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Cooperative hunting, probably the most widely distributed form of cooperative
behavior in animals, is of considerable theoretical interest. First, cooperative
hunting may be an important evolutionary cause of sociality. However, sociality
can evolve for this reason only when the mutualistic advantages of cooperation
are sufficiently high that the per capita rate of food intake within a hunting group
exceeds that of a solitary individual (Sibley 1983; Pulliam and Caraco 1984; Clark
and Mangel 1986). Second, differing characteristics of the prey may cause preda-
tors to show differing propensities to hunt in a truly cooperative manner. If groups
of predators specialize on prey that is large and risky to capture, an individual
might benefit from refusing to cooperate during the hunt and then scavenging from
its companions’ kills. When it is impossible to scavenge from companions, how-
ever, there is not a similar temptation to cheat.

An extensive body of data is available on the hunting success of solitary and
social hunters, and group hunting has been studied in detail in many species of
birds, mammals, fish, insects, and spiders. Nonetheless, no rigorous attempt has
been made to explain the distribution of cooperative hunting across species.
Furthermore, no study has examined the dynamics of group hunting from a
theoretical perspective or explored the implication that group hunting is often no
more effective than solitary hunting.

We show here that the size and abundance of prey have important conse-
quences for the expected behavior of individuals in hunting groups. We develop a
series of simple game-theoretical models that illustrate the conditions under which
cooperative hunting should occur and show how such cooperation can be de-
tected. We test these predictions with data from 60 species and 28 different studies
of group hunting.

GAME-THEORETICAL MODELS OF COOPERATIVE HUNTING

The propensity of predators to hunt cooperatively varies enormously across
species. At one extreme, most mammalian carnivores are solitary, always hunting
alone (Ewer 1973). At the other extreme, a number of species hunt in groups and
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are assumed always to hunt cooperatively, at least to the extent that all group
members hunt simultaneously (e.g., canids, herons, some spiders, and some
falcons). However, most predators are also scavengers, and many species com-
monly scavenge from conspecifics (e.g., Kruuk 1972; Packer 1986). It is impor-
tant, therefore, to consider the possibility that some individuals may thrive by
scrounging from kills made by conspecifics. However, because most predators
hunt as well as scavenge, their behavior lies somewhere between that of a pure
hunter and that of a pure scavenger.

In our analyses, we consider four strategies that span this spectrum of pos-
sibilities. We define ‘““hunt’” as the active pursuit of prey. In all strategies,
individuals always feed from their own kills but can feed from their companions’
kills only if the prey is sufficiently large.

A cooperator always hunts in the presence of a companion. Thus, if the partner
is also a cooperator, they hunt as a pair. Otherwise, the cooperator hunts by itself.

A cheater will hunt if it is the first to spot the prey but stops if its partner joins in
the hunt. A cheater does not hunt if it is the second to spot the prey. Thus, if the
partner is another cheater, each hunts by itself half of the time, on the average. If
the partner is a cooperator, then the cooperator always hunts by itself and the
cheater never hunts. Note that if we redefined a cheater as an individual that
hunted only when it was the closest to the prey or the hungriest of the pair, the
payoffs would be the same.

A scavenger never hunts. A cooperator always hunts by itself when with a
scavenger. A cheater hunts by itself half of the time it is with a scavenger, and
neither hunts in the other half.

A solitary avoids conspecifics and thus always hunts alone. Consequently, if
cooperators or cheaters are ‘‘paired”’ with a solitary, they too must remain
solitary and hunt alone. A cheater hunts at every opportunity when alone, since it
is always the “‘first’’ to spot the prey while alone. A scavenger also remains
solitary but still does not hunt.

Note that we have defined cheater in such a way that it hunts only when
necessary and scavenges whenever possible. A cheater is just as likely to invade a
population of cooperators as is an animal with a strategy of pure scavenging, but a
population of cheaters is very unlikely to be invaded by a scavenger (see below).

The number of prey captured per predator and the relative body sizes of
predator and prey have important effects on the dynamics of group hunting. For
certain types of prey, each group member can procure its own prey during a group
hunt; but for other types of prey, the entire group may have to pursue the same
individual prey. When the prey is sufficiently large, more than one group member
can feed from it; but if it is very small, only the successful hunter can feed. We use
““large”’ for prey that is in some way divided, either because it is so large that no
one hunter can monopolize it (e.g., lions on antelope) or because it is shared
between group members (e.g., falcons provisioning their mate, chimpanzees
sharing meat). We regard active sharing of the prey as a separate behavioral
decision outside the scope of this paper. A ‘‘small” prey is not divided.

By dichotomizing these two variables (multiple prey vs. single prey; large prey
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vs. small), we develop four simple game-theoretical models of cooperative hunt-
ing and outline the conditions under which cooperative hunting could be an
evolutionarily stable strategy, or ESS (Maynard Smith 1982). We first restrict
these models to cases in which individuals hunt either alone or in pairs and then
demonstrate the effect of an increase in group size beyond two.

The payoffs from each of the four strategies depend on the following variables.
We provide separate variables according to the number of prey per group be-
cause, when group members hunt the same individual prey, the success of one
individual hunter depends directly on that of its companion. When group members
each hunt their own prey, one individual’s success is to a large extent independent
of that of its companion.

For all prey:

V = value of captured prey;
E, = costs to single hunter from pursuing prey (whether or not the hunt was
successful);
E, = costs to each member of a pair from pursuing prey;
C, = costs to single hunter from subduing captured prey; and
C, = costs to each member of a pair from subduing prey.
For single prey:

H, = probability that a single hunter will capture the prey;
H, = probability that a pair will capture the prey (i.e., success rate per group);
L, = prey-encounter rate of a solitary; and

L, = prey-encounter rate of a pair (i.e., encounter per group).
For multiple prey:
K, = probability that a single hunter will capture the prey;

K, = probability that a pair member will capture the prey (i.e., success rate per
individual);

M, = prey-encounter rate of a solitary; and

M, = prey-encounter rate of a pair member (i.e., encounter per individuatl).

Expected Effects of Group Size on Each Variable

Cooperative hunting can evolve only when it increases individual feeding ef-
ficiency. We focus on the effects of cooperative hunting that would be expected to
follow from simultaneous (rather than coordinated) action by a group of predators
because we wish to specify the conditions under which cooperation would arise in
the first place. Once rudimentary cooperation has evolved, then complex group
hunting strategies or division of labor might follow. Although the following models
do not assume any such highly evolved forms of cooperation, they can be used as
an approximate baseline measure of group performance, allowing the presence of
such behaviors to be detected.

Because of the contrasting dynamics for each type of prey, we discuss sepa-
rately the effects of group size on groups that capture single prey and on groups
that capture multiple prey.

Groups hunt the same individual prey.—In this situation, each hunter in the
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Fic. 1.—Expected hunting success of a pair (H,) compared to that of a singleton (H,), and
the ratio of H, to H,, if both individuals simultaneously pursue the same prey.

group is likely to contribute to the group’s hunting success. Therefore, group
success should improve as more individuals hunt simultaneously, but hunting
success can never exceed 100%. Thus, hunting success increases asymptotically
with increasing group size, but it can increase significantly only when individual
hunting success (H;) is small. When individual hunting success is already high,
little improvement can be achieved by a group.

The exact relationship between group size and group hunting success depends
on at least two sets of factors: the abilities of each predator in the group, and the
characteristics of individual prey. In order to generate simple algebraic expres-
sions of cooperative hunting, we assume that group hunting success depends
primarily on predator-related factors. In the empirical part of this paper, we assess
the validity of this assumption and also try to control for characteristics of the
prey by examining hunting success separately for each prey species.

Following Treisman (1975), Rubenstein (1978), and Lendrem (1983), we assume
that each group member’s performance is independent of the performance of its
companions. If a single hunter has a probability H, of capturing a particular prey,
then it has a probability 1 — H, of missing. Therefore, if two hunters pursue the
same prey simultaneously, the probability that they will both miss is (1 — H;)>.
Thus, H, = 1 — (1 — H;)% Note that this relationship behaves in the precise
manner outlined above: H, approaches one as n becomes large; when H, is small,
H,=2H,, but at the limit of H; = 1, H, = H, (fig. 1).



EVOLUTION OF COOPERATIVE HUNTING 163

This relationship has important implications for the evolution of cooperative
hunting. When H, is small, the probability that more than one hunter will be
successful simultaneously is virtually zero, and thus H, = nH,. Therefore, com-
panions do not reduce their individual efficiency by hunting the same prey as a
group. However, when H, is close to one, then both would often be successful if
they hunted separate prey, and they thus dramatically reduce their individual
efficiency by hunting the same prey.

The effect of increasing group size on prey-encounter rate is more difficult to
estimate. Clark and Mangel (1986) suggested that prey-encounter rate could
increase as L, = nL,. However, this must represent an upper limit. Whenever
travel time between prey items is significant or predators must await the arrival of
successive prey, the prey-encounter rate can increase only asymptotically with
group size to some maximum. Data from two laboratory studies showed a strong
positive effect of increasing group size, but in both of these, the travel times were
negligible (goldfish and minnows, Pitcher et al. 1982; great tits, Krebs et al. 1972).
There are no relevant field data on the relationship between group size and prey-
encounter rate per se, and thus a plausible estimate for naturalistic conditions
cannot be provided. Conservatively, it seems likely that as more individuals
search together, the prey-encounter rate of the group will increase and L, will thus
be larger than L, but L, will be less than 2L,.

If a prey can inflict only a limited amount of damage while being captured, then
on the average each hunter should receive 1/n of that damage. Thus, C; = C,/2.
Similarly, if a single poisonous predator can inject sufficient venom to immobilize
its victim, then each member of a pair could inject half as much venom (as for
cooperative spiders; Ward and Enders 1985). However, if the prey is capable of
killing both of its captors or if the prey could be subdued only by the combined
venom of two individuals, then C, = C;.

The effects of grouping on the energetic costs of hunting should vary according
to the precise hunting strategy employed by a particular taxon. If species stalk and
surround their prey, then members of a pair may expend less effort than solitaries.
If they chase prey long distances, then each individual may run as far as when
hunting alone. However, most predators are presumably adapted to withstand
repeated failures, and thus E; << V. Therefore, E, will be effectively equivalent
to El'

Groups hunt multiple prey.—If individuals independently hunt their own prey
from a school, flock, or herd, then K, = K. The behavior of one individual will
not necessarily influence the individual hunting success of its companion.

Prey-encounter rate may have a complex relationship with group size. If, for
example, flocks of predatory birds search together for schools of fish, the proba-
bility that a pair will locate a school may increase asymptotically with group size,
in the same way as a group detecting a single prey. However, once the school has
been located, each bird must detect its own individual prey and M, = M,. Thus,
overall 2M, > M, = M,.

Costs of prey capture are not affected by grouping if each individual captures its
own prey; and energetic costs are the same as for single prey.
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MODELS OF COOPERATIVE HUNTING FOR SPECIFIC TYPES OF PREY

Model 1: Groups Capture a Single Prey Large Enough to Be Divided

Predators forage in pairs (payoff matrix given in table 1).—When two coop-
erators are together, they always hunt as a pair. On the average, each cooperator
gains V/2 — C, from a successful hunt since each feeds from the kill and each
incurs some cost from prey capture. Thus, the payoff per hunt is Hx(V/2 — C;) —
E,. Prey is encountered at L,.

When a cheater is with a cooperator, the cooperator always hunts but hunts by
itself. The cheater scavenges from the cooperator’s kills; thus, each gains V/2 per
kill. However, the cheater does not incur any costs of hunting, whereas the
cooperator incurs C; and E; (table 1). Prey is captured with a probability of H, and
is encountered at L,. (We assume that pairs always encounter prey at the same
rate regardless of the hunting strategies followed by pair members.)

When a scavenger is with a cooperator, the payoffs are the same as when a
cheater is with a cooperator.

Since a solitary refuses to remain in the vicinity of a cooperator, both hunt
alone. Each has the success of a single hunter, and each incurs the costs of
hunting alone, but the prey is not divided in half. Each individual encounters prey
at L,. Solitaries always have the same payoffs regardless of the opponent; cheat-
ers gain the same against solitaries as do cooperators.

When two cheaters are together, one of the pair always hunts. Each cheater
hunts by itself half of the time (and has its Kills scavenged by its companion) and
scavenges from its partner’s Kills in the other half. Thus, each receives half of the
payoff of a cheater against a cooperator plus half of the payoff of a cooperator
against a cheater.

When a scavenger is with a cheater, the cheater hunts by itself half of the time,
and its kills are scavenged by its companion; neither hunts the other half of the
time. Thus, the cheater gains half of the payoff of a cooperator against a cheater,
and the scavenger gains half of the payoff of a cheater against a cooperator.

When two scavengers are together, or when a scavenger is ‘‘with’’ a solitary,
the scavengers never hunt and thus receive nothing.

Cooperation can be the evolutionarily stable strategy (ESS) in this game only
under the following circumstances. First, for cooperation to be an ESS against
solitary hunting, the increased performance of a cooperative pair must be suf-
ficient to overcome the twofold disadvantage of dividing the prey in half. Other-
wise, individuals would do better to hunt alone. This improved performance could
come from increased hunting success by pairs (H, > H,), increased prey-
encounter rates (L, > L,), or decreased hunting costs (C; < C; and/or E, < E;).

These inequalities will often be met by two individuals simply searching for and
pursuing prey simultaneously: when H, is small, H, may be nearly twice as high as
H, (fig. 1), and thus hunting together does not hold a twofold disadvantage.
Similarly, L, may be considerably larger than L,. If C, = C,/2, this can further
help to overcome the disadvantage of dividing the prey, but it is by itself insuf-
ficient to make up the twofold difference between cooperating pairs and solitaries.
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Second, for the cooperative strategy to be an ESS against either the cheater or
the scavenger, the hunting success of cooperative pairs must be sufficiently
greater than that of singletons to overcome the costs of participating in a coopera-
tive hunt [H, — H; > 2(H,C>+ E»)/V]. Otherwise, there is an advantage to
cheating and/or scavenging against a cooperator and thereby avoiding the costs of
hunting. This condition is again more likely to be met when H; is small.

Note that because animals may often be constrained to live in groups for
reasons other than foraging (see below), individuals are unable to play ‘‘solitary.’’
Thus, the second condition can be sufficient to lead to the evolution of coopera-
tive hunting.

Larger groups.—Table 2 shows the payoffs to each strategy against a cooper-
ator if the predators forage in groups of » individuals. In a group of n cooperators,
each individual would have a hunting success of H,,, suffering costs C,, and E,, and
gaining V/n of the kill. If the nth individual played cheater or scavenger, then n —
1 would still cooperate, and the nth individual would receive H,_(V/n) from
every hunt. If the nth played solitary, then his payoffs would remain as before.

As n increases, V/n decreases and the groups become increasingly prone to
invasion by a solitary, and hence become less stable. Further, with increasing n,
H, = 1-(1 — H,)" approaches one, and thus H, — H,_; approaches zero.
Therefore, as n increases, cheating can invade more easily because the improve-
ment in group hunting success resulting from the nth individual’s cooperation
becomes insufficient to overcome the advantage to the nth individual of avoiding
the costs of hunting.

Note, however, that as group size becomes very large, the number of group
members may exceed the number able to feed from a particular carcass. Thus,
with very large groups, the situation begins to approximate single small prey (see
model 3, below).

Model 2: Multiple Prey Large Enough to Be Divided

Foraging by pairs (table 3).—When both members of a pair cooperate, then
each tries to capture its own prey, but if one fails and the other succeeds, then that
prey is divided. When both are successful simultaneously, each must subdue its
prey by itself (thus incurring C,); when only one prey is captured, both eventually
subdue the prey together (each thus incurs C,). The energetic cost of hunting is the
same when one or two prey are captured. Both will be successful K3 of the time, in
which case, each will receive V — C;. Only one will be successful 2K5(1 — Kj) of
the time, and each then receives V/2 — C,.

The remainder of the matrix is the same as in model 1 since only one large prey
is captured at a time in every other combination.

The cooperative strategy is much more likely to be the ESS in this situation
since pairs of cooperators often catch two prey, and foraging in pairs thus no
longer incurs a twofold disadvantage compared to foraging solitarily. However,
when individuals hunt multiple prey, K, should equal K,. Although it is often
expected that C; = C,/2, each cooperator helps as often as he is helped and thus
pays C, for every complete carcass. Thus, the initial evolution of cooperation
would be most likely to result from an increased prey-encounter rate (M, > M;). A
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TABLE 2

PAYOFFS TO THE NTH STRATEGIST IN A GROUP OF COOPERATORS
HUNTING A SINGLE LARGE PREY

Recipient Payoff against Cooperator
Cooperator L,,[H,,(% - C,,) - E,,]
Cheater L.H,_ 1%

Scavenger L.H,_ ,%
Solitary L\{[H(V - Cy) — Eil

synergistic effect of coordinated cooperation on hunting success could subse-
quently become important in maintaining cooperative hunting.

A cheater or a scavenger forgoes opportunities to catch its own prey and only
gains half a carcass by scavenging from a cooperator. Therefore, a noncoopera-
tive strategy can invade a population of cooperators only when the costs of
hunting are high.

Larger groups.—The temptation to cheat increases with increasing group size.
If the nth individual cheats rather than cooperates, then on the average he
receives (n — 1)/n as much food as if he had cooperated. In table 3, n = 2; thus,
the cheater receives only half as much as a cooperator, but as n becomes large,
(n — 1)/n approaches one. Thus, as group size increases, the cheater could re-
ceive almost as much from feeding from companions’ kills as he would from his
own without incurring any costs of hunting.

Assuming equal numbers of prey and predators, members of larger groups do
not gain decreasingly smaller payoffs and hence do not fare poorly compared to a
solitary predator. However, once the number of predators exceeds the number of
prey, the situation approximates model 1.

Model 3: Single Prey Small Enough to Be Monopolized by Its Captor

Foraging by pairs (table 4).—Since each cooperator has an equal chance of
catching the prey, each one feeds and incurs the costs of prey capture in only half
of its hunts. The cost of prey capture is C; because the unsuccessful partner never
touches the prey.

Cheaters and scavengers never feed in the presence of a cooperator since they
never hunt with a cooperator and scavenging is now impossible. Thus, their
payoffs are zero, whereas the cooperator always gains the prey when its hunts are
successful.

The remainder of the payoffs are shown in table 4.

The cooperative strategy is less likely to be the ESS against solitary in this
situation than in model 1. Foraging in pairs incurs a similar twofold cost because
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partners are competing for the same prey, but in this case, the disadvantage must
be overcome entirely by an increase in prey-encounter rate (L, > L,) or hunting
success (H, > H;) or a decrease in the energetic costs of foraging (E; < E,).
Individuals incur the same costs of prey capture (C;) whether alone or in pairs.
Again, the cooperative strategy is more likely to be evolutionarily stable than the
solitary strategy when H, is very low.

However, there is no temptation to cheat since cheaters and scavengers never
feed in the presence of a cooperator. The cooperative strategy is always the ESS
when individuals are constrained to live in groups. For this kind of prey, coopera-
tion is the most effective form of intragroup competition.

Larger groups.—As group size increases, the payoff per hunter in a coopera-
tive group is L,[H,(V — Cp)ln — E,, and the relative advantage of foraging
solitarily becomes increasingly large. Hence, the foraging groups become increas-
ingly unstable. However, since cheaters and scavengers are never able to feed in
the presence of a cooperator, being a cooperator is the only alternative to being a
solitary across all group sizes.

Model 4: Multiple Prey Small Enough to Be Monopolized
by Respective Captors

Foraging by pairs (table 5).—PayofTs are the same as in model 3 except that the
two cooperators are not competing for the same prey and each receives V — C;
rather than 2(V — Cy).

The cooperative strategy can be the ESS with any increased net performance by
pairs; otherwise, the solitary strategy is the ESS. As in model 2, the initial in-
crease would be expected to come from an improvement in prey-encounter rate: it
is expected that K, = K, and, as in model 3, each successful hunter always
pays C;.

As in model 3, there is no temptation to cheat, and cooperation is always the
ESS when individuals are constrained to be together.

Larger groups.—The assumption that the number of prey always equals the
number of predators keeps groups from becoming increasingly unstable as they
grow larger. Once the number of predators exceeds the number of prey, the model
starts to approximate model 3 and groups do become unstable. There is no ad-
vantage to cheating or scavenging in groups of any size.

GENERAL FEATURES OF THE MODELS

Table 6 summarizes the major predictions of the models. Cooperation is rela-
tively unlikely to be the ESS against solitary hunting when foraging groups
capture a single prey, whereas cooperation may often be the ESS when groups
capture multiple prey. Being a cheater or a scavenger can be an ESS only when
groups capture large prey, since only large prey can be scavenged. If animals are
constrained to be in groups for some reason besides foraging, solitary hunting is
not a possible strategy. Therefore, cooperation is the only possible ESS when
individuals are constrained to hunt small prey in groups, but such groups could be
composed of cheaters in species that typically capture large prey. Hunting groups
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TABLE 6

SUMMARY OF PREDICTIONS FROM THE MODELS

Probability
that Cooperative Possible ESS’s Effect of

Prey Hunting Leads to if Constrained Increase in

Type Gregariousness to Be in Groups Group Size
Single low cooperation, TFT, increase cheating,

large cheating, scavenging scavenging, and

solitary hunting

Muitiple high cooperation, TFT, increase cheating

large cheating, scavenging and scavenging
Single lowest cooperation increase solitary

small hunting
Multiple highest cooperation none

small

Note.—TFT, tit-for-tat cooperation.

become less stable as group size increases (single prey) and cheating or scaveng-
ing becomes more likely (large prey).

In all pairwise models, a mixed ESS is impossible. In models 1 and 2, coopera-
tion is never the only ESS; cheating is also an ESS. However, when cooperation
is an ESS, the payoff to a cooperator against another cooperator is greater than
the payoff to a cheater against another cheater, and cooperation thus has a greater
zone of attraction than cheating. When solitary hunting is the ESS, it is the only
ESS. Models 3 and 4 never have more than one ESS. Also, in all mod-
els, scavenging can never replace cheating when hunting as a member of a pair
yields a positive payoff. When the payoff is negative, scavenging replaces cheat-
ing.

In larger groups, solitary hunting and cooperation can be a mixed ESS in
models 1 and 3. Thus, under the appropriate conditions, some proportion of a
finite population would be expected to hunt in groups, whereas the remainder
would be solitary. A stable mixture of cooperators and cheaters can occur only
with single large prey. In this model, the transition from complete cooperation to
complete cheating with increasing group size is generally abrupt; but under some
parameter values, the transition involves a mixed ESS over a narrow range of
intermediate group sizes.

EMPIRICAL TESTS OF THE MODELS

Cooperative Hunting versus Solitary Hunting: The Distribution
of Cooperative Hunting across Species

Because of the asymptotic nature of group hunting success with increasing
group size for predators that hunt single prey, species showing low values of solo
hunting success (H;) should be more likely to hunt cooperatively. Cooperation
could more often be the ESS when H, is small (when H,/H; should be high). The
increase in group hunting success can therefore overcome the n-fold disadvantage
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Fic. 2.—Hunting success of singletons across species. Sources, sample sizes, and condi-
tions of study for each species are given in the Appendix. Solitary species are categorized as
taking single prey or multiple prey according to the classification of group hunters that
capture similar prey. Data from laboratory studies are included because they do not show a
consistently higher or lower hunting success than do field studies. Left, Hunting success of
singletons in species that capture a single prey per group (H,). There is no statistically
significant difference in H, between solitary species and group-hunting species (U = 129,
ny = 16, n; = 20, P > 0.20). Right, Hunting success of singletons in species that capture
multiple prey per group (K)). There is no difference between solitary species and group-
hunting species (U = 76, n; = 17, n, = 8, P > 0.20).

of dividing the prey among n hunters. Solitary hunting would more often be the
ESS when H, is high (when H,/H, is close to 1). In contrast, in species that
capture multiple prey during group hunts, a similar effect is not expected because
there is not an n-fold disadvantage to being in a group of n, and individual hunting
success should be similar across group sizes regardless of the value of K. Thus,
K, and group hunting should not be related.

We focus on hunting success here because data are available for a large number
of species. The relationship of group size and prey-encounter rate may be an
important factor, but very few studies have attempted to measure L, or M,. It
would also be difficult to make meaningful comparisons of prey-encounter rate
between species that capture vastly different types of prey. Observed encounter
rates may also be affected by a tendency for animals to distribute themselves in an
ideal-free manner (Fretwell 1972).

The predicted relationship between group hunting and H, is not supported by
the available data (fig. 2, lefr). For species that frequently hunt in groups, H, is
only slightly lower than it is for solitary foragers. As expected, group foraging and
K, are not related in species that capture multiple small prey (fig. 2, right), but this
is not convincing given a similar trend for single prey.

These data suggest that cooperative hunting has not been a widespread cause of
grouping in species that capture single prey, although the lack of a strong relation-
ship between H; and group hunting may have three other causes.

First, we can only test the effect of one parameter, hunting success, whereas
our models emphasize the importance of several other variables. Species may
hunt in groups when prey is much more efficiently encountered by a group or
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when costs of prey capture are high. However, virtually no good data are avail-
able for these variables.

Second, definitions of hunting success vary from study to study. In some cases,
attempted hunts involve conspicuous behaviors such as dives (seabirds), strikes
(frogs, herons), and chases (carnivores). In others, they merely involve orienta-
tion to the prey (invertebrates, some carnivores). Such variation in definitions
inevitably obscures trends across species.

Third, although it is always possible to tell whether species that hunt in groups
typically capture single or multiple prey, it is difficult to be certain whether
solitary species would take multiple prey if they were social. We have categorized
solitary predators into single- or multiple-prey categories when their prey is
clustered in the same way as prey of group hunters that take single or multiple
prey. If we have mistakenly categorized some species, then the predicted trends
will be obscured, since the data that we have called H; would be in fact ;.

One way to deal with this last problem is to compare K, with H, in the group
hunters. Often, K; should be higher than H, because a high value of K; does not
constrain group foraging the same as does a high value of H;. Although K, does
show some tendency to be higher than H, (fig. 2), the tendency is not statistically
significant (Mann-Whitney U-test, U = 41, n; = 16, n, = 8, P > 0.05).

Do species that capture a single prey per group hunt in groups even though they
would do better to hunt solitarily? The data in the left graph of figure 2 provide
only tentative evidence for this possibility. However, this suggestion is supported
by many behavioral studies suggesting that such species often hunt in groups for
reasons besides feeding. Most reviews of social carnivores conclude that sociality
is not the result of advantages of cooperative hunting (Kruuk 1975; MacDonald
1983; Packer 1986). Similarly, cooperative hunting is often considered to have
evolved secondarily in social spiders (Rypstra 1985) and raptors (Hector 1986; but
see Bednarz 1988). More data are required to confirm the generality of these
conclusions, but thus far it appears that cooperative hunting in most species is
more likely to be a consequence of gregariousness than its cause.

In contrast, species that capture multiple prey may often gain an increase in
feeding performance sufficient to make cooperative hunting an important cause of
grouping. Our analyses emphasize that cooperative hunting rather than solitary
hunting is more likely to be the ESS when groups hunt multiple small prey (table
6). It is worth noting that most species showing a strong positive relationship
between group size and individual feeding rates take such prey (Krebs 1974;
Gotmark et al. 1986; see also below).

Cooperation versus Noncooperation: Behavior during Group Hunts

Group hunting may occur either because cooperative hunting yields higher
payoffs than solitary foraging or because animals are constrained to live in groups
for reasons other than foraging and thus must pursue prey simultaneously. Re-
gardless of the reason that animals form foraging groups, once they are observed
to hunt in groups, we can specify the conditions under which group members
should hunt cooperatively or noncooperatively. We assume that the only option
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for individuals in this case is either cooperation or cheating. They cannot play
“*solitary’’ while in a group, nor can they play scavenger if they are ever observed
hunting. If all group members played scavenger, no hunting would be observed.

Among species that capture a single large prey, our models predict that cooper-
ation is more likely to be the ESS against cheating when solo hunting success (H;)
is low and group size is small (table 6), except when groups become so large that
not all group members can feed. In games between cooperator and cheater, H; is
the most important variable. The prey-encounter rate of a group is expected to be
independent of each individual’s tendency to cooperate during prey capture, and
the increase in hunting success from cooperation is most likely to overcome the
costs of hunting when H, is low.

In species that capture multiple large prey, cooperation is more likely to be the
ESS whenever the costs of prey capture are small. The value of K, should not
affect a species’ tendency to be cooperative.

Species that capture small prey should always be cooperative in a group,
irrespective of H,, K;, and group size (table 6).

A large number of studies provide data on group-size-specific hunting success.
Most have interpreted changes in hunting success as evidence of either a syner-
gistic effect of cooperation or interference between group hunters. However,
none has considered the possibility that individuals may not actually be cooperat-
ing even though they may seem to be pursuing the same individual or group of
prey. It may be difficult to determine whether each group member is actually
trying to assist in capturing the prey, is merely remaining nearby so that it can gain
access to the Kkill, or is deflecting the prey toward a companion so that the
companion must catch it. Our game-theoretical analyses suggest that group hunt-
ing is not always expected to be cooperative, and we now show how cooperative
groups can be distinguished from noncooperative groups.

Data on the hunting success of different-sized groups (H,) can be used to infer
whether individuals are cooperating (fig. 3). If all group members show simultane-
ous cooperation in hunting a single prey (i.e., cooperation is the ESS), the hunting
success of a group should increase approximately as H, = 1 — (1-H)". How-
ever, if all group members are cheaters, then only one individual per group will
make an effort to capture the prey, and hunting success across all group sizes will
equal that of a single hunter (H, = H,).

If groups capture multiple prey, individual hunting success should remain the
same across group sizes (K,, = K,) whether all group members play cooperator or
cheater. If all play cheater, however, then the proportion hunting would be 1/n:
the group would capture only a single prey. Therefore, by definition, species that
typically capture multiple prey are playing cooperator rather than cheater.

Our analysis makes predictions about the particular distributions that group-
size-specific hunting success should follow. In certain cases, it should increase
approximately as H, = 1—(1—H,)", and in others it should remain constant as
H, = H, or K, = K,. In practice, there may well be synergistic effects of
coordinated cooperation or reduced hunting efficiency from interference. How-
ever, effects from factors such as interference should be distributed randomly
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Fic. 3.—Expected group-size-specific hunting success (H,,) of groups composed entirely of
cooperators (H, = 1 — (1 — Hy)") and groups composed entirely of cheaters (H, = H,) when
H, = 0.30.

across different prey types. If cheating is in fact widespread, it should be re-
stricted to species that capture large prey.

We first present data on observed hunting success for groups that hunt single
prey. The predictions for single small prey are straightforward, and the contrast
with single large prey illustrates each of the above predictions. We then discuss
data from species that typically capture multiple prey. We believe that these are
all of the data available on group-size-specific hunting success where group
members hunt simultaneously. We have excluded studies in which only one or
two group hunts were observed (Mills 1978) and have combined data from adja-
cent group sizes when only one or two hunts were observed for a particular group
size.

Single small prey.—Figure 4 shows the observed group-size-specific hunting
success for three different species. Each graph also shows the predicted hunting
success if all individuals cooperate and the predicted success if all cheat. In all
cases, cooperation is the predicted ESS (table 6), and in all cases, group hunting
success more closely matches the predicted curve for cooperation than that for
cheating. Hunting success consistently tends to increase with group size, at least
to the extent predicted by H, = 1—(1—H,)". Veliid bugs also show some evi-
dence of a synergistic effect from cooperation, but such synergism would presum-
ably occur only if all group members were at least trying to capture the prey
simultaneously.

Single large prey.—When a group captures a single large prey, cheating may
often be the ESS. At some group sizes, the ESS may be cheating, but at other
sizes, the ESS may be cooperation. Thus, group hunting success may often switch
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Fi6. 4.—Hunting success of groups that capture a single small prey. The expected group-
size-specific hunting success for each species is generated by the observed value of H, for
that species. Data on laughing gulls are from Hatch 1970; on veliid bugs, Nakasuji and Dyck
1984. Data on jacks on isolated anchovy are from Major 1978; H,, has been recalculated from
his data since he reported his results in terms of X,,.

between that for cooperation (H,, = 1—(1 — H))") and that for cheating (H,, = H,).
We first describe data for each individual species separately and then summarize
all the data.

Extensive data are available on the hunting success of spotted hyenas in two
different areas (fig. 5). In the Kalahari Desert, the H, of hyenas hunting gemsbok
calves is much higher than the H; while hunting other ungulates. In this case,
model 1 predicts that cheating is the ESS when hyenas hunt gemsbok calves,
whereas cooperation should be the ESS when they hunt other ungulates (at least
in small group sizes). Group hunting success should not increase with group size
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Fic. 5.—Group hunting success (H,) of hyenas on single large prey (Kalahari, Mills 1985;
Tanzania, Kruuk 1972).

for hyenas hunting gemsbok calves until group size is so large that only a few
hunters can feed. Hence, the situation approximates that for a single small prey.
Hyenas are such rapid feeders that latecomers in large groups are often unable to
feed (Kruuk 1972) and cannot benefit from cheating. In contrast, hunting success
on the other ungulates should initially increase as H, = 1 — (1 — H,)" but should
tend toward H,, = H, at larger group sizes until group size is finally so large that
latecomers would again be unable to feed.

In northern Tanzania, hyenas are far better at capturing adult wildebeest than
wildebeest calves; thus, in contrast to hyenas in the Kalahari, these animals
should cooperate to catch calves but play cheater while hunting adult wildebeest.

All the predicted trends are apparent in the data (fig. 5). An important feature in
this comparison is that the only difference between the two areas is the hyenas’
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Fic. 6.—Group hunting success of black-back jackals and golden jackals (Lamprecht
1977).

relative ability to capture calves compared to adults. Cooperation at small group
size is associated with a low value of H,. In the case of hyenas hunting wildebeest
calves in Tanzania, Kruuk’s descriptions show clearly that the pair really are
cooperating: a solitary hyena cannot separate a calf from its mother because of the
mother’s defensive behavior. When two hyenas hunt together, one engages the
mother while the other catches the calf.

Another matched pair of studies on jackals (fig. 6) is again consistent with our
predictions. Two species of jackal in the Serengeti vary in their ability to capture
gazelle fawns. Golden jackals have a lower value of H; and show a striking
tendency to cooperate when hunting in pairs, whereas black-back jackals appar-
ently play cheater. (Note that black-back jackals also show little evidence of
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Fic. 7.—Group hunting success of lions (Ngorongoro Crater, Elliott et al. 1977; Serengeti,
Schaller 1972; Uganda, Van Orsdol 1981).

cooperating while hunting hares; their H, for hares is also rather high compared to
that for most cooperative hunters; see below.)

Lions have been studied in several areas (fig. 7). In Ngorongoro Crater, lions
acting alone are better at catching gazelles than other ungulates. They also show a
greater tendency to cooperate in capturing the prey for which they have the lower
H,. In the Serengeti, they are as good at capturing gazelles as any other ungulates.
Serengeti lions should thus show more-similar tendencies to cooperate when
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hunting either type of prey. The data support this prediction. In a study in
Uganda, hunting success on different types of prey was not separated.

Across all five distributions from the three sites, the increase in hunting success
by pairs of lions (i.e., their tendency to cooperate) is inversely related to H,
(Spearman test, r, = —1.0, n = 5). Note, however, that in the Serengeti and in
Uganda, H, is mostly at an intermediate level between the two predicted distribu-
tions. In the Ugandan study, this probably results from combining data on prey
that the lions hunt cooperatively with data on prey that they do not hunt coopera-
tively. Successful hunts by solitary lions were mostly on antelope calves, which
lions usually hunted alone (Van Orsdol, pers. comm.). In the Serengeti, however,
it appears that in large groups, two individuals hunt cooperatively and the remain-
der of the group are cheaters. This result is not predicted by the above models and
is considered more fully below.

Similar data on peregrine falcons are also consistent with the predicted trends
(fig. 8). Although pairs of peregrines do not always feed from the same carcass,
they commonly provision each other, and a cheater thus gains from its partner’s
kills. Peregrines in Quebec have moderate individual success hunting jays, swal-
lows, and blackbirds; and peregrines in Cornwall have high success in catching
pigeons and razorbills. Those in Tunisia, however, have much lower success
hunting passerines, doves, and swallows. Figure 8 shows that only the Tunisian
peregrines appear to cooperate while hunting in pairs.

Figure 9 shows all of the remaining available data for hunting success on single
large prey. Some species, such as the wild dog and cheetah, show a tendency to
cooperate in small groups but to cheat at larger group sizes (in these species,
unlike in hyenas, carcasses are divided equitably even at large group sizes).
Chimpanzees resemble the Serengeti lions in showing an intermediate level of
hunting success. Only in Stegodyphus spiders do pairs show clear evidence of
cooperation in spite of a high value of H,. However, this is also the only labora-
tory study of a species taking a single large prey. Stegodyphids may have a low
H, in the wild and are inappropriately showing cooperation in artificial circum-
stances.

For each of the distributions in figures 5-9, we have logistically transformed the
data and calculated the regression slope of hunting success against group size. If
cooperation is mostly restricted to cases in which solo hunting success is low, the
slopes of the regressions and H, should have a negative relationship. For pairs and
trios, the correlation between the slope of success and H, is highly negative (pairs,
re = —0.68, n = 22, P < 0.01; 1-3 individuals, r, = —0.72, n = 10, P < 0.05).
However, larger group sizes show no relationship (1-4, r;, = —0.33, n = 8; 1-6,
rs = 0.30, n = 8). Thus, for small group sizes, more cooperation is seen when solo
hunting success is low, but the relationship disappears at larger group sizes.

We predicted that cheating should become more likely as group size increases
(table 6), but in practice cooperation may be more likely if the captured prey is not
evenly divided, and a single large prey thus begins to approximate a single small
prey. It is impossible to say at which group size these switches should occur
without detailed data on the behavior of each species. It is encouraging that
hyenas, which are known for the rapidity of their feeding, switch as predicted to
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Fic. 8.—Group hunting success of peregrine falcons (Cornwall, Treleaven 1980; Quebec,
Bird and Aubrey 1982; Tunisia, Thiollay 1982).

cooperative behavior at a large group size, and the more relaxed feeders (cheetah
and wild dogs) switch in the opposite direction. Data are needed from large
feeding groups in many more species before the generality of these latter predic-
tions can be confirmed.

Multiple small prey.—As outlined above, any species that typically captures
multiple prey is in fact playing cooperator since the cheater strategy would result
in only one hunter per group and hence a single prey. Many species do, in fact,
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take multiple small prey. Group-size-specific hunting success for these species is
given in figure 10. It is expected that K, = K, regardless of whether group
members play cooperator or cheater. An increase in hunting success with group
size therefore indicates synergism from cooperation, whereas a decrease indicates
some form of interference. We present these data to show how often group
hunting involves either factor (see below). Note that although synergism may
provide strong advantages to grouping (and almost all these species do show
some synergism), species that live in groups and capture small prey should forage
cooperatively regardless of any such effect.

Multiple large prey.—We know of no species that typically captures multiple
prey large enough to feed more than one group member (except possibly ants or
humans). Although several species that typically capture single large prey occa-
sionally catch multiple prey (e.g., lions; Schaller 1972), it is not known how often
multiple prey are captured simultaneously (as our models specify) or in rapid
succession by the group as a whole (in which case they are always catching a
single prey). Because the likelihood of cheating increases with increasing group
size (table 6), we predict that multiple kills should be disproportionately common
in small hunting groups. Schaller (1972) stated that most multiple kills were made
by groups of four or more lions, but we cannot use his data to estimate the relative
frequency of multiple kills across hunting-group sizes.

Overall, group-size-specific hunting success is consistent with the predictions of
our simple models. Animals that hunt small prey always show evidence of cooper-
ation, whereas those that hunt large prey often appear to cheat. Species that
capture single large prey cooperate in small groups when H, is low but often
appear to cheat when H, is high. Several species that take a single large prey
switch from one strategy to another as group size increases. Two species that
conform to the conditions of a single large prey at all group sizes cooperate in
small groups but not in large ones. One species that forms groups sufficiently large
that the prey effectively becomes a single small prey switches from cheating to
cooperation at large group size. Many species show synergistic hunting success
and hence evidence of coordinated cooperation. However, synergism mostly
occurs when group members are predicted to show rudimentary cooperation of
the type outlined in our models.

Are there alternative explanations for these findings? Most authors have inter-
preted a failure of hunting success to improve with increasing group size as
evidence of interference. However, for no reason should interference be virtually
restricted to situations in which our models predict cheating (e.g., divisible prey
and either a high value of H, or a large group size). If anything, interference
should be most frequent when individual hunters are inept since they would be
most likely to get in each other’s way. Instead, the data show the opposite trend:
inept individual hunters have a higher combined success. Interference should also
be apparent when predators take small prey, but such species almost always
match or exceed the success rates predicted from cooperation (figs. 4, 10).

Similarly, if hunting success depends more on features relating to the prey than
to the predator (e.g., a proportion of prey are impossible to catch, whereas the
remainder may always be caught), then hunting success would not be expected to
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FiG. 10.—Individual hunting success (K,) of species that capture multiple small prey: cattle
egrets, Scott 1984; little egrets, Erwin et al. 1985; great blue herons, Krebs 1974; black-
headed gulls, Gétmark et al. 1986; golden-web spiders, Rypstra 1985; ravens, Montevecchi
1979; jacks, Major 1978; California sea lions, R. Pierotti, pers. comm.
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improve with increasing predator-group size. However, this should be equally
likely for all types of prey, at all group sizes, and regardless of individual hunting
success.

We therefore consider neither of these hypotheses strong alternatives to the
predictions of our models. We suggest that interference may be less widespread
than previously supposed and may in fact be less common than cheating. We also
feel justified in assuming that group hunting success primarily results from factors
associated with the combined ability of the predatory group. We hope that future
studies will attempt to provide direct evidence of cheating by distinguishing
between these alternatives. The evidence that we provide here is purely circum-
stantial, and it is clearly important to use direct observation to establish the
existence of cheating.

THE INFLUENCE OF KINSHIP ON COOPERATIVE HUNTING OF SINGLE LARGE PREY

When hunting partners are close Kin, an individual’s strategy affects its inclu-
sive fitness through the consequence of that strategy on its hunting partner
(Grafen 1979; Hines and Maynard Smith 1979). Kinship has two major effects on
the behavior of predators that capture a single large prey. First, cooperation can
be the ESS at a level of H, higher than that permitted if the hunting partners are
unrelated. Second, cooperation will be the ESS at a group size larger than that if
the partners are unrelated. Therefore, in a given species, close kin should hunt a
wider variety of prey cooperatively than do non-kin, and cooperative groups
should be larger when they are composed entirely of kin. None of the data in
figures 5-9 can be used to test either hypothesis. However, it is noteworthy that
recent studies have suggested that social spiders are typically highly endogamous,
and hence group members are extremely closely related (Lubin and Robinson
1982; Roeloff and Riechert 1988). Field studies of Stegodyphus mimosarum sug-
gest that this unusually cooperative species (see fig. 9) has a similar social
organization (Wickler 1973). It is also relevant that cooperative coalitions of four
or more male lions are always composed only of kin, whereas smaller coalitions
are commonly composed of nonrelatives (Packer and Pusey 1982; Packer 1986;
Pusey and Packer 1987).

Cooperating pairs of close kin within larger groups might also account for the
intermediate levels of cooperation in the Serengeti lions (fig. 7) and chimpanzees
(fig. 9). Further observations on these species could show whether kin within the
same group cooperate and non-kin act as cheaters.

WHY NOT HUNT SINGLE LARGE PREY TIT-FOR-TAT?

The above analyses focus on the outcome of individual hunts, but group
members may forage together repeatedly. The payoff matrix for single large prey
(table 1) often follows the conditions of the iterated prisoner’s dilemma: when two
cooperators meet they receive a reward (R) from cooperation, but there is often a
temptation to cheat (T) and thereby to avoid the costs of prey capture, which
consequently fall entirely on the sole cooperator (S). If two cheaters meet, each
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gains a punishment (P) that is less than if both cooperated. By our definition of
cheater, each cheater receives T and S on alternate encounters: P = (T + S)/2.
Whenever cheating is the ESS in a single encounter, T>R> P> SandR > (T +
S)2.

These are precisely the conditions under which a tit-for-tat form of cooperation
(TFT) would be expected to occur (Axelrod and Hamilton 1981). An individual
playing TFT would cooperate in the initial hunt and then play the partner’s
preceding strategy in the following hunt. By Axelrod and Hamilton’s analysis,
TFT is an unbeatable strategy when the probability (w) is high that the same two
individuals will hunt together again. More precisely, TFT is expected when w >
(T — R)(T — P)andw > (T — R)/(R — S). With most reasonable values of V, C,
H, and E and following the expected relationships between pairs of variables (e.g.,
H,=1— (1 — H)" as specified above, TFT would be the ESS if the same pair
hunted together at least 10-50 times.

Since most predators hunt daily, w must be sufficiently large that cooperation
would always be expected in social hunters that take single large prey. They
should show ‘‘pure’’ cooperation when H, is sufficiently low and TFT cooperation
when it is high. The data in figures 5-9 suggest, however, that several species may
cheat instead of playing TFT. Why don’t these predators cooperate tit-for-tat?

TFT is most likely to evolve when interactions are between pairs, but it
becomes increasingly unlikely as group size increases (Boyd and Richerson, in
press). However, several species that apparently play cheater live in monogamous
pairs (jackals, fig. 6; peregrine falcons, fig. 8).

Do predators lack the cognitive skills to distinguish between cheaters and
cooperators? Two sorts of information must be monitored simultaneously by each
hunter: the behavior of each partner and the type of prey. An individual must be
able to determine which group members are cheaters and which are cooperators.
Moreover, the appropriate hunting strategy may vary according to the species of
prey (e.g., fig. 5; hyenas should play cooperator when hunting wildebeest calves
and cheater when hunting gemsbok calves). If the type of prey varies from hunt
to hunt, then it may be very difficult to remember which partners played which
strategy on a particular prey species during the preceding hunt. However, limita-
tions of memory would seem less important for monogamous pairs since they only
hunt with each other and only need to recall their partner’s behavior during the
preceding hunt. Amusingly, the species in figures 5-9 that seems most likely to be
cooperating TFT is the Stegodyphus spider, since it is the only cooperative hunter
of single large prey with a high value of H; (fig. 9).

Are predators simply unable to distinguish between a cheater and an unlucky
cooperator? Individual hunting success is typically low (see fig. 2), and by chance
an individual may miss several times in a row. If cheaters attempt to mimic
cooperation but still refuse to take a risk in subduing the prey, then it may be
difficult to differentiate cheaters from cooperators. Indeed, we suggest that most
observers have been unable to make the distinction in the studies presented in
figures 5-9. This idea is obviously speculative, but if nothing else, we hope that
this paper inspires field-workers to watch hunting groups with a more cynical eye.

Alternative explanations must be considered because monogamous pairs ap-
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TABLE 7

DouBLE-PAYOFF MATRIX FOR SINGLE LARGE PREY WHEN THE DOMINANT MEMBER OF A PAIR GAINs
A DISPROPORTIONATE SHARE OF THE KiLL

DOMINANT
SUBORDINATE Cooperate Cheat
Hy,(pV — C,) - E; H,pV
Cooperate \ \
Hl(1 -p)V-GC] - E H{(1-pV-Cl-E
H\(pV - C) - E Vi[H\(pV - C)) — Eil

+ V.H, pV
Cheat \ \
H(1 - p)V VaH(1 - p)V+

WB{H[(1 — p)V — Cil- Ei}

Note.—The dominant receives the payoffs in the upper right-hand corner of each cell. For simplic-
ity we have left out L, since each combination of strategies has the same prey-encounter rate.

parently do not engage in TFT. Such pairs not only would be expected to play
TFT, but should also be less inclined to cheat since the reproductive success of
one depends on the success of its mate. It is therefore surprising that jackals and
peregrines tend to cheat just as much as lions and hyenas. If these two monoga-
mous species are significantly promiscuous, then males may have alternative
breeding opportunities (Maynard Smith 1977) and may maximize their reproduc-
tive success by letting their mates catch their supper. Alternatively, if these
species are long-lived and pair again, an individual could maximize its own
survival by avoiding the costs of prey capture. The first of these possibilities
predicts a male bias in cheating; the second predicts no sex bias.

Although it might seem that mating partners should be less likely than any other
two individuals to cheat during group hunts, sex differences can have important
consequences on the evolution of cooperation between spouses. First, individuals
of one sex may have greater access to the prey once it has been captured. In many
species, sexual dimorphism allows one sex to dominate the other during feeding.
Table 7 shows the payoff matrix for partners with unequal feeding success, where
p is the proportion of each carcass eaten by the dominant member of the pair (in
the original model, each hunter was assumed to receive half of each kill; p = 12).
For a single-encounter game in which one member of the pair gains more than half
of the food, if cooperation is the ESS, H; must be even lower than when the two
partners gain equal access. Since the subordinate receives less of the reward than
the dominant, the subordinate regains the costs of participating in a cooperative
hunt only if H, is concomitantly lower. Thus, the subordinate is the first to cheat,
and in response the dominant must also cheat. As in the original analysis, how-
ever, TFT could be an ESS in an iterated game over all values of H; when simple
cooperation is not the ESS.

Second, individuals of one sex may be more proficient hunters than those of the
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TABLE 8

DouUBLE-PAYOFF MATRIX FOR SINGLE LLARGE PREY WHEN ONE HUNTER Is BETTER THAN ITS PARTNER

BETTER
WORSE Cooperate Cheat
' 1%
Hz(% - Cz) - E Hw7
Cooperate \
Hz(-; - Cz) E Hw@ - Cl) - E,

&
0
[
o
~—
|
IS

I/Z[Hb(% - C]) - El] +1/2Hw%

Ho~
2 14

Note.—Format as in table 7.

opposite sex. In lions and jumping spiders, the hunting success of females is
higher than that of males (Schaller 1972; Givens 1978), whereas in peregrines,
males may be better hunters than females (Bird and Aubry 1982). The payoff
matrix for partners with unequal hunting success is given in table 8, which
introduces two new variables: Hy, which is the solo hunting success of the better
hunter; and H,, the solo success of the worse hunter. With unequal hunting
success, we assume that H, = 1 — (1 — H)X1 — H,,).

The consequences of unequal hunting success are somewhat surprising. The
value of H,, at which pure cooperation will be an ESS in a single-encounter game
decreases as the relative abilities of the two become more disparate (as Hy/H,,
increases). In fact, if the relative abilities of the two are sufficiently extreme, then
cooperation never occurs. That is, if the hunting success of the worse hunter is
sufficiently low, then his cooperation will make virtually no difference to the
better hunter’s chances of success, and the consequent increase in the pair’s
hunting success would not be sufficient to overcome his own costs of participating
in the hunt. In contrast, the better hunter always does best to cooperate (even if
his partner cheats) because he gains more from hunting than from relying on his
incompetent partner. In these cases, the ESS is cooperation by the better hunter
and cheating by the worse hunter. Consequently, the better hunter will do all the
hunting alone.

These payoffs no longer describe a symmetrical prisoner’s dilemma: although it
is still true that T > R > P > § for the worse hunter, R > § > P > T for the better
hunter. In an iterated game, the most likely outcome is for the better hunter
always to cooperate and the worse hunter always to cheat. Because S > P for the
better hunter, he gains a higher payoff from cooperating with a cheater than from



EVOLUTION OF COOPERATIVE HUNTING 189

playing TFT. However, because R > P for both hunters, TFT can still be an
unbeatable strategy, but only if most good and bad hunters initially play TFT. A
high initial proportion of individuals playing TFT is required in the symmetrical
prisoner’s dilemma (Axelrod and Hamilton 1981), but this asymmetry greatly
increases the required initial frequency of TFT. Thus, TFT is far less likely to
evolve in a species in which the partners initially showed differential hunting
ability.

If both hunting success and feeding access vary, the two variables can reinforce
each other. If the better hunter also has greater access to the captured prey, then it
becomes the sole hunter of the pair at a lower disparity in hunting success than
when the prey is equally divided. However, if a subordinate is a sufficiently better
hunter than its companion, it may still become the sole hunter but only if its share
of the kill is not too small. Although female lions are subordinate at Kills, they are
better hunters than males and do most of the hunting (Schaller 1972).

These final analyses illustrate that the range of possible values under which
cooperation could evolve may sometimes be rather small. The available data are
inadequate to show whether either factor is generally important, but we hope that
future studies will investigate that possibility.

SUMMARY

Using a series of game-theoretical models, we develop two major predictions
concerning the evolution of cooperative hunting. First, we specify the conditions
under which individuals should hunt in groups rather than solitarily. When a group
captures only a single prey per hunt, the expected benefits from cooperation
rarely outweigh the advantages of hunting alone, since the prey must be divided
between group members. Cooperation to capture the same prey can confer
sufficient mutual benefit only when solitaries have low foraging efficiency; other-
wise, each individual would do better to hunt separate prey. In contrast, species
that capture multiple prey in a single hunt are not faced with similar disadvantages
from grouping and should not be similarly constrained to hunt alone by high
individual foraging efficiency. However, these predictions are not well supported
by comparisons of individual hunting success in species that hunt alone and in
groups. Consistent with previous reviewers, we consider that cooperative hunting
in many species is more often a consequence of gregariousness than its evolution-
ary cause. However, cooperative hunting does often appear to be an important
cause of grouping in species that take multiple prey. )

Second, we specify the conditions under which group members should hunt
cooperatively. A temptation to cheat is prevalent in species that capture prey
large enough to be scavenged by noncooperative companions. Cheaters can
thereby avoid the costs of hunting and prey capture. Cooperation is most likely
when an individual has a low probability of capturing a large prey by itself. Under
these conditions, a second hunter can sufficiently increase the pair’s chances of
capturing the prey to overcome his own cests of participating in the hunt. How-
ever, the temptation to cheat increases with group size, since each additional
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hunter is decreasingly likely to overcome his costs of hunting. In contrast, there is
no temptation to cheat when prey size is so small that only the successful hunter
can feed from the captured prey. Data from 28 studies of group hunting generally
conform to these predictions. Group members always cooperate when hunting
small prey. When groups hunt large prey, cooperation mostly occurs when solo
hunting success is very low, whereas cheating appears to be common when solo
hunting success is high and group size is large.

Although repeated hunting of a single large prey often conforms to the condi-
tions of the iterated prisoner’s dilemma, we have little evidence that cooperation
has evolved from a ‘‘tit-for-tat’” hunting strategy. We specify the theoretical
effects of kinship, individual differences in hunting ability, and behavioral domi-
nance on the evolution of cooperative hunting of single large prey. We show that
‘‘tit-for-tat”’ is unlikely to be found where there are extreme individual differences
in hunting ability.
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