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How can collective action evolve when individuals benefit from
cooperation regardless of whether they pay its participation costs?
According to one influential perspective, collective action problems
are common, especially when groups are large, but may be solved
when individuals who have more to gain from the collective good
or can produce it at low costs provide it to others as a byproduct.
Several results from a 20-y study of one of the most striking ex-
amples of collective action in nonhuman animals, territorial bound-
ary patrolling by male chimpanzees, are consistent with these ideas.
Individuals were more likely to patrol when (i) they had more to
gain because they had many offspring in the group; (ii) they in-
curred relatively low costs because of their high dominance rank
and superior physical condition; and (iii) the group size was rela-
tively small. However, several other findings were better explained
by group augmentation theory, which proposes that individuals
should bear the short-term costs of collective action even when they
have little to gain immediately if such action leads to increases in
group size and long-term increases in reproductive success. In sup-
port of this theory, (i) individual patrolling effort was higher and
less variable than participation in intergroup aggression in other
primate species; (ii) males often patrolled when they had no off-
spring or maternal relatives in the group; and (iii) the aggregate
patrolling effort of the group did not decrease with group size.
We propose that group augmentation theory deserves more con-
sideration in research on collective action.

chimpanzees | Pan troglodytes | collective action | cooperation |
territoriality

Many animals, especially humans, carry out activities col-
lectively despite costs associated with those activities be-

cause the net benefits derived from doing so exceed those that
can be achieved individually (1). How, however, can collective
action evolve when all group members receive the benefits of
cooperation even if they fail to pay the costs of participation?
Understanding the factors that facilitate and impede collective
action is a central problem in evolutionary biology and other
disciplines, including economics, political science, psychology,
and sociology.
According to Olson’s The Logic of Collective Action (2), col-

lective action problems are common but can be solved by the
“exploitation of the great by the small”: most collective action
will be undertaken by a small number of individuals who receive
the highest benefits and/or pay the lowest participation costs and
who thus produce collective goods as byproducts available to
free-riders (2). Although theoretical work has provided support
for Olson’s perspective (3), findings from studies of participation
in between-group aggression, a frequent type of collective action
in primates and other group-living animals, have been particularly
difficult to interpret (4, 5). As predicted, in many species that form
dominance hierarchies, high-ranking individuals participate in in-
tergroup encounters more often than do low-ranking individuals
(6–13). Nevertheless, their reasons for doing so are unresolved.
They may derive relatively high direct fitness benefits because they
have many offspring who will gain from the collective good they
provide, i.e., the home-range or territory and the fitness-limiting

resources it contains (14, 15). Alternatively, the costs of aggression
may vary inversely with rank because high-ranking individuals are
typically in the prime of their lives and are in better physical
condition than low-ranking individuals (4). The effect of indirect
fitness benefits (16) on individual variation in participation also
remains unclear. Some studies indicate that individuals with many
relatives in the group cooperate frequently in between-group ag-
gression, but others reveal that the number of kin has no effect
(17–19). Disentangling the influence of dominance rank from
kinship is difficult because high-ranking individuals often live with
more close kin than do lower-ranking animals (20).
Another challenge to explaining participation in between-

group aggression and other forms of costly collective action is
posed by Olson’s “group size paradox” (2), which holds that
collective action is particularly difficult to achieve in large groups.
One reason for this difficulty is that when groups are large, de-
fections by single individuals have relatively small impacts on the
probability of success. Also, in many scenarios, each individual’s
share of the collective good is smaller in large groups than in small
groups because in large groups it must be divided among more
individuals. Collective action in large groups is also puzzling from
the perspective of kin selection theory (21), because the extent to
which members of the philopatric sex [who typically are the main
participants in between-group aggression (5)] are more closely
related to each other than to members of competing groups de-
creases quickly with group size (22). Comparative analyses in-
dicating that cooperative territoriality commonly occurs in primate
species who live in small groups (5) and field studies demon-
strating that individual participation in intergroup encounters

Significance

Many animals, especially humans, carry out activities collec-
tively because the benefits of doing so exceed those that can
be achieved individually. But how can collective action evolve
when individuals receive the benefits of cooperation regard-
less of whether they pay the costs of participation? Collective
action may be especially difficult to achieve when groups are
large, because each individual’s contribution has a small effect
on the outcome. We show that group augmentation theory
helps explain one of the most striking examples of collective
action in nonhuman primates, territorial boundary patrolling
by male chimpanzees: Males bear the short-term costs of pa-
trolling even when they have little to gain immediately be-
cause patrolling enhances group size, increasing the male’s
chances of future reproduction.

Author contributions: K.E.L., D.P.W., and J.C.M. designed research; K.E.L., D.P.W., and
J.C.M. performed research; L.V. contributed new reagents/analytic tools; K.E.L. and
J.C.M. analyzed data; and K.E.L., D.P.W., L.V., and J.C.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: Data used in this paper are available at datadryad.org (doi:10.5061/
dryad.kk33f).
1To whom correspondence should be addressed. Email: kevin.langergraber@asu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1701582114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1701582114 PNAS | July 11, 2017 | vol. 114 | no. 28 | 7337–7342

A
N
TH

RO
PO

LO
G
Y

D
ow

nl
oa

de
d 

at
 D

U
K

E
 U

N
IV

E
R

S
IT

Y
 o

n 
D

ec
em

be
r 

3,
 2

01
9 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1701582114&domain=pdf
http://datadryad.org
http://datadryad.org/resource/doi:10.5061/dryad.kk33f
http://datadryad.org/resource/doi:10.5061/dryad.kk33f
mailto:kevin.langergraber@asu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701582114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701582114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1701582114


decreases with group size (11, 12, 23) have been interpreted as
evidence of the difficulty of achieving collective action in large
groups. Nevertheless, how some species, including humans,
regularly engage in collective action despite living in large groups
remains unexplained.
Olson’s thesis is usually framed in terms of the immediate or

short-term costs and benefits of participation in collective action.
In contrast, the group augmentation hypothesis, originally for-
mulated to explain why nonbreeding individuals help raise un-
related immature group members in cooperatively breeding species,
adds a long-term view to explain group-level cooperation. It pro-
poses that helpers gain fitness benefits by enlarging groups if the
recruits produced as a result of helping increase the fitness of
helpers (24). The increased fitness of helpers resulting from re-
cruit production can be immediate or short-term (e.g., when
increased group size dilutes predation risk and thus increases
helper survivorship) but also can occur in the future when
helpers become breeders and are assisted by recruits. When the
long-term reproductive skew is low, so that helpers have high
probabilities of attaining breeding positions, and life-long natal
philopatry occurs, so that helpers live with recruits long enough
to benefit from their presence, individuals will participate in
collective action when they can afford to pay the cost, even if
they do not immediately benefit (25). Individual participation in
collective action by members of the philopatric sex is expected to
be particularly high and nonvariable when between-group com-
petition has a strong effect on fitness, because individuals that
are “stuck” in the same group have fitness interests in common
(26). Free-riders may increase their short-term reproductive
success by avoiding the costs of collective action, but they do so
at the cost of decreasing the long-term survival of the group if it
fails to grow or maintain its size; nonparticipants suffer this cost
alongside the individuals they had cheated (26, 27). Here group
augmentation theory predicts that even if individual effort in
collective action decreases with group size for the reasons out-
lined by Olson (2), this decrease will not necessarily result in
decreased aggregate group effort and thus in a failure of col-
lective action (28). Rather, large groups can produce the same or
even greater levels of aggregate effort as smaller groups at lower
individual costs because these costs are spread over more par-
ticipants through “load-lightening” (29, 30).
In this paper, we contrast predictions from collective action

and group augmentation theory to examine one of the most
dramatic forms of collective action in mammals: territorial
boundary patrolling by chimpanzees. Patrols are conspicuous
events that occur when multiple individuals, typically male, travel
to the peripheries of their territories and sometimes deep into
those of their neighbors (31, 32). Patrollers become hypervigilant
and behave in other ways that suggest they are actively searching
for neighbors (33). Collective action theory predicts that average
participation will be low and highly variable among individuals
according to their short-term benefits, because of features dis-
tinguishing chimpanzee patrols from between-group aggression
in other animals.
Unlike most other primate species in which group members

are in constant association, chimpanzees live in societies with high
fission–fusion dynamics: Group members associate in temporary
parties that vary in size, duration, and composition (34). Individ-
uals can thus free-ride not only by refraining from joining patrols
when they are present at their start but also by choosing to limit
their presence in large parties that contain many males, given that
the probability of a patrol happening on a given day is related to
maximum number of males who associate with each other
per day (32). In contrast, fewer opportunities for free-riding in
between-group aggression occur in species that typically form
more cohesive groups. Individuals of such species can opt out of
joining an intergroup encounter that takes place when two
groups happen to meet at contested resources (e.g., fruiting trees
in areas of territory overlap). However, unlike the decision to
join patrols by chimpanzees, participation in intergroup aggres-
sion is not always entirely voluntary, because attacks by members

of other groups demand immediate responses. Finally, patrols
have considerable short-term opportunity and energy costs (35),
given that they have a mean duration of 134 min, cover long
distances (mean = 2.5 km), and are associated with elevations of
testosterone (36) and cortisol (37) levels about 25% higher
than mean values.
Chimpanzee societies also differ from those of most other

species who display between-group aggression in ways that group
augmentation theory predicts should lead to relatively high
participation rates, with individual participation only weakly af-
fected by immediate and short-term benefits. First, the influence
of success in between-group competition on fitness and the effect
of group size on success in between-group competition are
probably unusually high in chimpanzees. Chimpanzees are one of
the few mammals in which between-group aggression is a major
source of mortality (38–40). Chimpanzees in large groups have
been reported to kill most or all of the males in smaller groups
over periods lasting several months or years, acquiring portions
of their territory in the process (33, 41, 42). Territorial expansion
can lead to the transfer of parous females from the losing to the
winning group (41, 42); it also increases the amount of food
available to females in the winning group and thereby can in-
crease their fertility (43). Second, male chimpanzees are phil-
opatric and remain in their natal groups for their entire lives
(44). Because males can live for more than 50 y, this philopatry
creates the potential for those who patrol when young to gain
future benefits from the additional group members their patrolling
efforts can produce (28).
We use 20 y of behavioral, demographic, and genetic data to

examine individual variation in participation in patrols by male
chimpanzees at Ngogo in Kibale National Park, Uganda. Like
chimpanzees elsewhere, those at Kibale live in groups or “com-
munities” (41), terms that we hereafter use interchangeably. The
Ngogo community is unusually large and over the course of the
study varied between ∼140 and 206 members, including 24–
44 males aged 13 y or older. Thirteen is the youngest age at
conception by an Ngogo male (45) and when males begin to
patrol regularly (31). In keeping with the large size of their
group, Ngogo males are only slightly more closely related to
males in their own group than to males in competing groups (46);
thus kin selection is likely an insufficient explanation for pa-
trolling. We tested predictions derived from collective action
theory by investigating how male participation in patrols varied
with the potential short-term benefits and costs of patrolling. We
used the number of living offspring and close maternal relatives
that each male had at the time a given patrol occurred as proxies
for individual variation in the potential direct and indirect ben-
efits of patrolling, respectively, and used male dominance rank
and age as proxies for costs. We also measured long-term re-
productive skew among males to determine whether, and how
often, males patrolled when they had no offspring or maternal
relatives in the group and whether such males subsequently
reproduced. These males would not have obtained immediate
direct or indirect benefits by patrolling but could gain deferred
fitness benefits over the long-term via subsequent reproduction
and group augmentation. Finally, we examined the relationships
between group size and individual and aggregate patrolling effort
to determine whether per capita effort declined as the number of
males in the group increased and, if it did, whether overall effort
was independent of or positively related to group size.

Results
Average Participation Rates and Patrol Size. Despite ample oppor-
tunities and short-term incentives for free-riding, male chimpan-
zees patrolled frequently. On average, a male participated in 33%
of the patrols that occurred while he was present in the group and
of patrolling age (≥13 y) (Fig. 1). Some males died early or ma-
tured late during the study period and consequently were present
for relatively few patrols. Their samples therefore are not likely to
be representative. In fact, the average participation rate for the
10 males who were present in the group for all 284 patrols was
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considerably higher (42%) (Fig. 1). Because of the high rate of
individual participation, patrols were large (mean ± SD = 13.2 ±
5.4 individuals, range = 2–29 individuals) (Fig. S1) and consisted
of a large percentage of the total number of males (mean ± SD =
37.5 ± 15.5%, range = 6.7–85.2%).

Individual Variation in Patrol Participation. Despite the high overall
participation rate, individual patrolling frequency varied con-
siderably, with males joining 2–74% of patrols. However, par-
ticipation varied substantially less among the 10 best-sampled
males (21.5–53.2%) (Fig. 1).
We constructed a general linear mixed model (GLMM) (47)

to determine the relationship between patrol participation and
five factors hypothesized to influence the immediate short-term
benefits (number of offspring, number of close maternal rela-
tives, group size) and costs (dominance rank, age) of patrolling
(Table 1). The comparison between the null and full model was
statistically significant (likelihood ratio test: χ2 = 130.73, df = 5,
P < 0.001).
The short-term direct fitness benefits that males can obtain by

defending their community’s territory should increase as a func-
tion of their current number of offspring. We thus used a male’s
paternity success at the time of patrols to assess the relationship
between short-term direct fitness benefits and patrol participation.
Although promiscuous mating results in low paternity certainty,
male chimpanzees may have some information about their
overall paternity success based on their mating histories (48, 49).
Paternity success was positively and significantly related to patrol
participation (Table 1). Despite this positive association, males
often patrolled when they had no offspring in the group [29.8%
(1,098/3,747) of all individual male patrolling events].
Male chimpanzees form strong social bonds with their close

maternal kin (50, 51), whom they presumably recognize via fa-
miliarity, as in other primates (52). In contrast, chimpanzees do
not appear to bias their behavior toward more distant maternal
kin and collateral paternal kin (e.g., paternal siblings) (50, 53,
54). We thus predicted that males with several close maternal
relatives (i.e., mothers, maternal brothers, maternal sisters, and
maternal sisters’ offspring) living in the group would be particu-
larly motivated to patrol. However, the number of close maternal
relatives was unrelated to patrol participation (Table 1). As with
paternity success, males frequently patrolled when they had no
close maternal relatives in the group (1,225/3,747 = 32.7%). Pa-
trolling by males who had neither living offspring nor close ma-
ternal relatives was also quite common (989/3,747 = 26.4%).
We used an individual’s dominance rank at the time of patrols

to assess the relationship between direct fitness costs and patrol
participation. High-ranking males often sire many offspring, but
a positive relationship between rank and participation in patrols
that occurs independently of rank-related variation in repro-
ductive success would indicate that relative paternity success is
an insufficient explanation for variation in patrolling (48, 55–58).
One likely possibility is that high-ranking individuals experience

relatively low costs of patrolling because of their superior physical
condition (59–61). Consistent with this prediction, dominance
rank was positively related to patrol participation (Table 1).
We also assessed how direct fitness costs might influence pa-

trol participation by examining the relationship between partic-
ipation and male age, which varied from 13 to 53 y (mean ±
SD = 25.8 ± 9.6 y). We entered age as a squared term to account
for the possibility that patrolling costs were highest for adoles-
cents (who have not finished growing) and old males (who have
experienced considerable senescence). Age was unrelated to
patrol participation (Table 1), perhaps because age was strongly
correlated with dominance rank (Pearson’s R = 0.58), which in
turn was more strongly correlated with patrol participation than
was age. A univariate analysis revealed the expected inverted
U-shaped relationship between age and patrolling participation
(Fig. S2).

Group Size and Individual and Aggregate Patrolling Effort. We in-
vestigated the relationship between group size and individual pa-
trol participation by counting the number of males ≥13 y old living
in the group on the day each patrol occurred (mean ± SD = 35.5 ±
3.9 males, range = 24–44). Individual males were less likely to
participate when the number of potential patrollers in the group
was relatively large (Table 1). Although similar results from pre-
vious research have been interpreted as evidence for collective
action breaking down in large groups (11, 12, 23), two additional
analyses that evaluated aggregate patrolling effort (i.e., the total
amount of patrolling effort produced by the group as a whole)
indicated that this breakdown did not occur. First, the number of
patrols per day did not decrease with increasing group size
(Pearson r = 0.06, P = 0.70, n = 20 y) (Fig. 2). Second, patrol size,
assayed by the number of participating males, increased with
group size, albeit weakly and nonsignificantly, rather than de-
creased (Pearson’s r = 0.11, P = 0.06, n = 284 patrols) (Fig. 3).
The Ngogo chimpanzees expanded their territory by 22%

(6.4 km2) in 2009 (33), and they might subsequently have required
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Fig. 1. Individual variation in patrol participation,
calculated as the percentage of patrols a male par-
ticipated in out of the patrols that occurred while he
was alive and of patrolling age (≥13 y). Each bar
represents the percentage of patrols in which an in-
dividual male participated. Values are ordered from
left to right along the x axis from low to high; the
number of patrols that occurred while the male was
alive and of patrolling age is indicated below each
bar. Light gray bars indicate the 10 males who were
alive and of patrolling age for all 284 patrols.

Table 1. Results of GLMM investigating the effects of male
dominance rank, paternity success, maternal relatedness, and
group size on patrol participation by individual male
chimpanzees

Estimate SE 95% CI

Intercept 0.27 0.14 0.05, 0.63
Paternity success 0.31 0.12 0.08, 0.68
Rank 0.28 0.08 0.08, 0.52
Age 0.09 0.15 −0.18, 0.48
Maternal relatedness 0.08 0.09 −0.11, 0.25
Male group size −2.21 0.16 −3.97, −1.90

Estimates, their SEs, and 95% CIs are shown. The 95% CIs that do not
overlap 0 are indicated by boldface type. n = 179 patrols.
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more patrolling effort to protect the larger territory. This dif-
ference in territorial size introduces a potential confound in the
preceding analyses of group size and aggregate patrolling effort:
Total aggregate patrolling effort may not have decreased with
group size, but effort per unit of territory could still have fallen.
Two additional analyses revealed that such was not the case. The
number of patrols per day (Pearson’s r = −0.17, P = 0.94, n = 20 y)
and patrol size (Pearson’s r = −0.01, P = 0.84, n = 284 patrols)
were uncorrelated with male group size after we divided these two
measures of aggregate patrolling effort by the contemporaneous
territory size.

Long-Term Male Reproductive Success.Group augmentation theory
predicts that individuals will bear the short-term costs of col-
lective action, even if they have little to gain immediately, if it
increases group size, which in turn improves an individual’s fu-
ture reproduction. We assessed this possibility by analyzing pa-
ternities for a sample of 113 offspring born during the study
period. Among the 11 males present for all 113 births, the mean
number of offspring sired was 3.3. This number is well above the
replacement value of two offspring produced over the lifetime of
an individual and indicates a growing population, especially
considering that male chimpanzees can have reproductive careers
that span up to 41 y (45).
This high average male reproductive success was coupled with

reproductive skew sufficiently low as to be statistically unde-
tectable, as indicated by a Nonacs’ binomial skew index (B) (62)
of 0.0031 that had 95% CIs overlapping 0 (−0.0086 to 0.0024).
The CI included the minimum possible B value (−0.0086), in-
dicating that males might actually have shared reproduction
equally. Two of the 11 males present for all births during the
study period each fathered the highest number of offspring
(seven). Only one male failed to father any offspring; however,
his mating success was high over most of the study period, so it is
likely that he was sterile.
Eleven males patrolled when they had no living offspring in

the group. Only four of these males failed to sire any offspring
subsequently. All four were alive and of reproductive age for
relatively short times during the study period (mean = 8.6 y),
either because they died relatively young (two males, aged
22 and 26 y) or because they were included in the sample rela-
tively late (at the start of 2007 and 2012, respectively).

Discussion
Considerable research on collective action and between-group
aggression in animals has focused on two key predictions:
(i) collective action problems are common but can be solved
through exploitation of the great by the small, whereby a mi-
nority of individuals who derive the highest benefits and/or pay
the lowest costs by performing the collective action produce the

common good, and (ii) collective action is especially difficult to
achieve in large groups (the group size paradox). In support of these
predictions, male chimpanzees were more likely to participate in
territorial boundary patrols when they had more offspring living in
the group (and thus stood to gain higher direct fitness benefits) and
when they were high ranking (and thus presumably faced relatively
low direct fitness costs). The effect of age, another measure of direct
fitness costs, was equivocal: Although patrol participation was un-
related to age in the multivariate analysis, univariate analysis
revealed a clear inverted-U shaped relationship, with males
patrolling less frequently during adolescence and old age when it
is presumably most costly. Additionally, individual participation in
patrols decreased with group size, as assayed by the number of males
of patrolling age living in the group on the day the patrol occurred.
However, four other results did not fully accord with the

predictions of collective action theory. First, the average partic-
ipation rate for the best-sampled males was quite high (42%).
For comparison, in vervet monkeys, which also display a male
bias in participation in between-group aggression, individual
males participated in an average of only 25.3% of aggressive
intergroup encounters (7). In blue monkeys, in which participa-
tion is strongly female-biased, the female who participated most
often in intergroup encounters did so less often (17.9% of cases)
(10) than the male who joined the fewest patrols among the best-
sampled chimpanzees (21.5%). Second, individual variation in
patrol participation by male chimpanzees was lower than the
variation in participation in intergroup encounters documented
in other primate species, in which several individuals of the more
frequently participating sex consistently failed to take part (4,
63). For example, in a study of blue monkeys, the female who
participated most often in intergroup encounters did so nine
times more often than the female who participated least fre-
quently but did participate a nonzero number of times (10). In
contrast, participation in patrols by the best-sampled male
chimpanzees varied only by a factor of 2.5 (Fig. 1). A strong test
of the hypothesis that male chimpanzees patrol more often and
with less variation than other primates who participate in inter-
group encounters will require more data from additional species.
Third, the number of close maternal relatives males possessed
did not affect their participation in patrols, and males frequently
patrolled even when they had no close maternal relatives or
offspring in the community to protect. Finally, although indi-
vidual participation in patrolling decreased with group size, this
decrease in individual participation did not reduce the overall
frequency of patrols or the mean number of males per patrol,
either of which would have decreased the effectiveness of col-
lective action or might even have led to its failure. Instead, as
group size increased, the total amount of collective action remained
more or less constant, even as the mean level of individual

0

0.05

0.1

0.15

0.2

25 30 35 40 45

Pa
tro

ls
/d

ay

Male group size

Fig. 2. The relationship between the aggregate patrolling effort (the
number of patrols per day in each year of the study) and group size (the
number of males aged ≥13 y in the group on January 1 of each year). n = 20 y.

0

5

10

15

20

25

30

20 25 30 35 40 45

Pa
tro

l s
iz

e

Male group size

Fig. 3. The relationship between the aggregate patrolling effort (patrol
size: the number of males in the patrol) and group size (number of males
aged ≥13 y in the group on the day the patrol occurred). n = 284 patrols.

7340 | www.pnas.org/cgi/doi/10.1073/pnas.1701582114 Langergraber et al.

D
ow

nl
oa

de
d 

at
 D

U
K

E
 U

N
IV

E
R

S
IT

Y
 o

n 
D

ec
em

be
r 

3,
 2

01
9 

www.pnas.org/cgi/doi/10.1073/pnas.1701582114


participation, and hence the level of costs per individual, decreased
(i.e., load-lightening occurred).
Although close inspection of Figs. 2 and 3 suggests that ag-

gregate patrolling effort may have decreased when group size
was at its maximum (43–45 males), this decrease does not nec-
essarily indicate a reduction or failure of collective action. Male
group size achieved its maximum after 2009 when the Ngogo
chimpanzees expanded their territory to the northeast after
frequently patrolling and killing many individuals in this area
over the previous 10 y (33). The reduction in aggregate patrolling
effort is likely to have occurred because success in between-
group competition decreased the need or benefits of patrolling.
Although these latter results are at odds with a strict in-

terpretation of Olson’s collective action theory, they are con-
gruent with expectations from group augmentation theory, which
suggests how cooperation can evolve when the short-term costs
of helping behavior are outweighed by the long-term benefits of
living in a large group. Males presumably patrolled at high rates
and with little regard to variation in short-term fitness benefits,
even when group size was large, because they were likely to re-
produce in the future. This likelihood, in turn, is linked to two
factors that are themselves probably a function of large group
size. First, the high average reproductive success of male chim-
panzees at Ngogo is related to the facts that survivorship at most
ages is considerably higher and life expectancy at birth is longer
than in other, smaller chimpanzee groups (64). Longevity is
typically the single most important factor influencing reproduc-
tive success in nonhuman primates (14). Although an unusually
abundant food supply is a probable proximate cause for high
survivorship at Ngogo (65, 66), this same food supply is acquired
(33) and maintained through the collective patrolling efforts of
male chimpanzees (cf. ref. 43). Male chimpanzees at Ngogo patrol
more frequently than do males in smaller chimpanzee groups (67),
some of which have been observed to curtail patrolling drastically
following large reductions in group size (68). Success in between-
group competition has potential consequences for male reproduc-
tion beyond increased survival, including increased retention of
natal females, recruitment of parous females from other groups,
and increased female fertility. Whether these factors apply at
Ngogo is the subject of ongoing research.
A second factor producing a high probability of future re-

production by individual males at Ngogo is the low degree of
reproductive skew. As in other primate species living in multi-
male, multifemale groups (14), the strength of the relationship
between male dominance rank and reproductive success decreases
with group size in chimpanzees (48).This leveling of reproductive
success should provide an incentive for all males to work hard to
increase group size so as to maximize their reproductive oppor-
tunities (cf. ref. 69).
Why does group augmentation lead to the evolution of more

extensive collective action in chimpanzees than in most or all
other group-living primate species for which group size is posi-
tively associated with success in between-group competition?
The imbalance-of-power hypothesis emphasizes that fission–
fusion dynamics play a key role by creating low-cost opportunities
for large parties to kill members of smaller parties in neighboring
groups (38). Fission–fusion dynamics may also facilitate the evolu-
tion of patrolling and intergroup killing in another way: by placing
lower constraints on the evolution of large group size in chimpan-
zees compared with other primates. In many female-philopatric
primate species, the reproductive success of individual females is
highest in medium-sized groups, reflecting the balance between the

benefits and costs of group living. Although success in between-
group competition for food increases with group size, so too does
within-group competition for food (70, 71). However the flexible
fission–fusion social system of chimpanzees allows them to adjust
the size of their temporary foraging parties facultatively according
to food availability (72). Moreover, access to mates rather than
access to food is the main factor limiting male reproductive success
(73), and success in between-group competition has a major impact
on male chimpanzee access to mates (74). The importance of large
group size for success in between-group competition in chimpan-
zees may help explain why both genetic data (75) and long-term
behavioral observations (41) indicate that permanent group fissions
are much rarer in chimpanzees than in female philopatric primate
species. In the only documented chimpanzee group fission,
male members of the larger postfission group systematically
killed all the male members of the smaller postfission group and
recruited most of their females (41).
Taken together, the results presented here contribute to our

knowledge of between-group aggression displayed by animals in
general and chimpanzees in particular. Our findings furnish in-
sights into how male chimpanzees living in a large group with low
average relatedness among its members solve the potential col-
lective action problem created by territorial boundary patrols.
Although some of our results were consistent with the predictions
of collective action theory, other results suggest that it will be
important to move beyond this short-term perspective to under-
stand how animals, including humans, solve the cooperation problem
posed by between-group aggression and other forms of collective
action. Specifically, we propose that greater attention be paid to the
long-term direct benefits individuals obtain by living in large groups
via group augmentation. A deeper understanding of the multiple
direct benefits individuals accrue by cooperating with others is likely
to emerge as a consequence (27).

Materials and Methods
The Ngogo chimpanzees have been studied continuously since 1995. Ages of
individuals already present in 1995 were estimated based on visual criteria
and genetically derived pedigrees; ages of individuals born after 1995 are
known to within a few days or months. We assayed dominance ranks from
submissive vocalizations and decided agonistic encounters. We performed
extensive genetic analyses on fecal samples to determine paternity success,
maternal relatedness, and reproductive skew. Further methodological details
are described in SI Materials and Methods.

Fieldwork at Ngogo was approved by the Uganda Wildlife Authority and
the Ugandan National Council for Science and Technology and was judged
to be exempt from formal review by Institutional Animal Care and Use and
Committees at Arizona State University, Yale University, and the University
of Michigan because of its purely noninvasive, observational nature.
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