of the Max Planck So-

ciety, of the Ministère de l’Enseignement Sup�erieur et de la Recherche Scientifique and the Ministère de Eaux et Forêts in Côte

d’Ivoire, and of the Office Ivoirien des Parcs et R�eserves.

METHOD DETAILS

Food availability and neighbor pressure index
We calculated food availability on a monthly basis following a standard food availability index (FAI) [30], that combines chimpanzee

food fruiting phenology scores (absence/presence of mature fruits), density of tree species and mean basal areas of each tree spe-

cies. Densities and basal areas were measured separately for each chimpanzee community home-range, and phenology trails are

established on each territory, so that differences between groups in terms of FAI not only consider differences in fruit productivity

but also local density differences. Overall, there were no differences in the monthly FAI scores between the four study groups

(one-way ANOVA: F3,526 = 1.323, p = 0.266). Since each group lives in territories of different sizes, we multiplied the FAI scores

by the yearly territory sizes to take into account these between-group differences: ([FAI x territory size] / 10). We calculated yearly

territory sizes based on 95% utilization distribution of all locations cumulated from 1st January to 31st December of each year. Lo-

cations were established during focal follows by using hand maps in which a grid of 500 m x 500 m cells was allocated.

To calculate the neighbor pressure index (NPI), we considered all types of inter-group encounters (physical: n = 103 – 55 involving

physical aggression, 48 only visual contact; and vocal: n = 281, across all groups; Table S1), as both types are known to trigger a
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behavioral and physiological response [14, 28, 29]. Physical inter-group encounters correspond to those in close proximity where

visual contact between opponents occurred even in the absence of fight or physical aggression (n = 48). For each inter-group

encounter we extracted two metrics related to their location: (i) I: the extent of incursion of neighbors, measured as the distance be-

tween the location of the encounter and the center of the territory (measured for the last 12 months), relative to the distance to the

border delimited by the kernel distribution of 75% of the locations (used as a cut-off point to delimit core areas [18]); (ii) K: the past

usage by the target group during the last 12 months of the location of the inter-group encounter, measure based on the kernel dis-

tribution of the ranging locations expressed every 10%. We computed the product of these two metrics and used the mean product

value across each specific time frame considered in the different models (8.5 months of pregnancy for survival analysis, female-spe-

cific for inter-birth interval analysis), which wemultiplied by the mean frequency of occurrence of the inter-group encounter (F) based

on the number of observation days between consecutive encounters, in order to control for variation in the observation effort. The

three components vary in the same direction, resulting into large values of the index associated with a stronger neighbor pressure.

Correlations coefficients (Pearson) between the three components, based on the all inter-group encounters, are: I – K (0.53), I – F

(0.004), K – F (�0.02).

Offspring survival and inter-birth interval
For each group, we selected the offspring born during the study period for which we could access the variables of interest during the

8.5 months of their mother’s pregnancy (North n = 24 offspring; Middle n = 4 offspring; South n = 33 offspring; East n = 20 offspring).

We did not include offspring that died the same month than their mother died. Orphans were included in the dataset (n = 13, among

which 3 died). Emigrant individuals were considered as alive at the age of departure (n = 2). Results of the survival analysis based on

pregnancy periods are provided in Tables 1 and S2 and Data S2.

For the survival analysis based on the lactation period (Data S1), we included for the first year 80 offspring (North n = 23; Middle

n = 3; South n = 34; East n = 20), for the two first years 70 offspring (North n = 21; Middle n = 3; South n = 28; East n = 18) and for the

three first years 58 offspring (North n = 19; Middle n = 1; South n = 24; East n = 14). The events considered were deaths. All individuals

were followed during their lifespan and continuously censored. Inter-birth intervals were defined as the number of days between two

consecutive births for the same mother, under the condition that the former offspring reached at least three years old. During each

inter-birth interval, the period during which a female could potentially become receptive again and conceive was chosen as the spe-

cific period for each female between the 3rd year after the last birth to the predicted month of the next conception (last birth + 3 years,

to next conception). This period varied between 1 and 4 years across groups. The choice of three years after the last birth makes our

study comparable to studies conducted in Gombe [42]. We obtained 71 inter-birth intervals in total (22 for 10 females in North, 35 for

21 females in South, 2 for 2 females in Middle and 12 for 10 females in East).

QUANTIFICATION AND STATISTICAL ANALYSIS

To analyze the effect of between-group competition and within-group competition on offspring survival, we conducted a mixed-ef-

fects Cox proportional hazards model, using the R packages ‘‘survival’’ (version 2.44-1) [71], and ‘‘coxme’’ (version 2.2-10) [72].

Across the pregnancy period of the mother and across the three time windows related to the lactation period, we computed the

mean values of the different covariates. Test predictors included the number of mature males in the group, neighbor pressure, the

number of weaned individuals (proxy for within-group competition) and food availability multiplied by territory size. We controlled

for the rank of the mother, her age at offspring birth and the sex of the infant. For the lactation periods, we took the age of the mother

at the end of the considered period (after 1, 2 and 3 years).We includedmother and group identity as random effects. Estimates and p

values are provided in themain text; coefficients, standard-error and 95% confidence intervals in Table 1, while hazard ratios, means

and standard-deviation of the original values are provided in the Supplemental Information. Confidence intervals of the hazard ratios

(always positive) were obtained using the function coxph from the ‘‘survival’’ R package. Results of the survival analyses during lacta-

tion are provided in Data S1A, S1B, and S1C.

We fitted a linear mixedmodel (LMM)with Gaussian structure using the function lmer of the R-package ‘‘lme4’’ (version 1.1-14) [73]

to establish the influence of key predictors on the length of inter-birth intervals. For each female-specific period, we averaged the

values of the covariates across the given periods. The test and control predictors in this analysis were identical to the survival anal-

ysis, however, as females of different ranks may respond differently, we included the interactions of dominance rank with all other

predictors. None of the interactions was significant, so to investigate each covariate asmain effects, we ran a reducedmodel without

the interactions. Estimates and p values are provided in the main text; Chisq value and 95% confidence intervals in Table 2, while

random slopes variances, mean and standard-deviation of original values and effect sizes are provided in Table S4. Significance

threshold was set for p values at 0.05.

To keep type I error rates at the nominal level of 5%, we included in each model the random slopes of test predictors within the

random effect of ‘‘mother identity’’ and ‘‘group identity,’’ but not the correlation parameters between random intercepts and random

slopes terms, as in eachmodel these correlations were not identifiable [82, 83]. Continuous predictors were z-transformed to a mean

of zero and a standard deviation of one. Models were fitted using R version 3.4.0. The assumptions of normally distributed and ho-

mogeneous residuals were assessed by visually inspecting a qqplot and a plot of residuals against fitted values. None of these plots

indicated obvious deviation from these assumptions.We checked formodel stability by excluding each level of the randomeffect one

at a time from the data and comparing the model estimates derived from these subsets of the data with those derived from the full
Current Biology 30, 1–7.e1–e3, January 20, 2020 e2
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dataset. This revealed that our models are stable. Variance Inflation Factors (VIF) [84] were derived using the function vif from the

R-package ’’car’’ (version 3.0-2) [74] applied to a standard linear model excluding the random effects. Collinearity was not problem-

atic in either model. In order to establish the significance of the full as compared to the null models (comprising only control predic-

tors, random effects and slopes), we used likelihood ratio test (R function anovawith argument test set to ‘‘Chisq’’ [85]). To allow for a

likelihood ratio test, we fitted themodels usingMaximum Likelihood rather than Restricted Maximum Likelihood [85]. P values for the

individual effects were based on likelihood ratio tests comparing the full with respective reduced models ([48] R function drop1). Ad

hoc model comparisons were carried on using the R-package ‘‘MuMin’’ (version 1.42-1) [75] with the function model.sel and the

package ‘‘AICcmodavg’’ (version 2.2-1) [76] with the function aictab. We processed model comparisons in the survival analysis

based on pregnancy and in the inter-birth interval model, by comparing models which include the neighbor pressure index with sub-

sequent models replacing the index by each of its components (Model I: intrusion degree; Model K: kernel of location; and Model F:

rate of inter-group encounters). Not all pregnant females were present during all inter-group encounters. However, the nature of

chimpanzee fission-fusion society and the loudness of the vocal exchanges make it problematic to exclude the possibility that those

not present nonetheless heard the encounter. Also, those not present would nonetheless be restricted by any subsequent territory

use limitations. Thus, we used a conservative approach using all inter-group encounters that occurred during pregnancy. To test this

rationale, we also provide a complementary model comparison in the survival analysis based on the pregnancy period, in which we

compare the model including the neighbor pressure index to subsequent models replacing the index by the total number of inter-

group encounters (Model N), the total number of physical encounters (Model P), the number of all types of encounters in which

specific pregnant females were present (Model SN) and the number of physical encounters in which specific pregnant females

were present (Model SP). Specific effects of each variable for these different models can be found in Data S2, while results of this

model comparison are provided in Table S3.

DATA AND CODE AVAILABILITY

The datasets and codes supporting the current study have not been deposited in a public repository because these are part of further

investigation, but they are available from the corresponding author on request.
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