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Abstract

Animal food sharing has puzzled biologists for decades. Why would an animal

sacrifice potential survival and reproductive benefits to help another individual? This

apparent altruism has been explained as benefiting kin or providing future benefits

through reciprocation. Other explanations of sharing focus on selfish, immediate ben-

efits of sharing. An experiment with unrelated blue jays (Cyanocitta cristata) tested

cooperation in controlled-payoff games such as the Prisoner’s Dilemma. Results indi-

cated that the jays did not cooperate or reciprocate in the Prisoner’s Dilemma. Instead,

they only cooperated when it produced immediate benefits; that is, the cooperation was

selfish rather than altruistic. These selfish benefits could arise in natural food sharing

situations via harassment. By harassing, a beggar may inflict fitness costs on a food

owner, making defending costly. The owner may “pay” the beggar with part of the food

to avoid costly harassment. A game theoretical model of this situation predicted that

harassment may profit a beggar when gaining other “non-contingent benefits” offsets

costs of harassing. In the face of high harassment pressure, owners may benefit most

by sharing with the beggar. A comparative experiment with captive chimpanzees (Pan

troglodytes) and squirrel monkeys (Saimiri boliviensis) tested the model predictions. By

varying food divisibility and the beggar’s access to the owner, this experiment manip-

ulated non-contingent benefits for the beggar and potential harassment costs for the

owner. Results indicated that beggars did harass when they gained non-contingent ben-

efits, and the owners shared more frequently when beggars harassed. Squirrel monkeys

harassed more frequently than chimpanzees, but chimpanzees harassed for longer dura-

tions. Interestingly, both chimpanzees and squirrel monkeys shared equally often, and

squirrel monkeys shared larger amounts. These experimental and comparative data indi-

cate that harassment can elicit sharing in primates. Since harassment provides a simple,
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selfish explanation of some sharing situations, it must be considered before invoking

complex explanations such as reciprocity.
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Introduction 1

Introduction

Only an hour before, the elk calf suckled from his mother in the relative safety of

the herd. Now, the weary calf notices a tingle in the air. His radar-like ears do not

detect anything, but hearing is difficult over his loud panting. Suddenly, a grey flash

races out of the brush, toppling him to the fresh snow. The wolf lunges and bites until

she secures a firm grip on the calf’s throat. After an exhaustive chase, the hunter can

finally abandon her week-long fast. Only a few minutes into the feast, the soft crunch of

snow signals the arrival of another female wolf, ready to eat. The newcomer trots over

to the carcass and begins eating, side-by-side with the hunter.

The hunter in this story appears to act altruistically towards the newcomer. That

is, she pays a sizable cost—in terms of energy used and possible injuries—to capture

the quarry. By allowing the newcomer to eat, the hunter forfeits the opportunity to

consume all of the food and, in fact, helps the newcomer. These types of altruistic be-

havior, particularly in the social insects, troubled Charles Darwin and provided what he

considered the most potent challenge to his theory of natural selection (Darwin, 1859).

Why would an animal sacrifice potential survival and reproductive benefits (evolutionary

fitness), while at the same time helping the fitness of a competitor? If fitness is indeed

relative, altruism offers a true evolutionary paradox. Nevertheless, examples of deferred

reproduction, cooperative breeding, alarm calling, cooperative hunting, and food shar-

ing abound throughout the animal kingdom. Researchers have proposed a number of

theories to account for altruism.
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Group selection

Many students of animal behavior turned to group selection to explain altruistic behavior

(Wright, 1945; Lewontin, 1962; Wynne-Edwards, 1962). Proponents of group selection

argued that altruism that benefits the group allows those groups to outcompete selfish

groups. Williams (1966) challenged this view by proposing that selection on individuals

acts faster than selection on groups. Therefore, group selection may not be as important

as individual selection. Despite a resurgence in group selection theory (Wilson, 1980;

Wynne-Edwards, 1993; Sober and Wilson, 1998), many suggest that group selection adds

nothing new to evolutionary biology (Maynard Smith, 1998; Reeve and Keller, 1999).

Most recent research focuses on how altruism benefits the donor rather than the group.

Kin selection

Hamilton (1964) turned behavioral ecology on its head by proposing that, although

costly to the donor, altruism may benefit kin. Because individuals share a proportion

of their genes with relatives, helping relatives yields genetic benefits that may outweigh

individual costs. Hamilton predicted that altruism could occur when the benefit to the

recipient weighted by the recipient’s relatedness to the donor exceeds the cost to donor.

The formalization of kin selection suggested that selection may act the level of the gene

rather than the individual (Dawkins, 1976). These ideas have inspired a wealth of theory

and experiments demonstrating the importance of kinship in altruism. In particular,

kin selection can put Darwin’s concerns to rest by accounting for much of the altruism

exhibited by social insects. Worker insects forego their own reproduction and tend to

the queen’s offspring because they share genetic material with the queen (reviewed in

Bourke, 1997). Staying and helping with brood care propagates that genetic material at

a faster rate than dispersing and reproducing outside of the colony. Many other examples

of kin-selected altruism exist including alarm calling in ground squirrels (Sherman, 1977,
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1985), food sharing in crows (Ha et al., 2003), and deferred reproduction in lions (Packer

et al., 1991). Kin selection offers a parsimonious explanation of altruism because the

mechanism maintaining altruism is relatively simple. Often animals do not even require

special mechanisms to detect kinship. Natural selection can favor simple rules such as

“help the individuals you grew up with”. However, groups with mixed relatedness require

more complicated means of recognizing kin, such as phenotypic matching (Sherman

et al., 1997), to avoid cheaters. A potential drawback to the general application of

kin selection is the limited set of individuals to interact with. When interacting with

unrelated individuals, kin selection cannot promote altruism. Nevertheless, kin selection

is probably the most ubiquitous type of altruism.

Reciprocity

To explain examples of non-kin altruism, Trivers (1971) proposed reciprocal altruism in

which animals alternate donating and receiving help. By alternating these roles, animals

recoup current costs in future interactions. Trivers’ theory required that (1) the recip-

ient’s benefit exceed the donor’s cost, (2) players recognize and interact with the same

individuals repeatedly, and (3) players track debts owed and favors given. This theory,

however, provides the temptation for cheaters to exploit the generosity of donors by not

reciprocating. A cheater that avoids costs of donating but always receives benefits will

have higher fitness than a reciprocal altruist. Axelrod and Hamilton (1981) approached

this problem by integrating economic game theory (von Neumann and Morgenstern,

1944) with Triver’s reciprocal altruism using the Prisoner’s Dilemma (Rapoport and

Chammah, 1965). The Prisoner’s Dilemma is a two-player, non-zero sum game in which

each player chooses to cooperate or defect. Originally, the payoffs associated with partic-

ular choice combinations represented utility in human economic games (von Neumann

and Morgenstern, 1944). Maynard Smith (1982), however, demonstrated that tradi-
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tional game theory could apply to evolutionary games of animal contests. Rather than

economic utility, evolutionary biologists could measure payoffs in units of fitness. The

payoffs for cooperating and defecting in the Prisoner’s Dilemma are given by:

Against:

Cooperate Defect

Payoff to:
Cooperate R S

Defect T P

in which T, R, P, and S represent the payoffs to the row player against the column

player and T > R > P > S. Therefore, if both individuals cooperate, they both receive

a “reward” R. If one player defects while the other cooperates, the defector receives

the largest payoff T (the “temptation to cheat”), whereas the cooperator receives the

lowest payoff S (the “sucker’s payoff”). Mutual defection “punishes” both players with

a relatively low payoff P. Given these payoffs, we can define cooperation economically

as joint action for mutual benefit. Both players must cooperate in order for both players

to benefit—if one player deviates, the other is worse off. For instance, if the wolves

in the previous example hunted the elk simultaneously, both would benefit by splitting

energetic and injury costs. In the example, however, one wolf avoided any hunting costs

(thrusting them all on the hunter) and still gained the benefits of consuming the carcass.

Therefore, the benefits of not hunting provide a temptation to cheat.

To solve the economic game, we must determine the Nash equilibrium (Nash, 1951)—

a set of strategies such that each player’s response is the optimum reply to its opponent’s

choice (similar to the Evolutionarily Stable Strategy proposed by Maynard Smith, 1982).

The Nash equilibrium of a single Prisoner’s Dilemma game is to defect. Regardless, of

whether the opponent cooperates or defects, a player would benefit most by defecting

(T > R and P > S). This results in mutual defection and both players receiving the very

low P payoff. However, if the players could forego the temptation to cheat and mutually
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cooperate, both players would benefit from obtaining R, hence the dilemma.

Axelrod and Hamilton (1981) proposed a strategy based on reciprocal altruism that

maintains cooperation but requires repeated plays of the Prisoner’s Dilemma (the Iter-

ated Prisoner’s Dilemma or IPD). The strategy tit-for-tat is defined as cooperating in the

first game and copying the opponent’s prior move in all subsequent games. Axelrod and

Hamilton contended that tit-for-tat could stablize cooperation in the IPD if the players

expected to play against each other repeatedly. Single games result in mutual defection,

but repeated games may produce cooperation. A maelstrom of theory expanded upon

the original model by including multiple players, a stochastic environment, spatial struc-

ture, mistakes, and many more nuances (reviewed in Dugatkin, 1997). A few researchers

claimed to demonstrate tit-for-tat strategies in IPD situations in animal interactions

(Milinski, 1987; Dugatkin, 1988; Fischer, 1988; Godard, 1993). However, validating that

these situations conform to a true Prisoner’s Dilemma proves difficult. Other researchers

challenged the authenticity of these claims (Lazarus and Metcalfe, 1990; Connor, 1992;

Stephens et al., 1997; Noë, 2001), presenting simpler explanations for the observed be-

havior. Until recently (Stephens et al., 2002), no evidence of cooperation existed in a

verifiable Prisoner’s Dilemma.

Why is there no evidence demonstrating reciprocity despite an abundance of support-

ing theory? Animals must overcome a number of obstacles for reciprocity to maintain

altruism. The repeated interaction requirement restricts reciprocity to fairly social an-

imals. Also, reciprocity requires individual recognition, which may involve complicated

cognitive skills. The largest impediment, however, is the ability to track debts owed and

favors given over a network of individuals. Detecting cheaters and remembering helpers

may require complex cognitive mechanisms. These challenges may place reciprocity

beyond the capabilities of most non-human animals.
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Mutualism

In both kin selection and reciprocal altruism, donors act altruistically. Even though the

act benefits relatives or is repaid in the future, the donor receives an immediate cost.

In contrast, many examples of cooperation may appear altruistic, but upon closer in-

spection, the donor receives immediate benefits. In these cases of by-product mutualism

(West-Eberhard, 1975; Brown, 1983), apparently altruistic cooperation behavior results

from the by-product of selfish behavior. Therefore, cooperation benefits individuals

regardless of the opponent’s decision. Whereas benefits from kin selection depend on

cooperating with kin and the benefits of reciprocal altruism depend on your opponent’s

reciprocation, the benefits of mutualistic cooperation are unconditional. No temptation

to cheat exists, because any individual that deviates from cooperation does worse than

if it cooperates. For example, ‘cleaner’ fish swim inside the mouths of larger ‘client’ fish

to remove ectoparasites and dead tissue (Bshary, 2001). Why do cleaners remove para-

sites from the clients and why do clients not eat the cleaners? Mutual benefits for both

parties maintain this interspecific cooperation. Cleaners benefit by consuming the para-

sites removed from clients; some consume up to 1200 parasites per day (Grutter, 1996).

Clients avoid eating cleaners because of the health benefits of a reduced parasite load. If

the clients consumed the cleaners, their parasite load could increase fourfold (Grutter,

1999). Therefore, both cleaners and clients increase their fitness by participating in this

cooperative interaction.

Mutualism applies to a wide range of cooperative situations and probably explains

many cases of apparent altruism (Clements and Stephens, 1995; Connor, 1995; Pusey

and Packer, 1997). Its simplicity provides the primary advantage of mutualism as an

explanation of cooperation. Mutualism does not require interaction with the same in-

dividuals (kin or reciprocating partners). Instead, any two individuals can meet and

have a mutualistic interaction. Also, it does not require complicated cognitive mecha-



Introduction 7

nisms such as individual recognition or score-keeping. These simple requirements and

the immediate benefits make mutualism a very parsimonious explanation of cooperation.

Thesis overview

Given the focus on kin selection and reciprocity, this thesis examines whether mutualistic

alternatives can explain many instances of animal altruism. In particular, I focus on food

sharing as an apparent altruistic behavior. By sharing food with another individual, a

donor loses the potential fitness benefit of the shared food. Most investigations of food

sharing cite kin selection and reciprocity as the functional explanation of sharing. I

propose an alternative, mutualistic reason for sharing.

I begin this thesis (Chapter 1, co-authored with Ian Gilby) by reviewing the cur-

rent food sharing literature in non-human animals. This chapter provides a conceptual

framework for considering non-kin sharing. Chapter 2 (co-authored with David W.

Stephens) describes an empirical examination of the economics of cooperation. We de-

scribe testing the costs and benefits of cooperation in blue jays (Cyanocitta cristata)

facing repeated Prisoners Dilemma and other game theoretical situations. Originally,

we designed this experiment to test food sharing in the jays. A follow-up experiment,

however, indicated that the jays did not perceive the situation as sharing, and, thus, I

generalized it to a cooperative rather than food sharing game. Chapter 3 (co-authored

with David W. Stephens) proposes a game theoretical model of a mutualistic food shar-

ing situation. The model formalizes the circumstances under which food beggars should

harass owners and when food owners should share with beggars. Chapter 4 describes

a set of comparative experiments designed to test the model proposed in Chapter 3. I

provide empirical evidence of the effect of harassment on food sharing in two species

of primate: chimpanzees (Pan troglodytes) and squirrel monkeys (Saimiri boliviensis).

Finally, I conclude with a section speculating on the role of harassment as a general
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mechanism underlying both human and non-human food sharing. This thesis focuses

on non-human sharing, but the literature in anthropology provides relevant theory and

observations on human food sharing. In particular I would like to draw attention to

contributions from Bliege Bird and Bird (1997), Blurton Jones (1984, 1986, 1987), Boyd

and Richerson (1992), Hawkes (1991a,b, 1992a,b, 1993), Kaplan and Hill (1985), and

Winterhalder (1986, 1996a,b, 1997).

Please note that I wrote the chapters in this thesis as independent publications.

Therefore, the chapters may not contain an comprehensive review of background infor-

mation or an exhaustive presentation of all data available as is common in most theses.

Instead, the chapters are more concise and stand alone. I apologize in advance for any

redundancy resulting from this format.
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Chapter 1

Non-kin food sharing: a conceptual framework 1

Abstract

Many animal species, from arthropods to apes, share food. This paper presents a new

framework that categorized non-kin food sharing according to two dimensions: (1) the

interval between sharing and receiving the benefits of sharing, and (2) the currency in

which benefits accrue to the sharer (especially food vs. non-food). Sharers can obtain

immediate benefits from increased foraging efficiency, predation avoidance, mate provi-

sioning, or manipulative mutualism. Reciprocity, trade, status enhancement, and group

augmentation can delay benefits. When benefits are delayed or when food is exchanged

for non-food benefits, maintaining sharing can become more difficult because animals

face discounting and currency conversion problems. Therefore, explanations that require

delayed or non-food benefits are less parsimonious because few species possess the re-

quired cognitive mechanisms. The immediate, selfish fitness benefits that a sharer may

gain through by-product or manipulative mutualism, however, apply to various food

sharing situations across many species and provide a simpler, more general explanation

of sharing.

1This chapter was co-authored with I.C. Gilby.
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Sharing food appears to exemplify the paradox of altruism—a recipient gains

fitness benefits at the expense of a donor. Despite this altruistic appearance, food

sharing commonly occurs in non-human animals, including insects (Bolten et al., 1983;

Boggs, 1995; Vahed, 1998), birds (Heinrich, 1988b; Stacey and Koenig, 1990; Thiollay,

1991; Evans and Marler, 1994), cetaceans (Johnson, 1982; Hoelzel, 1991), vampire bats

(Wilkinson, 1984; Denault and McFarlane, 1995), and other small mammals (Judd and

Sherman, 1996; Brotherton et al., 2001). Primates, in particular, have been well-studied

(reviewed in Feistner and McGrew, 1989), including prosimians (Gurksy, 2000), New

World monkeys (Starin, 1978; Ferrari, 1987; Feistner and Price, 1990; Perry and Rose,

1994; Pastor-Nieto, 2001), Old World monkeys (Kavanagh, 1972; Strum, 1975, 1981;

Dittus, 1984), and apes (Kuroda, 1984; Goodall, 1986; Nettelbeck, 1998). Many of

these and other authors have used different definitions of food sharing. Here, we adopt

a relatively broad definition of sharing—joint use of monopolizable food items. That

is, if an individual can defend a food item but allows another individual to consume

part of the item, it is considered to be sharing. This definition includes both passive

(tolerated theft) and active sharing (facilitated transfer, food recruitment). Regardless

of the method of transfer, the food owner loses potential fitness benefits by sharing.

We propose this broad definition because sharing poses an important economic prob-

lem in animal societies. Though apparently altruistic, sharing typically yields benefits

to the food donor either indirectly through kin selection (Hamilton, 1964) or directly

through other mechanisms. Much of animal food sharing probably results from kin se-

lection; mother-offspring sharing frequently occurs in nature, as does other kin-based

sharing. Because this type of sharing is well understood, we focus on non-kin explana-

tions of sharing involving direct fitness benefits to the donor.



Chapter 1—Non-kin food sharing 14

Fitness benefits

Here we review non-kin sharing studies using a conceptual framework partially based on

Brown’s (1980) fitness components. We divide fitness benefits for non-kin sharing along

two dimensions (Table 1.1). Our first dimension considers the time at which the donor

receives its benefit: either immediately following sharing or after a delay. For example,

a lioness that just captured a Thompson’s gazelle has two options when another pride

member approaches: she can defend the carcass or allow the intruding lioness to feed

with her. By sharing, the owner may benefit by avoiding a contest, which would result

in the loss of the entire carcass. In this case, the owner receives the immediate benefit

of continuing to consume the food. Alternatively, sharing may provide delayed benefits

by increasing the survival of the intruding female, thereby raising the chances that she

remains in the group. If larger groups of females can better defend their cubs from

infanticidal males, the lioness may reap future rewards for sharing.

Categorizing types of sharing by the time at which the fitness benefit accrues (im-

mediate or delayed benefits) provides an important distinction. Deferring immediately

obtainable benefits until the future has two primary difficulties. First, delaying bene-

fits trades current fitness for future fitness. Animals can invest current resources into

offspring, but by delaying benefits, they divert investment into future offspring. If this

delays reproduction, it could reduce the lifetime reproductive success. Second, much can

happen between the time that a food item is shared and the return benefit accrues. The

donor or recipient could forget about the debt or even die. Because of this uncertainty,

animals may discount the value of delayed benefits (Mazur, 1987; Rachlin, 2000), thus in-

creasing the perceived value of immediate benefits. That is, animals may prefer smaller,

immediate benefits to larger, delayed benefits. This preference may cause animals to

devalue food up to 50% in the first second of delay (Mazur, 2000). Discounting plays

an important role in food sharing since food items are often ephemeral (Stephens and
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Krebs, 1986) . Explanations that rely on these delayed benefits may require complicated

mechanisms to overcome the problem of discounting.

Our second dimension considers the fitness currency of the benefit received by the

donor. The donor can either receive more food as a result of sharing or receive another

type of benefit such as grooming, predation avoidance, or mating opportunities. In the

lion example, the owner that shares to avoid the contest and possible loss of the carcass

gives up part of her food to consume more food—the returned benefit currency is the

same. Yet, the owner that shares to maintain a large group size exchanges food for

another currency: increased cub survival.

Classifying fitness effects based on the currency of the received benefit allows us to

consider whether the food donors must convert between fitness currencies (biological

markets: Noë and Hammerstein, 1994, 1995; Noë et al., 2001). How much does one bite

of food translate into decreasing predation risk, increasing the probability of mating,

reducing harassment costs, lowering parasite load, increasing rank, or enlarging the group

size? We do not suggest that animals consciously calculate these conversions; rather,

natural selection favors individuals that make appropriate conversions. Nevertheless,

variation in amounts of food donated and values of returned benefits may require flexible,

complicated rules to convert between variable amounts of benefits. Some argue that the

complexity of these trading networks may have driven the evolution of the human brain

(La Cerra and Bingham, 1998).

Despite the importance of timing and currency on fitness, few studies have satisfacto-

rily considered these aspects for food sharing. We argue that these factors influence the

complexity of hypotheses used to explain sharing. Therefore, this framework can help

us evaluate which hypotheses provide the most parsimonious explanations of sharing.
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Immediate benefits

Immediate benefits accrue during or directly following the sharing event. Occasionally,

classifying benefits as immediate or delayed proves difficult—some types of benefits

can occur both immediately and after a delay. Nevertheless, a clear difference often

distinguishes between benefits that accrue during or immediately following sharing and

those that accrue after a time delay.

Food for food

Increased foraging efficiency

Although it may appear to be counterintuitive, individuals may actually increase their

foraging efficiency by sharing food with other individuals. This occurs most often

through recruitment calling. In some species, individuals that have information about

the location of food give specific calls that attract nearby foragers. The callers do not

necessarily possess food but alert others to the location of food, resulting in food sharing.

Richner and Heeb (1995, 1996) proposed the recruitment center hypothesis as a selfish

alternative to Ward and Zahavi’s (1973) altruistic information center explanation of

communal roosts. Richner and Heeb contended that recruitment calling actually benefits

the caller by immediately increasing its capture rate. Brown et al. (1991) supported this

claim by observing that cliff swallows (Hirundo pyrrhonota) attract conspecifics with

food calls. Since individuals in a group have higher prey capture rates than singletons

(Brown and Brown, 1996), callers may recruit group members to increase individual

foraging efficiency. Larger group sizes may also lower individual vigilance for predators

(Lima and Dill, 1990), thereby allowing more time for foraging.

In addition to increasing baseline capture rate, recruiting can allow individuals to

form groups that displace food owners, thereby providing access to otherwise inaccessible
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food sources. Probably one of the most celebrated cases of this is raven (Corvus corax )

recruitment calling at large carcasses. Heinrich and colleagues (Heinrich, 1988a,b, 1989;

Heinrich and Marzluff, 1991, 1995) described situations in which juvenile ravens give

recruitment calls before feeding at large carcasses. After eliminating reciprocal altruism

and kin selection as possible explanations (Heinrich, 1988a; Marzluff and Heinrich, 1991;

Parker et al., 1994), Heinrich and colleagues proposed that by-product mutualism (West-

Eberhard, 1975; Brown, 1983) probably explains the sharing. By recruiting other ravens,

juveniles can overwhelm the defenses of adult territory holders, thereby gaining access

to the otherwise inaccessible carcass (Heinrich, 1988b, 1989).

Spotted hyenas (Crocuta crocuta) also appear to recruit others to take over a carcass,

supplanting non-clan members as well as other species such as lions or leopards (East and

Hofer, 1991). Both group size and call rate increase when approaching lions at a carcass,

suggesting that the hyenas recruit other clan members (Holekamp et al., 2000). Although

lions (Panthera leo) may not actively recruit other pride members when defending a

carcass from hyenas (C. Packer, personal communication), sharing with pride members

may allow them to defend their kill more effectively, thereby reducing their chances of

losing the entire kill (Cooper, 1991).

Killer whales (Orcinus orca) may increase their foraging efficiency by sharing the

carcasses of pinnipeds and other cetaceans (Hoelzel, 1991; Guinet et al., 2000). Guinet

et al. (2000) hypothesized that they may share to maintain buoyancy of large carcasses.

If a single killer whale feeds solitarily, the carcass may quickly sink in deep water. By

sharing, multiple whales can keep the carcass afloat, allowing individual foragers more

time to consume.
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Food for non-food benefits

Predation avoidance

In addition to increasing capture rate, recruitment calling may yield immediate benefits

in a currency other than food: reduced predation risk. By recruiting others, an individ-

ual feeds in a group rather than solitarily, potentially diluting predation risk, increasing

predator detection, and confusing predators (Lima and Dill, 1990; Krause and Ruxton,

2002). Elgar (1986) found that house sparrows (Passer domesticus) give more recruit-

ment calls in the presence of divisible food; however, call rate decreases dramatically as

flock size increases. This suggests that the birds may recruit others to dilute their own

predation risk only when food is sharable and individual risk is high.

Only empirical studies that vary predation risk provide a direct link between pre-

dation risk and sharing. Nevertheless, a few theoretical models predict that shar-

ing/recruiting can immediately benefit individuals through predation avoidance. New-

man and Caraco (1989) modeled recruitment calling situations in which risk of starvation

and group predation risk vary. Recruiting is evolutionarily stable when predation risk

decreases with group size; therefore, calling benefits solitary individuals by increasing

group size and diluting risk. In another set of models, provisioning unrelated offspring at

a nearby nest quiets begging calls, thereby reducing the chance of attracting predators.

By sharing with unrelated offspring, an individual may decrease predation risk for its

own young (Caraco and Brown, 1986; Giraldeau and Caraco, 2000).

Mate provisioning

In many species of insects, birds, and mammals, males acquire and donate food to

females either before, during, or after copulation (termed mate provisioning, courtship

feeding, nuptial gift giving, or meat-for-sex). Males may relinquish body parts, produce

glandular secretions, or share prey or other food to gain immediate fitness benefits
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via natural and sexual selection (reviewed in Lack, 1940; Thornhill, 1976; Boggs, 1995;

Gwynne, 1997; Vahed, 1998).

Naturally selected fitness benefits act primarily on the survival of the male and fe-

male. In several insect species, females cannibalize males during or after copulation.

Provisioning the female may distract her from cannibalizing the male, thereby increas-

ing his probability of survival and facilitating the transfer of sperm (Gwynne, 1997).

Provisioning may also offer paternal investment by providing nutritional support for the

female. Providing food directly affects female fecundity in many species by increasing

egg number, egg size, and offspring weight (Nisbet, 1973; Newton, 1979; Gwynne, 1982;

Lifjeld and Slagsvold, 1986; Moore et al., 2000).

Sexual selection may also maintain mate provisioning via sperm competition and

female choice. Males of many insect species donate an edible gelatinous mass (sper-

matophylax) in addition to a sperm sac during mating. Sakaluk (1984) suggested that

provisioning female crickets (Gryllodes supplicans) allows enough time for the ejaculate

to transfer out of the sperm sac before she can feed on the sperm. Other researchers

propose that the spermatophylax may prevent future matings by releasing refractory

chemicals, plugging or filling the reproductive tract, or releasing chemicals that render

foreign sperm inviable (Gwynne, 1986). Probably the most common explanation of mate

provisioning is mate attraction. Males share food with females to entice them to mate,

and sharing may signal the male’s fitness and paternal investment. Feeding females

often increases copulation rate (Tasker and Mills, 1981; Vahed, 1998; Mougeot, 2000;

González-Sols et al., 2001) and mate retention (Tasker and Mills, 1981) in insects and

birds.

In chimpanzees (Pan troglodytes), males capture monkeys and may give meat to

females, some suggest in exchange for mating access (meat-for-sex hypothesis). Male

chimpanzees occasionally withhold meat from a sexually receptive female until mating
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with her, after which he allows her to obtain a portion (Goodall, 1986; Stanford, 1998).

Sexually receptive females may receive more meat from males than expected by chance

(Teleki, 1973, 1981). Stanford and others (Stanford et al., 1994; Stanford, 1998) inter-

preted this as evidence that males trade meat for mating. However, Goodall (1986) and

Teleki (1973, 1981) demonstrated that sexually receptive females are more persistent in

their efforts to obtain meat (i.e., high harassment), possibly explaining their increased

success. Kuroda (1984) showed that female bonobos (Pan paniscus) obtain more food

from males if they first copulate with them.

Other studies of chimpanzees have failed to find a relationship between food and

mating, instead finding no preferences for receptive females (I.C. Gilby, unpublished

data) or, more importantly, no effect of sharing on male reproductive success (Hemelrijk

et al., 1992, 1999; Mitani and Watts, 2001). Rather than sharing in return for an

immediate copulation, a male chimpanzee may share in order to establish an affiliative

relationship with a female, increasing the chances of mating later. In the chimpanzees

at Gombe National Park, Tanzania, a male’s frequency of involvement in consortships

(exclusive mating relationships) positively correlates with the frequency with which a

male shares food with females (Tutin, 1979). However, it remains unknown whether

sharing with a particular female increases the chances of consorting with that individual.

Harassment and manipulative mutualism

Sharing may occur because begging and harassment reduce the fitness of the owner.

Owners can gain immediate benefits by sharing part of the food with the beggar to avoid

injury and energetic or opportunity costs. Blurton Jones (1984, 1986, 1987) proposed the

tolerated theft hypothesis for sharing, contending that if the fitness benefit of consuming

a packet of food follows a diminishing returns function, later bites of food provide less

fitness benefit than earlier bites. Therefore, if a hungry beggar encounters a partially
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satiated owner, an asymmetry in hunger level exists. Parker’s (1974) model predicted

that individuals that gain more from a resource should fight more vigorously, forcing

the partially satiated owner to acquiesce and share with the beggar. Other theoretical

(Winterhalder, 1996) and observational (Kuroda, 1984; Goodall, 1986; Perry and Rose,

1994) studies support the effect of satiation on sharing. However, an empirical study

manipulating satiation level found no increase in begging or sharing with hungry beggars

(Nissen and Crawford, 1936).

Blurton Jones’ model only considered what happens in the presence of an asymmetry

in satiation between the players. The tolerated theft model does not explain sharing

that occurs when both players are equally hungry. Harassment can influence sharing in

the presence or absence of a satiation asymmetry. Wrangham (1975) first emphasized

the importance of harassment (or sharing under pressure) when studying the Gombe

chimpanzees. He suggested that a food possessor “may use the parts which he does

not need to reduce the costs of possession by ‘paying’ other individuals to go away” (p.

4.57). Moore (1984) proposed that this threat of attack from a beggar may be very

costly for an owner and offered a graphical model of how costs of harassment (both

physical and social) can influence sharing. Stevens and Stephens (2002, Chapter 3) for-

malized the first mathematical model of the effects of harassment on sharing using game

theory. They predicted that the defensibility of a food source may influence harassment

by beggars—if beggars can obtain scraps, harassment may payoff. If beggars harass

intensely enough, they may inflict such costs on owners that sharing becomes the best

strategy (manipulative mutualism).

To demonstrate the viability of harassment as an explanation of food sharing, two

predictions must hold: (1) harassment must cost the owner and (2) increasing harass-

ment should increase the probability of the beggar accessing food. Harassment can

include extending a hand toward an owner, vocalizing, slapping the ground, grabbing
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at food, or attacking the owner (Nissen and Crawford, 1936; Schessler and Nash, 1977;

Goodall, 1986; Perry and Rose, 1994; Westergaard et al., 1998). These high levels of

aggression may injure the owner or force it to expend energy by retaliating or moving

away (Wrangham, 1975; Fragaszy and Mason, 1983; Goodall, 1986). Harassment may

also impose opportunity costs associated with a reduced intake rate and the potential

to lose all of the resource to the beggars. Hauser (1992) revealed that rhesus macaques

(Macaca mulatta) that give recruitment calls experience less aggression and consume

more food than those that do not recruit. Therefore, the harassment associated with

not recruiting is more costly (in terms of food consumed) than the food shared after

recruiting.

For food sharing to occur, the costs of harassment to the owner must outweigh the

potential benefit lost by sharing (Stevens and Stephens, 2002); therefore, more intense

harassment should elicit more sharing. Many observational studies suggest that begging

more intensely increase sharing (Nissen and Crawford, 1936; Teleki, 1973; Wrangham,

1975; Kuroda, 1984; Takahata et al., 1984; Boesch and Boesch, 1989, I.C. Gilby, un-

published data) and more beggars elicit more sharing (Fruth and Hohmann, 2002). In

addition, an empirical study indicates that squirrel monkey (Saimiri boliviensis) and

chimpanzee food owners share four times more often with a beggar that harasses (see

Chapter 4).

Delayed benefits

Animals may recoup the benefits of sharing following the sharing event. This benefit

can accrue after several seconds or potentially after several months. The amount of

time between sharing and recouping the benefit plays an important role in the evolution

of sharing, especially in short-lived animals. The bias towards primates presented here

reflects the status of the literature for delayed-benefit hypotheses of sharing.
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Food for food

Reciprocity

One of the more popular explanations of food sharing is reciprocal altruism (or reci-

procity), which states that an animal may perform a costly act that benefits another

if the recipient returns the favor later (Trivers, 1971). Computer models suggest that

reciprocity is evolutionarily stable (Axelrod and Hamilton, 1981) but proves difficult to

test directly, chiefly because of the difficulty in measuring the fitness costs and bene-

fits (Seyfarth and Cheney, 1988). Relatively few studies test reciprocal altruism in a

food-sharing context, and most fail to establish its importance in sharing. Some demon-

strate a reciprocal sharing pattern but fail to consider that such patterns can emerge

as by-products of other mechanisms. For instance, if two individuals demonstrate sym-

metrical attraction or aversion to each other, and such positive or negative association

affects food sharing behavior, then a reciprocal distribution of sharing will result, even

though reciprocal altruism does not explain why they share food (‘symmetry-based reci-

procity’: de Waal and Luttrell, 1988; de Waal, 2000; Brosnan and de Waal, 2002). As

an example, consider a pair of unrelated male chimpanzees that are inseparable. When

potential food sharing situations arise, both members of the pair tend to share because

the other harasses. Because these two individuals spend more time with each other than

with other individuals, their mutualistic sharing will appear reciprocal. This symmetry-

based reciprocity may explain food sharing in wild chimpanzees (Mitani and Watts,

1999, 2001), vampire bats (Desmodus rotundus : Wilkinson, 1984; Denault and McFar-

lane, 1995), and captive tufted capuchins (Cebus apella: de Waal et al., 1993; de Waal,

1997b). Although symmetry-based reciprocity implies reciprocal sharing, it does not

necessarily involve precise accounting of costs and benefits required in traditional or

‘calculated’ reciprocity.

Other examples of reciprocal sharing adjust for symmetry-based reciprocity. For
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instance, captive chimpanzees exhibited a reciprocal sharing pattern, even after statisti-

cally adjusting for association patterns (de Waal, 1989). Nevertheless, this correlational

study found long-term reciprocal relationships (over all trials, A tended to share with

B and vice versa) rather than manipulating ownership and assessing the effects of shar-

ing in the next trial. In an experiment with captive capuchins, de Waal (2000) found

that if individual A shared frequently with individual B in one particular trial, then B

tended to share frequently with A in the next trial. De Waal concluded that the events

of the first stage “set the tone” for the second—if A was nice, then B would be nice

too. Unlike traditional reciprocity, such ‘attitudinal reciprocity’ does not require “strict

contingency between given and received services” and therefore proves less cognitively

demanding (de Waal, 2000, p. 260). The general relevance of attitudinal reciprocity

remains unclear. No studies have convincingly documented traditional reciprocity.

Negative reciprocity Another variation on reciprocal altruism is negative reciprocity

or punishment. In this case, an animal punishes by inflicting a fitness cost on a de-

fecting (non-cooperative) opponent, discouraging future defection (Boyd and Richerson,

1992; Clutton-Brock and Parker, 1995a). Punishment differs from harassment because

punishment requires delayed rather than immediate benefits. Benefits accrue in future

interactions when opponents learn the contingencies of punishment and switch to co-

operation. Although common in contexts such as mate guarding (Clutton-Brock and

Parker, 1995b), the effect of aggression on future food sharing is not well studied in

non-human animals.
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Food for non-food benefits

Trade

Strict reciprocal altruism, as discussed above, assumes that reciprocation occurs in the

same fitness currency as the original act. The trade hypothesis also assumes reciprocal

exchange, but reciprocation occurs in a different currency. For example, players may

exchange food for social favors such as grooming or support in a dominance conflict. As

with reciprocity, this concept proves challenging to test directly because of the difficulty

in measuring the relative fitness value of different currencies. Is grooming actually costly

to perform? However, a few studies indicate that trade may elicit food sharing behavior

for some species.

Blood sharing among vampire bats may depend on grooming. Wilkinson (1986) found

that grooming positively correlates with blood sharing frequency. However, grooming

may also allow the bats to assess whether an individual has recently fed, determining

the likelihood of receiving a regurgitated meal (Wilkinson, 1986).

Studies of captive monkeys demonstrate that some species may trade food for other

currencies. In one experiment with captive tufted capuchins, subjects in one group

transferred stones to subjects in a second group, who used the stones as tools to access

food (Westergaard and Suomi, 1997). Subjects in the second group then transferred

food to subjects in the first group. Despite the appearance of trading tools for food,

food transfer occurred at a similar rate whether or not tools were needed, indicating

that trade did not explain the sharing. De Waal and Berger (2002) demonstrated trade

in captive capuchins, suggesting that food owners that receive help in a cooperative

task will share food more frequently. In a study with captive spider monkeys (Ateles

geoffroyi), the frequency of dyadic grooming positively correlated with co-feeding at a

monopolizable feeder, suggesting that grooming influenced tolerance at the feeding site

(Pastor-Nieto, 2001).
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In a study with captive chimpanzees, food possessors tolerated frequent grooming

partners more often, allowing them to passively acquire food (Koyama and Dunbar,

1996). In another study, individual A shared more frequently with B if B had groomed

A earlier in the day, but not after A had groomed B (de Waal, 1989, 1997a). After

food sharing trials, possessors rarely groomed individuals with which they had shared

(de Waal, 1997a). This supplies the strongest evidence that chimpanzees may trade food

for grooming, because the temporal pattern of taking turns exchanging grooming and

food prevents one individual from gaining all of the benefits (de Waal, 1989).

Some studies of wild chimpanzees also support the idea of trade. Nishida et al.

(1992) demonstrated that the frequency with which chimpanzees obtains meat from the

alpha male positively correlates with the total amount of time spent grooming with

the alpha. Additionally, the alpha male tends to support males that he frequently

shares with when they participate in dominance conflicts with other males. The authors

concluded that chimpanzees use meat sharing to maintain coalitions, with the alpha

male effectively trading meat for grooming and dominance support. While suggestive,

this study does not rule out symmetry-based reciprocity, because an index of proximity

positively correlates with the frequency with which individuals obtained meat from the

alpha male.

Others argue that chimpanzees utilize meat as a social or political tool to build coali-

tionary support (Mitani and Watts, 2001) and “reward allies and snub rivals” (Stanford,

1998, 1999). Several researchers have suggested that chimpanzees hunt to provide highly

prized items to trade (Stanford et al., 1994; Mitani and Watts, 2001). These authors,

however, have provided no data concerning the opportunity to receive meat. Perhaps

only grooming partners or allies attempt to get meat from a possessor, and possessors

share meat because of other mechanisms, such as harassment.
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Show-off/status enhancement

Food sharing may serve as a costly display that advertises an animal’s social status.

For example, meat is energetically costly and risky for chimpanzees to acquire (Boesch,

1994), so sharing with others may advertise an individual’s strength and health. Such

a signal may intimidate rivals or attract mates. When seen begging, an individual

appears weak, in essence giving up a unit of social status for a nutritional benefit (Moore,

1984). Also, simply possessing a desirable food item may draw positive attention to an

individual (Teleki, 1973; Rijksen, 1978), thus raising its social status.

As with the other cognitively complex hypotheses, the status enhancement hypoth-

esis proves difficult to test. Proper assessment of this hypothesis requires a long-term

study that tracks changes in both an individual’s social status and sharing patterns

(de Waal, 1989). Apart from anecdotes (Boesch and Boesch, 1989), little evidence sup-

ports meat sharing to enhance status in chimpanzees (de Waal, 1989); however, some

support comes from work with Arabian babblers (Turdoides squamiceps). These birds

maintain a strict dominance hierarchy, in which dominant individuals feed insects to

subordinates. Adults appear to compete to feed each other and interfere when subordi-

nates try to feed others (Zahavi, 1990). When fed by a subordinate, a dominant male

usually responds with aggression. Typically, the alpha male seeks out and feeds the beta

male. Zahavi interpreted this sharing as a display, and the acceptance of food decreases

the social status of the recipient.

Group augmentation

The cooperative breeding literature first introduced the concept of group augmentation

(Woolfenden and Fitzpatrick, 1978; Brown, 1980; Wiley and Rabenold, 1984; Brown,

1987), although Kropotkin (1908) and Trivers (1971) alluded to these ideas earlier. By

helping raise non-descendent offspring, a helper increases the group size, which may aid
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it in acquiring a nearby territory in the future. Group augmentation can explain many

examples in which cooperation increases the group size, thereby providing some future

benefit to the cooperator (e.g., group territory defense in lions: Grinnell et al., 1995;

Heinsohn and Packer, 1995). Because the cooperator gains future benefits, this type

of delayed mutualism resists cheaters, since they have smaller group sizes and therefore

reduced future fitness (Kokko et al., 2001; Packer et al., 2001; Clutton-Brock, 2002).

Lima (1989) modeled a similar situation of this ‘mutual dependence’ in which an

individual’s fitness depends on the presence of another group member which, in turn,

depends on the actions of the individual. If an individual defects in an iterated Prisoner’s

Dilemma, its partner will probably not survive to the next round. If the probability of

finding another partner is low, the defector could face a much higher predation risk as a

singleton. Therefore, by cooperating an individual increases its group size and reduces

the future risk of predation.

Most examples of group augmentation still come from the cooperative breeding liter-

ature (reviewed in Clutton-Brock, 2002). Although helping in cooperative breeders fre-

quently involves group territory defense, predator vigilance, and babysitting, offspring

provisioning plays a large role. Often the helpers are closely related to the offspring

but not always (Stacey and Koenig, 1990; Cockburn, 1998). Because of the frequency

of helping unrelated offspring in meerkats (Suricata suricatta), Clutton-Brock and col-

leagues proposed group augmentation as a possible explanation for such cooperativeness.

Provisioning increases pup growth and survival thereby increasing group size (Clutton-

Brock et al., 2001). Large group sizes offer direct benefits to helpers such as lower

predation risk (Clutton-Brock et al., 1999) and a pool of potential helpers when the

current helpers begin to breed (Brotherton et al., 2001). A similar increase in offspring

number and adult survival associated with larger group size occurs in dwarf mongooses

(Helogale parvula: Rood, 1990).
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Wilkinson (1992) suggested that communal nursing in evening bats (Nycticeius humer-

alis) may increase colony size and reduce predation risk. However, this ‘milk dumping’

could also have the immediate effect of reducing weight and decreasing energetic costs

for foraging (Roulin, 2002). Extreme forms of group augmentation may include adopting

or even kidnapping unrelated offspring to increase the group size (Woolfenden and Fitz-

patrick, 1984; Zahavi, 1990; Heinsohn, 1991), possibly to ensure the presence of helpers

for future breeding attempts (Connor and Curry, 1995).

Discussion

Several interesting patterns emerge from our organization of the food sharing data. First,

only long-lived species (birds and mammals) reap delayed benefits. The short-lived

insects only received immediate benefits for their sharing. This could be attributed to

differing discounting rates in food sharing situations among species. Although little data

exists on discounting rate for species other than pigeons (Mazur, 2000), rats (Richards

et al., 1997), and humans (Green et al., 1994), discounting should negatively correlate

with expected life span—why would an animal defer benefits to the future, when it may

soon die? Tobin and Logue (1994) proposed a similar relationship between discounting

and metabolic rate (a correlate of life-span). Recent evidence, however, demonstrated

low discounting in the honey bee (Cheng et al., 2002), indicating possible context-specific

discounting (Logue, 1988; Stephens and Anderson, 2001).

The second pattern emerging from the data is that most examples of collecting return

benefits in different currencies occur in highly social species (e.g., babblers, meerkats, and

primates). This proves important because repeated interactions involving multiple types

of fitness currencies may facilitate exchange between currencies. That is, species that

repeatedly groom, eat with, mate with, or avoid predation with others, may exchange

these currencies more frequently than species that interact only when feeding.
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Combining these patterns allows us to predict which types of explanations of food

sharing are viable for which species. Most species can gain immediate benefits of ex-

changing food for food; however, once benefits are delayed and/or in a different currency,

the number of potential species for which these hypotheses apply decreases dramatically.

Therefore, this framework would predict that delayed, different currency explanations

of food sharing may apply only to long-lived, low discounting, highly social species. The

apparent bias towards primates in these studies probably results from the fact that they

possess all of these characteristics. Investigating other species that share these attributes

can test these predictions.

Reciprocity

Historically, research on sharing and cooperation has primarily focused on explanations

involving delayed benefits. In particular, many theoretical studies have investigated the

role of reciprocity in the evolution of cooperation (reviewed in Dugatkin, 1997); however,

little empirical support exists for non-human animals (Noë, 1990; Connor, 1995; Pusey

and Packer, 1997; Stephens et al., 1997). Timing of benefits could eliminate reciprocity

as a general explanation of cooperation. Axelrod and Hamilton (1981) appreciated

the importance of repeated interactions by incorporating a “shadow of the future” or

probability of future encounter. They did not consider, however, the timing of benefits.

May (1981) applied this timing problem to Axelrod and Hamilton’s reciprocity theory,

suggesting that discounting can devalue future reciprocated acts. Studies on humans

and non-human animals verify the effect of discounting on cooperation (Green et al.,

1995; Baker and Rachlin, 2001; Stephens et al., 2002). Trivers (1971) emphasized the

importance of timing in his original model:

The time lag is the crucial factor, for it means that only under highly special-

ized circumstances can the altruist be reasonably guaranteed that the causal
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chain he initiates with his altruistic act will eventually return to him and

confer, directly or indirectly, its benefit (p. 39).

Therefore, animals may require ‘interest’ to compensate for discounted future rewards,

much like Trivers (1971) suggested for humans. Reciprocity theory must account for

some form of discounting future benefits.

Although theoretically intriguing, reciprocity does not offer the most parsimonious

explanation of food sharing. In addition to requiring multiple interactions and individual

recognition, reciprocity requires a low discounting rate and complex cognitive skills to

track debts owed and favors given. Some species of primates may possess the skills

necessary to reciprocate, but these explanations probably do not account for cooperative

behavior in most animals. Despite Trivers’ (1971) and Axelrod and Hamilton’s (1981)

claims of its generality and the deluge of theory that followed, reciprocity does not appear

to be a broadly applicable explanation of non-human cooperation. In fact, reciprocity

appears to occur in only a few very celebrated examples such as vampire bats and

primates. These instances, however, probably occur via symmetry-based reciprocity

rather than traditional reciprocity. Due to the dearth of empirical evidence, we reiterate

the need to focus both theory and empirical tests on alternatives to reciprocity (Dugatkin

et al., 1992; Connor, 1995; Pusey and Packer, 1997; Clutton-Brock, 2002; Stevens and

Stephens, 2002).

Future directions

The rule of parsimony requires the elimination of simpler explanations before invoking

more elaborate ones. The explanations focusing on immediate benefits (e.g., mutualism)

offer simple, selfish descriptions of benefits that apply to general cooperative situations.

We feel that mutualism provides a simple but frequently ignored explanation of cooper-

ation (and specifically food sharing) despite mounting evidence that it often offers the
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most parsimonious explanation (Elgar, 1986; Heinrich and Marzluff, 1991; Grinnell et al.,

1995). Manipulative mutualism—altering the payoffs of an opponent such that coopera-

tion becomes beneficial—may also supply an often overlooked explanation of cooperation

(e.g., harassment: Stevens and Stephens, 2002). Several studies of food sharing describe

harassment during sharing bouts but dismiss its relevance. For instance, de Waal (1989)

and Mitani and Watts (2001) invoke complex explanations such as reciprocity and trade;

however, they do not exclude harassment as a contributing factor in reciprocal sharing.

Although group augmentation requires delayed benefits in different currencies, it

too may provide a fertile area of exploration as an explanation of cooperation. Recent

theoretical and empirical investigations by Clutton-Brock and colleagues (Clutton-Brock

et al., 2000; Kokko et al., 2001; Clutton-Brock, 2002) suggest that group augmentation

may explain much of meerkat cooperation. Because of the profound benefits of being

in a group (Krause and Ruxton, 2002), natural selection favors individuals that recruit

and maintain more group members. Unlike reciprocity and trade, group augmentation

does not require special cognitive mechanisms.

The framework presented here indicates that a complete study of food sharing re-

quires synthesizing the current functional explanations with potential cognitive mech-

anisms. Therefore, evaluating the underlying psychological constraints on animals can

provide important insights into the applicability of certain hypotheses. In particular,

this framework suggests that reciprocity and trade may require complex cognitive mech-

anisms that many animals may not possess. In addition, future studies should include

comparative components—most studies to date have only considered a single species.

Comparing food sharing in multiple species allows us to examine the ecological and

cognitive attributes that lead to different types of sharing.
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Noë, R. and Hammerstein, P. 1994. Biological markets: supply and demand deter-
mine the effect of partner choice in cooperation, mutualism and mating. Behavioral
Ecology and Sociobiology 35:1–11.
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Chapter 2

The economic basis of cooperation: experimental tests
using a novel procedure1

Abstract

This study examined the economics of cooperation in controlled-payoff games using captive

blue jays, Cyanocitta cristata. This investigation used a special feeding apparatus to test for the

stability of cooperative choice in a series of iterated games. At the beginning of each trial food

was dispensed into a series of bins in a feeding table. The actions of the players determined the

destination of the food in each bin, sometimes sending it to their own food cup, and sometimes

sending it to their opponent’s food cup. The jays experienced experimentally determined game

theoretical payoff matrices, which determined the distribution of food to themselves and their

opponent, depending on their decision to cooperate or defect. The experiment tested four game

matrices, called the ‘Cooperate Only’, ‘Defect Only’, ‘Prisoner’s Dilemma’, and ‘Opponent

Control’ treatments. This study found little cooperation in the Defect Only and Prisoner’s

Dilemma treatments. Cooperation occurred significantly more often in the Opponent Control

treatment. These findings suggest that the jays attend to short-term consequences; they

cooperate when an immediate benefit exists (Cooperate Only treatment) but not in the absence

of that benefit (Defect Only), even if a long term benefit may exist (Prisoner’s Dilemma). The

Opponent Control treatment suggests that, although unstable, cooperation can occur when an

individual’s benefits depend completely on the actions of others. This study, therefore, agrees

with recent studies in concluding that simpler, selfish models should be considered before

invoking more complex explanations such as reciprocal altruism.

1This chapter was co-authored with D.W. Stephens.
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During the last 20 years the central paradigm of non-kin cooperation in non-human

animals has been reciprocal altruism. Trivers (1971) formulated the concept of reciprocal

altruism as an investigation of altruism via turn-taking. Axelrod and Hamilton (1981)

spurred the economic examination of reciprocal altruism by championing the concept of

tit-for-tat—a strategy of copying your opponent’s last choice—in a Prisoner’s Dilemma

game. Despite a massive theoretical effort investigating the evolutionary stability of

the tit-for-tat strategy (reviewed in Dugatkin, 1997), there is little empirical evidence

supporting tit-for-tat or reciprocal altruism as a primary explanation for cooperation

or altruism, suggesting the need to examine alternative models (Dugatkin et al., 1992;

Connor, 1995; Pusey and Packer, 1997; Stevens and Stephens, 2002, Chapter 3). Critics

of reciprocal altruism argue that it is unnecessarily complex. For example, the inherent

time delay between cooperation and repayment in reciprocal altruism makes it difficult

to implement. In addition, tracking debts owed and favors given requires complex score-

keeping that may exceed the cognitive capabilities of many animal species. This study

is part of a larger effort to understand the behavioral constraints on cooperation, and

use this understanding to develop more plausible alternative models.

This study replicates and extends the study of Clements and Stephens (1995), which

found that blue jays (Cyanocitta cristata), placed in an iterated Prisoner’s Dilemma

(IPD) situation, did not cooperate. They did, however, readily cooperate in a simpler

mutualistic situation in which there was no temptation to cheat. The highly controlled

conditions used by Clements and Stephens have both advantages and disadvantages.

The key advantage of their laboratory approach is the ability to create and precisely

control game matrices which are, after all, the main causal variables in game theoretical

hypotheses. On the negative side, several reviewers (Dugatkin, 1997; Pusey and Packer,

1997; Roberts, 1997) have expressed reservations about the artificiality of these controlled

situations. More broadly one might question the generality of these results: do they
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apply to other situations, and if not what sets the limits of their applicability?

This study represents an attempt to explore these concerns, while maintaining the

precise control over game matrices that we see as the central advantage of the laboratory

approach. We continue to use blue jays as a model system. In an effort to determine

whether we can replicate the results in a different context, we designed a novel feeding

apparatus. Figure 2.1 shows our design. At the beginning of each ‘play’ food was

distributed to six bins in view of, but inaccessible to, the players. Each player controlled

three of the bins, in the sense that one option shifted the three bins to the left, and

another shifted them to the right. When the bins slid to the left or right, the food within

them was drawn over openings that distributed the food to one of three destinations

(Figure 2.1a). Food in bin number 1 distributed food either to ‘self’ or to ‘other’; food

in bin number two distributed food to ‘other’ or to no one (‘trash’); while food in bin

number three distributed food either to ‘self’ or to no one. We could, therefore, control

the nature of the game by varying the amounts of food distributed to each bin. To clarify

this let A1, A2 and A3 be the amounts in bins 1, 2 and 3 respectively. The design of

the feeding apparatus means that subjects must choose between delivering amount A1

or A3 to itself, yet if it chooses A3, it also delivers amounts A1 and A2 to its opponent.

This creates a game matrix shown in Table 2.1.

Consider, for example, a situation in which A1 = 2, A2 = 1, A3 = 0. If both players

choose ‘C’ each delivers three units to its opponent, but if both choose ‘D’, they both

deliver the two units to themselves. The amount A2, therefore, represents a ‘cooperative

premium’, that is, the additional value of a cooperative act. On the other hand, if

the focal player chooses D when its opponent chooses C, it obtains 5 units, while its

opponent gets nothing. This is, of course, the traditional Prisoner’s Dilemma game.

This design provides the opportunity to explore several important conceptual issues

in cooperation. First, the amount in bin 1 (A1) represents the classic conflict between
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selfishness and generosity: should I keep A1 for myself or give it to another? The

amounts in bins 2 & 3 represent two different ways of modifying the value of generosity,

by making the generous act more valuable to the recipient (increasing A2) or more

valuable to the actor (increasing A3). Therefore, animals’ choices in this situation give

us insight into the importance of generosity vs. selfishness. Also, with this design we

directly test the significance of the cooperative premium. By comparing situations with

similar payoffs except for the presence (Prisoner’s Dilemma) or absence (Defect Only)

of the cooperative premium, we examine the value animals place on the cooperative

premium. Finally, our novel apparatus allows us to test an ‘Opponent Control’ matrix

that represents an extreme situation in which cooperative action is the only way to

obtain food. Because the birds’ choices determine their opponents’ payoffs and not their

own, this treatment permits us to study a case of generosity with minimal direct costs

to the donor.

In addition to methodological advances, this study provides different analytical tech-

niques to investigate the presence of higher level strategies such as tit-for-tat and Pavlov

(Nowak and Sigmund, 1993). With these new aspects of our study we attempt to expand

the external validity (Campbell and Stanley, 1963; Kamil, 1988a,b) of earlier studies,

and ask what kinds of manipulations make a difference.

Materials and Methods

Subjects

We used four pairs of blue jays (Cyanocitta cristata) of unknown sex and varied age in

the experiment (birds 3 & 140, 70 & 85, 4 & 122, 130 & 208). The within-subjects design

of this experiment controls for any differences in sex and age. Prior to the experiment,

we maintained the jays on a diet of mealworms and Lafeber’s cockatiel food, housing
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them in individual cages (measuring 38×38×61 cm) in a colony of 25. The housing

room had an average temperature of 23oC with lights on between 0600-2000 hours. See

Clements and Stephens (1995) for further housing information.

Apparatus

We used two operant boxes consisting of two adjoining chambers constructed of gal-

vanized sheet metal (61×124×51 cm, Figure 2.1b). We separated the chambers with

transparent plexi-glass partitions. We attached the table apparatus (Figure 2.1a) to

both sides of the central partition. Each table had a static acrylic base with six 1 cm

holes to which we connected flexible, transparent Tygon tubing (10 mm inner diameter,

13 mm outer diameter). Each tube led to (1) the feeding cup on the same side of the

partition, (2) the feeding cup on the other side of the partition (by passing through a

hole in the partition), or (3) an inaccessible but visible plexi-glass ‘trash bin’ at the

bottom of the partition (Figure 2.1a). We constructed the top portion of the table from

a transparent acrylic ‘slide’ with three 2 cm holes (bins) that were offset from the six

holes in the base. We connected the slide to a cam attached to a motor. One revolution

of the motor/cam moved the slide to the right 2.5 cm, back past the center to the left

2.5 cm, stopping back at the center of the table. Tygon tubes (13 mm inner diameter,

16 mm outer diameter) connected three Med Associates 20 mg pellet dispensers to the

holes on top of the slide. Transparent plexi-glass partitions separated the jays from

the table, motor, tubes, and feeders. This design allowed each bird to dispense food to

itself, its partner, or the trash, depending on its choice. Varying the number of pellets

dispensed to the bins allowed us to create different payoff matrices.

Each chamber contained three perches (one back and two front perches) with mi-

croswitches under the crossbars that activated when the birds occupied the perches. We

attached light emitting diodes (LEDs) to the perches (two orange LEDs for the back
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perches and one either red or green LED for the front perches).

A C++ computer program recorded all inputs (microswitches on perches) and con-

trolled all outputs (LEDs, pellet dispensers, slide motors) via an Alpha Products in-

put/output computer interface system. The program controlled the timing of all aspects

of the experimental trials.

General procedure

In this experiment we created a closed economy system in which all of the food the jays

received resulted from successfully completing the experimental trials. Therefore, the

jays remained in the operant boxes for 23h a day, 7 days a week. They were maintained

at 80% of their normal weight (measured daily) by ensuring a minimum of 7 g and a

maximum of 10 g of food per day.

At 0600 hours the room lights turned on, and at 0700 hours the computer program

initiated the day’s trials. The trials repeated until 1100 hours, when we removed the

jays from the operant boxes and placed them in their home cages for an hour while

we cleaned the operant boxes and replenished fresh water. At 1200 hours we returned

the jays to the experimental boxes, and the trials resumed until 1600 hours when the

program terminated the trials. Overhead lights extinguished at 2000 hours.

Trials

To initiate a trial, the back perch lights (LEDs) for both subjects illuminated to signal the

start of a trial. After both players occupied the back perches, the lights extinguished, and

the feeders dispensed pellets into the appropriate table bins. After a 1 sec delay, the lights

on both subjects’ front perches illuminated. When both players concurrently occupied

one of their front perches, the lights extinguished, and both tables simultaneously slid in

the direction of the chosen perch (independently for each player). For example, if player
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1 occupied the right or ‘Cooperate’ perch, the slide on that side of the partition slid to

the right, so that pellets in bins 1 and 2 went to the other player, and pellets in bin 3

went to its own food cup (Figure 2.1a). If player 2 occupied the left perch, the table slid

to the left, delivering the pellets in bin 1 to itself and the pellets in bins 2 and 3 to the

trash bin. Distributing the pellets completed a trial and initiated the 45 sec inter-trial

interval.

We used forced, or no choice, trials to ensure that the jays experienced the conse-

quences of all possible choice combinations. We randomly assigned 20% of the trials as

forced trials, in which we forced both birds to make a pre-determined choice between

C and D. We illuminated only one of the two front lights for each of the players and

required them to land only on the perch with the illuminated light, thereby forcing them

to face a specific choice combination. This ensured that the birds faced all choice com-

binations, thus reducing the possibility of an arbitrary choice. Since no other signals

indicated a change in treatment, forced trials also accelerated the process of learning a

new set of payoffs.

Experimental design

This experiment follows a three by three repeated measures design, using payoff-matrix

treatment and time block as factors. For the payoff treatments, we subjected the jays

to three test treatments and a baseline treatment before each test treatment. Each test

treatment lasted for 1700 trials (about 11 days), and the baseline treatment lasted until

the jays mutually cooperated on at least 75% of the trials for three consecutive days.

Payoff matrices

We used a ‘Cooperate Only’ treatment as the baseline treatment. In this treatment,

three pellets dropped in bin 3, allowing the jays to receive the pellets if they cooperated
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and dropping the pellets into the trash if they defected, creating the payoff combination

in Table 2.2a. Because the Nash equilibrium (Nash, 1951) is mutual cooperation, we

used this procedure to establish cooperative behavior before subjecting pairs to any of

the test matrices. Game theoretical solutions are stability solutions, so by establishing

cooperative action before a test situation begins, we tested whether cooperation persists

in a given test situation, as the game theoretical models predict. This procedure also

minimizes any effects that might ‘carry-over’ from one test matrix to the next.

The test matrices (treatments) included Defect Only, Prisoner’s Dilemma, and Op-

ponent Control payoffs (Table 2.2).

1. In the Defect Only treatment, two pellets dropped only in bin 1 (A1 = 2, A2 = 0,

A3 = 0), so cooperation dispensed all pellets to the opponent and defection allowed

the player to keep all pellets (Table 2.2b). All defection is both the single game

and repeated game equilibrium.

2. Our Prisoner’s Dilemma treatment was similar to the Defect Only scenario, except

one pellet also dropped into bin 2 (i.e. A1 = 2, A2 = 1, A3 = 0), where it was

dispensed to the opponent if the player cooperated or fell into the trash bin if

the player defected. The single game Nash equilibrium is mutual defection, but

tit-for-tat, Pavlov, and all defection have been proposed as stable for repeated

games.

3. Finally, in the Opponent Control treatment three pellets dropped into bin 2 (A1 =

0, A2 = 3, A3 = 0) which distributed all pellets to the opponent when cooperating

and to the trash bin when defecting (Table 2.2d). In this treatment, a player

could not dispense food to itself, but was forced to rely on its partner. The single

game Nash equilibrium is all pairs of mixed strategies, and virtually any strategy

is stable in repeated games.
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We randomized the order of treatment matrices for each pair of birds. In addition, a

baseline treatment preceded each test matrix, so each pair experienced a series of treat-

ments such as Cooperate Only → Opponent Control → Cooperate Only → Prisoner’s

Dilemma → Cooperate Only → Defect Only.

Time block

We divided the total trials per treatment into three blocks of time. We expected a ‘time

block’ effect because it takes time to adjust to a new treatment matrix. Therefore, choice

behavior in the later trials provided a better estimate of the jays’ preferences.

Data analysis

Using the S-PLUS statistical package we conducted a repeated measures ANOVA using

the arcsine, square root transformation (to normalize the data) of the mean proportion

of mutual cooperation (CC) as our response variable. We included payoff matrix (De-

fect Only, Prisoner’s Dilemma, Opponent Control) and time block (1-3) as within-pair

treatment factors. We then conducted Tukey paired comparisons to contrast treatment

differences.

Results

Figure 2.2 gives an overview of the data, showing that defection quickly replaced co-

operation in the Prisoner’s Dilemma and Defect Only conditions. In contrast, mutual

cooperation was maintained at a relatively high level in the Opponent Control treat-

ment. Confirming these observations, a two-factor repeated measures ANOVA (Table

2.3) on the proportion mutual cooperation indicates highly significant treatment ef-

fects (ANOVA: F2,6 = 166.09, p < 0.0001) and block effects (ANOVA: F2,6 = 11.75,
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p = 0.0084) but no interaction between treatment and block (ANOVA: F4,12 = 1.60,

p = 0.2387, Figure 2.3). A Tukey paired comparison on treatments shows no differ-

ence between the proportion mutual cooperation in the Prisoner’s Dilemma and Defect

Only treatments, but the birds cooperated significantly more in the Opponent Control

treatment than in the Prisoner’s Dilemma and Defect Only treatments (Defect Only:

X̄ ± SE = 0.1609± 0.0354; Prisoner’s Dilemma: X̄ ± SE = 0.2259± 0.0373; Opponent

Control: X̄±SE = 0.5734±0.0374). A paired comparison on block suggests that signifi-

cantly less cooperation occurred in the last block compared to the first block pooled over

all treatments (Block 1: X̄±SE = 0.4511±0.0463; Block 2: X̄±SE = 0.3106±0.0434;

Block 3: X̄ ± SE = 0.2233 ± 0.0407). Due to the 75% mutual cooperation criteria for

the Cooperate Only baseline treatment, the birds began all test treatments with a high

level of cooperation. Therefore, the block effect suggests that the birds began each treat-

ment cooperating, but quickly defected as they learned the Defect Only and Prisoner’s

Dilemma payoff structure.

In both Defect Only and Prisoner’s Dilemma treatments, the jays cooperated less

often than expected by chance (25% is the chance expectation for mutual cooperation,

because if both birds choose C 50% of the time, we have 0.5×0.5 = 0.25) in the last

third of the trials (Defect Only: X̄±SE = 0.0646±0.0295; one-sample t-test: µ = 0.25,

t = −3.56, p = 0.0379; Prisoner’s Dilemma: X̄ ± SE = 0.0531 ± 0.0273; one-sample

t-test: µ = 0.25, t = −5.79, p = 0.0103). The jays cooperated above chance levels

during the last third of the Opponent Control treatment (X̄ ± SE = 0.5428 ± 0.0610;

one-sample t-test: µ = 0.25, t = 3.23, p = 0.0481, Figures 2.2 and 2.3).

Strategic analysis

We calculated strategy vectors to explore the finer-scale properties of the blue jay’s deci-

sion rules (Stephens et al., 1997). These vectors represent the probability of cooperating
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following a previous payoff. For example, t represents the probability of cooperating

in the trial following a payoff of T (player defects, opponent cooperates). Table 2.4

illustrates the theoretical strategy vector for a pair of tit-for-tat or Pavlov strategists.

If two players played tit-for-tat, we would expect high t and r values and low p and

s values. That is, cooperation should follow previous opponent cooperation (T and R

trials). Pavlov predicts the “win-stay, lose-shift” strategy in which players will repeat a

rewarding choice and switch after a punishing choice (Kraines and Kraines, 1989; Nowak

and Sigmund, 1993). Therefore, we would expect high r and p values and low t and s.

The blue jays, however, diverge from both theoretical strategies. In all three treatments

the jays showed high r and s values but low t and p values (Table 2.4). Rather than fol-

lowing their opponent’s previous choice or shifting choices based on reward/punishment

contingencies, our results demonstrate the maintenance of cooperation following coop-

eration and defection following defection. The jays focused on the short term benefits

by reaping the temptation to cheat, T.

Order effects

Because the jays could see each other’s choices, the second bird to choose had the

advantage of reacting to its opponent’s choice, making this a sequential rather than

simultaneous game. To examine this phenomenon, we calculated the probability that

each choice was made by the second bird after a given choice was made by the first bird

using the last third of the data (Table 2.5). In the Defect Only treatment cooperation

and defection were equally likely to follow cooperation (Chi-square test: χ2
1 = 0.34,

p = 0.5588), but defection was more likely to follow defection (Chi-square test: χ2
1 =

497.3, p < 0.0001). In the Prisoner’s Dilemma, defection followed both cooperation

and defection (cooperation—Chi-square test: χ2
1 = 59.65, p < 0.0001, defection—Chi-

square test: χ2
1 = 956.75, p < 0.0001). We found the opposite in the Opponent Control
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treatment, in which cooperation followed both cooperation and defection (cooperation—

Chi-square test: χ2
1 = 664.51, p < 0.0001, defection—Chi-square test: χ2

1 = 119.15,

p < 0.0001).

Time of day

An eight hour work day for the jays provided the potential for satiation. To explore the

possibility of satiation influencing cooperation, we used a repeated measures ANOVA to

examine the arcsine, square root transformed proportion of cooperative choices divided

into eight, hour-long intervals per day. There was a significant effect of time of day

(ANOVA: F7,21 = 5.33, p = 0.0419) with more cooperation in the last hour, but there was

no interaction between time of day and treatment (ANOVA: F14,38 = 1.44, p = 0.3631).

Discussion

Our experiment replicates and extends the findings of Clements and Stephens (1995)

by suggesting that the blue jays do not cooperate in the Prisoner’s Dilemma despite

ample opportunity. In addition, we show that the jays perform no differently than

when no premium for cooperating exists (Defect Only treatment). Nevertheless, when

cooperation benefits the jays (Cooperate Only treatment), they consistently choose the

C response. In addition, the jays do not use tit-for-tat or Pavlov strategies in any of

the treatments. They tend to repeat previous choices rather than change their behavior.

Any reciprocity that may occur, must occur over a longer time scale than individual

trials.
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New methodology

Our novel apparatus replicates Clements and Stephens (1995) in a different context.

Here information about the contingencies is more visible and accessible to the blue jays.

How they attend to these contingencies is a cognitive question beyond the scope of this

experiment. Nevertheless, the manner in which subjects obtain food is quite different.

Therefore, if the inability to see the consequences was a problem in the Clements and

Stephens (1995) study, then we might expect different results using this more elaborate

apparatus.

Our study also differs from Clements and Stephens’s earlier work, because it includes

two additional test matrices—the Defect Only and Opponent Control matrices. We

selected these test situations to address specific game theoretical issues, and we discuss

the implications of our results for each situation below.

Defect Only treatment

The Defect Only treatment is important because it provides a temptation to defect

without a cooperative premium (Table 2.2b): T=4, R=2, P=2,S=0. Mutual defection is

the Nash equilibrium. Both the Prisoner’s Dilemma and Defect Only treatments involve

a temptation to defect; however, the Prisoner’s Dilemma also includes a cooperative

premium (Table 2.2c): T=5, R=3, P=2, S=0. Recall that the cooperative premium is

simply the additional value of cooperation; in our case, one extra food pellet. Therefore,

the single-game Nash equilibrium for the Prisoner’s Dilemma is again defection; however,

the cooperative premium has made mutual cooperation more profitable than mutual

defection.

This additional unit of benefit has profound theoretical effects on choice behavior.

Many theorists suggest that the presence of the cooperative premium can allow higher

level strategies (tit-for-tat, Pavlov, etc.) to permit stable cooperation (Axelrod and
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Hamilton, 1981; Nowak and Sigmund, 1993; Dugatkin, 1997). They would predict sta-

ble defection in our Defect Only treatment and stable cooperation in our Prisoner’s

Dilemma treatment. Our laboratory investigation of the treatments, however, indicates

that the animals do not consider these two treatments to be fundamentally different.

That is, despite its theoretical significance, the cooperative premium is not functionally

important in our experiments. Similar experiments on rats and pigeons also show very

low levels of cooperation in these controlled-payoff games (Flood et al., 1983; Gardner

et al., 1984; Green et al., 1995). In fact, the generality of this phenomenon is evident

by extremely low levels of cooperation in humans, one of the most cooperative animals

(Andreoni and Miller, 1993; Baker and Rachlin, 2001; Rilling et al., 2002).

One of the primary reasons that animals may ignore the cooperative premium is

because they discount the future rewards of playing the game and focus on immediate

benefits. Theoretical and empirical evidence reveals that animals may prefer an im-

mediate reward despite higher long term payoffs for a delayed reward (McDiarmid and

Rilling, 1965; Benson and Stephens, 1996). This preference may be caused by discount-

ing the value of future rewards that may not materialize (Kagel et al., 1986; McNamara

and Houston, 1987; Stephens et al., 1995; Stephens, 2000), although this discounting

effect can be overcome (Stephens et al., 2002). If the jays do discount steeply, they may

ignore future interactions and play each trial like a one-shot game.

Opponent Control treatment

The Opponent Control treatment offers an interesting conflict for the jays because the

players control the payoffs to their partner rather than to themselves. Reboreda and

Kacelnik (1993) conducted experiments on starlings (Sturnus vulgaris) using a similar

matrix (T=food, R=not available, P=0, S=0). In their study, however, the birds were

only rewarded with food when the opponent cooperated and the player defected. There-
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fore, a cost to cooperating existed because cooperators never received food. The only

way to gain food was to defect in the presence of cooperation. For both birds to ac-

cumulate food over time, they had to alternately take the ‘temptation to cheat’. Yet,

cooperation occurred in only 26% of the last third of their trials.

Cheap generosity and tit-for-tat

Our Opponent Control treatment differs from the Reboreda and Kacelnik matrix because

both individuals are allowed to cooperate. Also, generosity is cheap because players do

not pay a cost for cooperating (there is no temptation to defect), but they can increase

their opponents’ fitness. In the absence of costs, generosity should be more likely. We

do find that the jays cooperate more frequently in the Opponent Control treatment than

in the Prisoner’s Dilemma and Defect Only treatments. Whereas mutual defection is

the Nash equilibrium in the Defect Only and Prisoner’s Dilemma treatments, in the

Opponent Control treatment the equilibrium is all mixed strategies. Nash actually de-

scribed a similar matrix in the original formulation of his equilibrium, describing the

solution as “all pairs of mixed strategies” (Nash, 1951, pp. 291). This means that there

is a mixed ESS (Maynard Smith, 1982) in which all ratios of cooperation to defection

are equilibria—no frequency dependence exists. Therefore, initial probabilities of coop-

eration will remain neutrally stable. For example, individuals that already cooperate

with kin may maintain cooperation with non-kin because of the initial bias. Conse-

quently, our results confirm this mixed strategy because individuals demonstrate about

72% cooperation. The high levels of cooperation in this treatment could be attributed

to carry-over from the initial high levels of cooperation in the preceding Cooperate Only

treatment. The strong effect of initial conditions suggests further experiments in which

either Cooperate Only or Defect Only treatments precede the Opponent Control treat-

ment to determine the effect of initially high or low levels of cooperation. We would
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predict lower levels of cooperation following the Defect Only treatment.

Another possible explanation for the elevated levels of cooperation depends on psy-

chological constraints on animal decision-making. Standard animal learning models

propose an important psychological difference between zero and non-zero payoffs. Ani-

mals avoid making choices resulting in no reward when the alternate choice yields any

positive reward. This inherent motivation to avoid zero choices could inflate the levels

of cooperation in our Opponent Control treatment. Again, we predict that a study

comparing the current Opponent Control treatment with one in which we substitute

one pellet for the zero pellet payoffs would show a decrease in overall cooperation in the

non-zero treatment. Stephens and Clements (1998) presented jays with a similar matrix

(T=5, R=5, P=1, S=1) and found lower levels of cooperation.

Pavlov

Nowak and Sigmund (1993) advocated a win-stay/lose shift strategy called Pavlov

(Kraines and Kraines, 1989) in which the player repeats rewarding choices but switches

choices following punishing results. Nowak and Sigmund suggest that Pavlov provides

a strategy that outcompetes tit-for-tat because it responds better to mistakes and is

resistant to obligate cooperators. In addition, they offer this strategy as a psychologi-

cally sound strategy founded on the law of effect (Thorndike, 1911). In the Prisoner’s

Dilemma, Nowak and Sigmund’s Pavlov strategy considers T and R as ‘wins’ and P

and S as ‘losses’. Our opponent control situation represents a strong test of the Pavlov

strategy, because T and R produce identical wins, while P and S produce unambiguous

and identical losses (no food).

Consequently, if Pavlov is a viable mechanism of cooperation, it should be employed

in our Opponent Control treatment because the players are rewarded for T and R choices

and punished for P and S choices. Table 2.4 illustrates the theoretical strategy vector
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for a Pavlov strategist. Examining the strategy vector for our Prisoner’s Dilemma and

Opponent Control treatments indicates low probabilities of cooperating following T and

high probabilities of cooperating following S. These results agree with Clements and

Stephens’ critique of the Pavlov strategy, in questioning its importance, even in this

situation where it is most likely to apply.

Behavioral inertia and order effects

Despite the absence of tit-for-tat in this experiment, the jays did tend to maintain similar

patterns of cooperation and defection over repeated trials. The strategy vectors in Table

2.4 illustrate this behavioral inertia because the probabilities of following cooperation

with cooperation (r and s) and defection with defection (1−t and 1−p) are high in most

treatments (also seen in humans: Rilling et al., 2002).

Our experimental design violates assumptions of game theoretical models for the

sake of realism by allowing individuals to witness their opponent’s decisions as they

make their own. The second bird to make a decision can see its opponent’s choice

and, therefore, react accordingly. We will call the decision made by the first bird to

choose ‘primary’ cooperation or defection and the choice by the second bird ‘secondary’

cooperation or defection. The second bird’s advantage could inflate the levels of mutual

defection in the Prisoner’s Dilemma by allowing a bird to avoid the Sucker’s payoff (S)

when its opponent has already chosen to defect. Our data agree because the second

birds defect in 86% of the choices (Table 2.5). Also, this advantage allows a player to

reap the Temptation to cheat (T ) when its opponent has already chosen to cooperate.

Our results concur in that after primary cooperation, secondary defection occurs 69%

of the time (Table 2.5).

The probabilities of repeating previous behavioral choices (r and s) are high despite

potential costs involved. The most costly form of this ‘behavioral inertia’ occurs when
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one player repeatedly cooperates while the other defects, and the cooperator receives

no reward (S). This inertia could be caused by a psychological bias that favors repeat-

ing rather than switching behaviors. Motivational state could also have influenced the

behavioral inertia. If individuals were no longer food motivated, they may not try to

maximize food intake and, therefore, they might choose arbitrarily or repeat their pre-

vious move. Time of day (a proxy for satiation) influences cooperation, resulting in

the jays cooperating more the last hour of the day than in the morning, particularly in

the Prisoner’s Dilemma treatment (Figure 2.4). This result contrasts with Axelrod and

Hamilton’s (1981) contention that cooperation should unravel given a finite number of

games. While motivation may play a small role in our results, the cause of the time of

day and inertia effects remains unclear.

Species justification

We feel that blue jays are an appropriate model species for this type of study for a

number of reasons. First, both Trivers (1971) and Axelrod and Hamilton (1981) made

broad claims about the generality of reciprocity biological systems. These two seminal

papers apply reciprocity to bacteria, cancer cells, cleaner fish symbioses, multi-species

bird flocks, and of course humans.

Second, much work has explored how equilibrium behavior can be learned in game

theoretical situations (Harley, 1981; Maynard Smith, 1982; Fudenberg and Levine, 1998;

Stephens and Clements, 1998). That is, although many animals may not meet some of

the assumptions of game theory such as rationality, they may learn the equilibrium

strategy through repetition. One of the most recent developments in the Prisoner’s

Dilemma explicitly emphasizes the role of learning in cooperation. The Pavlov or ‘win-

stay/lose-shift’ strategy (Kraines and Kraines, 1989; Nowak and Sigmund, 1993) pro-

poses that simple instrumental learning could outcompete tit-for-tat in the iterated Pris-
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oner’s Dilemma. Consequently, even though animals may not be specifically adapted to

respond to a Prisoner’s Dilemma, they may be able to respond to the contingencies of

the game and act accordingly via the law of effect (Clements and Stephens, 1995).

Finally, although blue jays probably do not experience these exact games in the wild,

they may have ample opportunities to face Prisoner’s Dilemma-like situations in nature.

Little is known about the social behavior of blue jays, but the apparent social unit is

the pair, although the pairs often join small, stable flocks (Racine and Thompson, 1983;

Tarvin and Woolfenden, 1999). Possible cooperative behaviors include predator mob-

bing (Fitch, 1958; Taylor, 1972; Cohen, 1976; Tarvin and Woolfenden, 1999), biparental

care (Laine, 1981, 1983; Tarvin and Woolfenden, 1999), and cooperative breeding (Gross,

1982; Cox, 1984; Kuenning, 1994). In fact, cooperative breeding is so common in the

corvids that some researchers suggest that it is the ancestral condition for the family

(Arnold and Owens, 1998, 1999; Baglione et al., 2002). These and other social interac-

tions suggest that blue jays may very well be adapted to cooperative and even Prisoner’s

Dilemma-like situations.

Conclusion

These results reinforce the conclusions of others, who have argued that the role of

the Prisoner’s Dilemma’s as the basic paradigm of non-kin cooperation should be re-

evaluated despite the wealth of theoretical interest (Dugatkin et al., 1992; Connor, 1995;

Pusey and Packer, 1997; Stevens and Stephens, 2002). This study improved on the

designed used by Clements and Stephens (1995), but we still find no evidence of stable

cooperation in a foraging situation using a Prisoner’s Dilemma game matrix. Instead,

we demonstrate stable defection levels that do not differ from a game theoretical matrix

in which defection is the Nash equilibrium. Additionally, we find no evidence of tit-for-

tat or Pavlov strategies occurring in any of our treatments. These findings suggest that
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animals may emphasize the immediate economic benefits of decision making rather than

long-term benefits. The dearth of empirical evidence for reciprocal altruism indicates

that it may be too complicated of an explanation for the evolution of cooperation. Recip-

rocal altruism requires complex cognitive skills (self-control, mental record keeping, etc.)

that many animals may not possess. Perhaps we should focus on more parsimonious

explanations of cooperation such as kin selection, mutualism, and group augmentation

before resorting to complex ones. In addition, we should investigate alternative models

of cooperation such as the Opponent Control model presented here.
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Table 2.1: Payoffs to focal player resulting from opponent’s choice

Opponent
C D

(slide table right) (slide table left)

From Self: A3 From Self: A3

C From Other: A1 + A2 From Other: 0
Total: A1 + A2 + A3 Total: A3

Focal player
From Self: A1 From Self: A1

D From Other: A1 + A2 From Other: 0
Total: 2A1 + A2 Total: A1
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Table 2.2: Payoff matrices used as treatment levels (includes number of pellets in each
bin of table apparatus)

(a) Cooperate Only
Cooperate Defect A1=0

Cooperate R=3 S=3 A2=0
Defect T=0 P=0 A3=3

(b) Defect Only
Cooperate Defect A1=2

Cooperate R=2 S=0 A2=0
Defect T=4 P=2 A3=0

(c) Prisoner’s Dilemma
Cooperate Defect A1=2

Cooperate R=3 S=0 A2=1
Defect T=5 P=2 A3=0

(d) Opponent Control
Cooperate Defect A1=0

Cooperate R=3 S=0 A2=3
Defect T=3 P=0 A3=0
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Table 2.3: Analysis of variance table for arcsine, square root transformed proportion
mutual cooperation as a function of payoff-matrix treatment and time block

Mean
Source of variation df Square F p

Payoff-matrix 2 0.7063 166.09 5.6×10−6

Error(Pair × matrix) 6 0.0043
Time block 2 0.2552 11.75 0.0084
Error (Pair × block) 6 0.0217
Matrix x block 4 0.0492 1.60 NS
Error (Pair × matrix × block) 12 0.0309
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Table 2.4: Transition vectors describing probability of cooperating following previous
payoffs for tit-for-tat and Pavlov (theoretical predictions) and Defect Only, Prisoner’s
Dilemma, and Opponent Control (observed data)

t r p s
Tit-for-tat 1 1 0 0
Pavlov 0 1 1 0
Defect Only 0.204 0.863 0.084 0.582
Prisoner’s Dilemma 0.231 0.809 0.118 0.670
Opponent Control 0.313 0.879 0.392 0.825
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Table 2.5: Probabilities and number of times that the second bird to occupy a perch
copies the choice the first bird made (using last third of data)

Defect Prisoner’s Opponent
Only Dilemma Control

First Second
Choice Choice No. Prob. No. Prob. No. Prob.

C C 123 0.519 126 0.309 1156 0.850
C D 114 0.481 282 0.691 205 0.150

D C 513 0.253 263 0.141 666 0.734
D D 1518 0.727 1597 0.859 241 0.266
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(a)

Self

Other
Trash

Other

Trash

Self

From feeders

DEFECT

COOPERATE

A1

A3

A2

(b)

Perches

Food
cup

Tables

LEDs

Figure 2.1: (a) Diagram of table apparatus. Pellets from three feeders drop into the three
transparent food bins. Depending on which perch the blue jay occupied, the top piece
slides to the right or left (lower, dark piece remains stationary), dropping the pellets
into transparent tubes that lead to subject’s own food cup (self), the opponent’s food
cup (other), or an inaccessible trash bin (trash). (b) Diagram of operant conditioning
chamber (top view). We placed one jay on each side of the box that was separated by
a transparent partition.
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Figure 2.2: Graph of each pair’s proportion mutual cooperation (CC) and mutual de-
fection (DD) per day as a function of treatment matrix ( mutual cooperation,

mutual defection). Stable mutual defection occurs in Defect Only and Prisoner’s
Dilemma treatments, where as the Opponent Control treatment indicates higher but
unstable levels of mutual cooperation.
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Figure 2.3: Graph of mean proportion mutual cooperation (CC) pooled over all pairs
but separated by payoff-matrix treatment and time block (error bars represent standard
error; 4 Prisoner’s Dilemma, © Defect Only, 2 Opponent
Control). In both Defect Only and Prisoner’s Dilemma treatments, the jays mutually
cooperate significantly less often than by chance in the last third of the trials. In the
Opponent Control treatment, they cooperate more often than by chance (25%).
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Figure 2.4: Graph of mean proportion individual cooperation (C) pooled over all birds as
a function of time of day and treatment matrix ( 4 Prisoner’s Dilemma, ©
Defect Only, 2 Opponent Control). The jays cooperated significantly more
in the last hour of the day than in the morning hours.
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Chapter 3

Food sharing: a model of manipulation by harassment1

Abstract

Most analyses of food sharing behavior invoke complex explanations such as indirect and

delayed benefits for sharing via kin selection and reciprocal altruism. However, food sharing can

be a more general phenomenon accounted for by more parsimonious, mutualistic explanations.

We propose a game theoretical model of a general sharing situation in which food owners

share because it is in their own self-interest—they avoid high costs associated with beggar

harassment. When beggars harass, owners may benefit from sharing part of the food if their

consumption rate is low relative to the rate of cost accrual. Our model predicts that harassment

can be a profitable strategy for beggars if they reap some direct benefits from harassing other

than shared food (such as picking up scraps). Therefore, beggars may manipulate the owner’s

fitness payoffs in such a way as to make sharing mutualistic.

1This chapter has been previously published as Stevens, J.R. & Stephens, D.W. 2002. Food sharing:
a model of manipulation by harassment. Behavioral Ecology 13(3):393-400. Please see Appendix for a
letter of permission from the publisher. c©Oxford University Press
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Red colobus monkeys (Colobus badius) are an important and desirable source of

protein for chimpanzees (Pan troglodytes : Goodall, 1986). A monkey kill attracts beggars

that sidle up to the carcass owner, extending their hands, vocalizing, and sometimes

grabbing a scrap of meat. In some situations, the carcass owner may share with the

beggar, breaking off a piece of meat and handing it to a beggar. Why would the owner

give away food that it could consume?

Food sharing, defined here as joint use of a monopolizable food source, can be as

active as this chimpanzee example or as passive as a lioness allowing another lioness to

feed on her gazelle carcass. Either way, sharing appears to exemplify animal altruism

because one individual accepts a fitness cost while another receives a fitness benefit.

Although sharing may be altruistic at the time of the sharing event, mechanisms such

as kin selection (Hamilton, 1964) and reciprocal altruism (Trivers, 1971) may provide

indirect or delayed benefits to the sharer (de Waal, 1989; Perry and Rose, 1994; Mitani

and Watts, 2001). In the case of reciprocal altruism, the food is recouped in the future;

thereby making sharing altruistic in the short term but selfish in the long term. The

complicated cognitive machinery necessary for reciprocal altruism and the presence of

relatives necessary for kin selection, make these explanations limited in the contexts in

which they apply. If, however, sharing leads to an immediate gain for the owner, the

situation becomes much more general, and the more complex, long term accounts are

unnecessary. Applying resource defense theory (Brown, 1964; Ydenberg et al., 1986) to

our general concept of sharing allows us to consider unexplored explanations of sharing:

non-food owners may harass or interfere with the owner’s feeding, thereby making it

uneconomical to defend the food. In our chimpanzee example, a beggar may harass

the owner for food by screaming, grabbing at the carcass, or stealing the entire carcass.

Often the owner defends its carcass, thus risking injury and incurring energetic costs,

opportunity costs of slowing feeding rate, and other costs such as attracting more beg-



Chapter 3—Food sharing: manipulation by harassment 77

gars. The beggar faces similar but probably reduced costs of its own when harassing.

Therefore, the beggar can influence the net payoffs to the owner by inflicting or with-

holding the costs of harassment. If the costs of harassment are large, sharing might

yield a higher net benefit to the owner than defending. If the beggar alters the owner’s

net benefits enough to change the owner’s optimal strategy, the beggar has manipulated

the payoffs in a way which makes sharing in the owner’s immediate self-interest (i.e.,

sharing becomes mutualistic). This ‘manipulative mutualism’ may occur commonly in

situations in which an actor’s behavior manipulates the net payoffs for another individ-

ual’s cooperative behavior, making cooperation mutualistic rather than altruistic.

Harassment is a particularly interesting factor that may influence sharing across

many situations and taxa because the beggar’s actions rather than extrinsic forces (such

as patch profitability or travel time) determine the owner’s payoffs and optimal decision.

To analyze the effect of harassment on food sharing explicitly, we consider an asymmetric

game theoretical model. This model is one of only a few models of food sharing and,

more importantly, one of the first to analyze the potential immediate fitness benefits

associated with food sharing. This model examines the circumstances under which

harassment and sharing should occur as well as optimal amounts of harassment and

sharing.

Model

Elements of the sharing/harassment game

Consider two animals: a resource owner, who possesses a valuable food item of size A

(for amount), and a beggar, who has nothing but is aware of the owner’s food item.

Both individuals may forage elsewhere, but this food item offers a much more valuable

fitness benefit per unit time. The owner may choose to share a portion of its food, say



Chapter 3—Food sharing: manipulation by harassment 78

As (for amount shared). The beggar can choose to harass the owner or leave him alone.

We express the beggar’s harassment intensity as a rate c (e.g., measured in calories per

second). If the beggar harasses the owner for time t, this costs the beggar ct, and it costs

the owner γct (where γ represents a conversion factor that captures how the beggar’s

harassment affects the owner). We assume that the beggar harasses at intensity c when

it is not busy eating; that is, while the beggar consumes shared food, it does not or

cannot harass.

Consumption and time available for harassment

We base our model on time in the sense that we calculate the costs and benefits in terms

of the time engaged in various activities and corresponding rates of expenditure during

these activities. We assume that both players consume food at rate r, so a single animal

consuming the entire resource (amount A) will spend time A
r

eating. Next, we express

the time available for harassment (Th) in the form

Th =
A

r
π(p) (1)

where p represents the proportion of A that the owner shares (i.e., p = As

A
). The func-

tion π(p) gives the proportion of the maximum consumption time (A
r
) that is available

for harassment. If the owner shares nothing, the beggar has the entire time available

for harassment, so we expect that π(0) = 1. Similarly, if the owner gave everything

away, the beggar would have no time available to harass, so we expect that π(1) = 0.

More generally, we expect that the time available for harassment will decrease as the

proportion shared increases.

In this game, then, the owner influences the cost and duration of harassment by

controlling As, while the beggar influences the cost of harassment by controlling the

harassment intensity c.
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The simplest game

Using these assumptions, we can write down the benefits to the owner (Bo) as a function

of the proportion of A shared (denoted by p) and intensity of harassment c:

Bo(p, c) = A− pA− cγA

r
π(p)

= A
[
1− p− cγ

r
π(p)

] (2)

The benefits obtained by the beggar Bb also depend on the proportion shared and

the intensity of harassment

Bb(p, c) = pA− cA

r
π(p)

= A
[
p− c

r
π(p)

] (3)

In the next step in finding a solution to the game, we ask how the owner’s choice of

p affects the beggar’s optimal c and vice-versa.

No share/No harass

The simple structure of Bb(p, c) leads us to a simple conclusion. ‘No sharing’ (p = 0) and

‘No harassment’ (c = 0) is the only Nash equilibrium of the game as presently consti-

tuted (a strong Nash equilibrium is equivalent to an evolutionarily stable strategy—ESS:

Maynard Smith, 1982). The beggar’s benefits can only decrease with increasing harass-

ment intensity (dBb

dc
= −π(p)

r
), meaning that c = 0 is the beggar’s best option regardless

of the owner’s behavior. A non-zero harassment intensity cannot persist, because, ac-

cording to equation 3, a beggar that reduces it’s harassment intensity always increases

the benefits it obtains. In turn, this means that p = 0 represents the owner’s best choice,

because Bo(p, 0) = A(1− p) can only decrease with increasing p. This result may seem

disappointing because no sharing and no harassment makes for an uneventful interac-
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tion. We feel, however, that it reflects a common natural situation: when an owner

possesses a completely defendable resource, a harasser only incurs costs by harassing,

and it only benefits by recognizing the possessor’s ownership and moving on to some

other possibility.

Non-contingent benefits of harassment

This situation can change if harassment has some direct benefits that accrue even if the

owner does not share. A harasser may, for example, collect scraps, cause a distracted

owner to spill, or actively steal parts of the resource. We call these gains the ‘non-

contingent benefits’ of harassment because they do not depend on the owner’s sharing.

Modeling non-contingent benefits

We suppose that these non-contingent benefits should increase with the intensity of

harassment c and with the time available for harassment A
r
π(p). With these in mind we

can re-write our benefit functions as

Bo(p, c) = A− pA− cγA

r
π(p)− ckA

r
π(p)

= A

[
1− p− c(γ + k)

r
π(p)

] (4)

for the owner, and

Bb(p, c) = Ap− cA

r
π(p) +

ckA

r
π(p)

= A

[
p +

c(k − 1)

r
π(p)

] (5)

for the beggar, where k represents a factor that measures the non-contingent benefits

of harassment. We assume that the non-contingent benefits depend on the intensity of

harassment (more harassment yields more benefits), thus k is proportional to c. Notice
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that we subtract the non-contingent gains from the owner’s benefits, because we assume

that any benefit that the beggar derives from resource (A) comes at the owner’s expense.

A non-contingent benefit factor k can destabilize the ‘No Share/No Harass’ equilib-

rium by making harassment worthwhile in its own right. Generally speaking, if k > 1

the beggar can benefit from harassment regardless of the owner’s behavior, and the beg-

gar’s optimal harassment level (ĉ) should be the maximum intensity, say c∗. If, however,

k < 1 the beggar should not harass and ‘No Share/No Harass’ is the only equilibrium.

The owner’s problem and the π(p) function

We expect that the beggar should either not harass (ĉ = 0) or harass at the maximal

intensity (ĉ = c∗). To study whether the owner should share when harassed, and if so,

how much, we need to know more about the function π(p) that specifies the proportion

of the maximum consumption time available for harassment. In the Appendix we derive

a π(p) function using a stochastic model of the sharing process. This model assumes

that the resource is subdivided into n discrete pieces with the owner deciding whether

to share each chunk with probability p. Notice that this subtle re-interpretation of p

means that we should think of p as the average proportion shared, rather than the

realized proportion shared (technically, we now have Ap = E(As), instead of Ap = As).

If the resource is not divisible (n = 1), π(p) decreases linearly with p with a slope of −1

(π′(p) = −1; Figure 3.1). For divisible resources (n > 1), the π(p) function has a slope

of −2 at p = 0, increases in slope around p = 1
2
, and has a slope of 0 at p = 1 (Figure

3.1). Regardless of divisibility, π(p) always decreases with p.

Optimal sharing when harassed

With the basic properties of π(p) in hand, we can now show how harassment should

affect the owner’s willingness to share (p). To begin, we differentiate the owner’s benefit
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function (equation (4)):

dBo

dp
= A

[
−1− c(γ + k)

r
π′(p)

]
(6)

For indivisible resources (n = 1), π′(p) = −1, and

dBo

dp
= A

[
−1 +

c(γ + k)

r

]
(7)

We predict, therefore, that the owner should defend an indivisible resource (set p = 0)

when

r

c(γ + k)
> 1

and abandon it (set p = 1) when

r

c(γ + k)
< 1

The dimensionless term r
c(γ+k)

plays an important role in our model. The numerator

includes the food consumption rate, and the denominator expresses the rate at which

costs accrue during harassment. It represents, therefore, an efficiency—a quotient of rate

of benefit gain over rate of cost accrual, and we call it the ‘efficiency of consumption

when harassed’ (or ECH).

A divisible resource, however, complicates the analysis. Since π′(0) = −2, we know

that the owner maximizes its benefits at p = 0 (no sharing) when

−1 +
2c(γ + k)

r
≤ 0 (8)

or
r

c(γ + k)
≥ 2 (9)

That is, the owner should share a divisible resource only when the ECH is less than 2.
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Optimal amount to share If, however, 2 > r
c(γ+k)

≥ 0, then we expect the owner to

share some portion of a divisible resource (Figure 3.2). Although the complexity of π(p)

prevents a general algebraic specification of the optimal p (or p̂), a graphical method

gives a relatively complete characterization. The p̂ value is the solution of

r

c(γ + k)
= −π′(p) (10)

Because π′(p) is an increasing sigmoid function of p, −π′(p) is a sigmoid function

that decreases from 2 at p = 0 to 0 at p = 1. Figure 3.3 shows how p̂ is related to the

term r
c(γ+k)

. To find p̂ corresponding to a given r
c(γ+k)

, we locate r
c(γ+k)

on the vertical

axis and trace a horizontal line to the sigmoid −π(p) curve, next we trace a vertical line

to p axis to the find p̂.

This graphical solution gives a relatively complete picture of the economics of sharing:

(1) p̂ increases as r
c(γ+k)

decreases; (2) if r
c(γ+k)

≥ 2, p̂ = 0; (3) if 2 > r
c(γ+k)

≥ 1 then

1
2
≥ p̂ > 0; (4) if 1 > r

c(γ+k)
≥ 0 then 1 ≥ p̂ > 1

2

In addition, this graphical solution shows the effect of resource divisibility. For a

more divisible resource (higher n), the sigmoid function will be more abrupt and step-

like (Figure 3.3b), shifting optimal sharing proportions closer to one-half.

Assembling the pieces

Now that we have a reasonably complete picture of the owner’s and beggar’s options, we

assemble these pieces into a game theoretical analysis. The simple form of the beggar’s

problem makes this job easier, because we only have to consider ĉ = 0 and ĉ = c∗ (where

c∗ is the maximal intensity). This simplifies things because we only need to consider two

possibilities for the owner as well: the best reply to zero harassment, and the best reply

to maximal harassment. As discussed above, the owner’s best reply to no harassment is

no sharing (p̂ = 0). We denote the best reply to maximal harassment as p∗ and remark
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that this is given by:

p∗ = 0 if
r

c(γ + k)
≥ 2 (11)

r

c(γ + k)
= −π′(p∗) otherwise (12)

Since we have two alternatives for each player (ĉ = 0 or ĉ = c∗ for the beggar and

p̂ = 0 or p̂ = p∗ 6= 0 for the owner) we can gain some intuition about the game using the

familiar tool of the two-by-two game matrix as shown in Table 3.1.

We can now characterize all possible Nash equilibria (‘Share/No Harass’is never an

equilibrium; Figure 3.4):

No Share/No Harass If k < 1, the non-contingent benefits of harassment are too

small, so the beggar should not harass, and as a consequence the owner should not

share.

No Share/Harass If k > 1 and r
c∗(γ+k)

≥ 2, non-contingent benefits make harassment

worthwhile for the beggar, but sharing does not benefit the owner because of the

high ECH. That is, harassment has little effect on the owner’s consumption rate.

Share/Harass If k > 1 and r
c∗(γ+k)

< 2, again non-contingent benefits make harassment

worthwhile for the beggar, but now sharing benefits the owner because of high costs

of harassment relative to the rate of food consumption (low ECH).

Model discussion and conclusions

This section reviews and highlights several key features of the model. First, notice that

adopting the maximum harassment intensity c∗ doesn’t necessarily mean that the beggar

will spend much time harassing the owner. Our model assumes that beggars harass only

when not consuming shared food. Considering the three equilibria listed above then we
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would expect the most harassment in the ‘No Share/Harass’ case, the least harassment

in the ‘No Share/No Harass’ case, and an intermediate amount in the ‘Share/Harass’

case.

Second, we review the key variables in the model. The parameter k measures the

non-contingent benefits of harassment and is probably the most important variable in

the model. The condition k > 1 simply means that the benefits of harassment must

outweigh the costs even if the owner does not share. An animal that harasses when

k < 1 simply burns his/her own resources (and an owner’s best strategy is to let him do

so!). Our model’s second key parameter, the efficiency of consumption when harassed or

ECH ( r
c∗(γ+k)

), measures the speed of food intake relative to the cost rate of harassment.

The role of intake rate (r) agrees with intuition, for we don’t expect sharing of small or

easily processed resources.

Given that the resource is divisible (n > 1), the amount of divisibility does not affect

the equilibria outlined above, but it should affect the proportion shared when sharing

occurs. Our model predicts that the amount shared should approach one-half as resource

divisibility increases (Figure 3.3). One-half is special in our model because we assume

that both player’s feed at the same rate. It follows that if the owner wants to eat the

maximum amount in peace (keeping the beggar occupied while it eats), then a 50:50

split will achieve this goal.

Discussion

Our model explores the effects of harassment on food sharing. For harassment to be

profitable, the beggar must receive benefits for harassing (high k) whether or not the

owner shares (e.g., gathering scraps, stealing small pieces). In the face of this harassment,

an owner may share if harassment sufficiently reduces its feeding efficiency ( r
c∗(γ+k)

).
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Importance and implications

Harassment and manipulation

As one of the first models to examine explicitly immediate benefits of food sharing, we set

the stage for more general or parsimonious explanations of sharing than kin selection and

reciprocal altruism (de Waal, 1989; Perry and Rose, 1994). Clutton-Brock and Parker

(1995) reviewed general forms of manipulation and punishment in animal societies, but

only two studies provide evidence that harassment does influence animal sharing. First,

Wrangham (1975) suggested that harassment may play a large role in chimpanzee sharing

of colobus monkey meat after kills. These kills often attracted beggars that vocalized,

used begging hand gestures, and even attacked the owner (Wrangham, 1975; Goodall,

1986). If the owner shared part of the food, the recipient usually left, followed by a small

band of beggars. Wrangham (1975) hypothesized that the owners ‘paid’ the beggars with

pieces of food to avoid harassment. More recent evidence indicates that chimpanzees

that harass intensely receive more food than those that harass less intensely (I.C. Gilby,

unpublished data).

Hauser and Marler (Hauser, 1992; Hauser and Marler, 1993) described an extreme

example of harassment affecting food sharing. In experiments involving rhesus macaques

(Macaca mulatta), Hauser and colleagues provided food to individual monkeys that were

out of view of other monkeys. They found that, when detected by others, monkeys that

did not give food recruitment calls experienced more aggression than monkeys that

called. Interestingly, calling females consumed more food than silent females because

silent females dropped food while being chased (Hauser, 1992). The increase in callers’

consumption indicates that calling may be immediately mutualistic.
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Non-contingent benefits

Our model emphasizes benefits that beggars receive even if the owner defends the food;

that is, the owner cannot unilaterally defend the entire food source, so harassing the

owner to gather scraps or steal pieces of food may benefit the beggar. Without these

incentives to remain close to the owner, harassment is not profitable, and in the absence

of harassment, the owner has no incentive to share.

Kummer and Cords (1991) conducted experiments on captive long-tailed macaques

(Macaca fascicularis), varying non-contingent benefits for non-food owners. They found

that non-food owners tended to harass more (via stealing, steal attempts, and food

manipulation) when the owner could not completely control the food than when it could

control the food. Unfortunately, the authors did not present data on the non-food

owner’s success rate for obtaining food.

Resource divisibility

Our finding that resource divisibility does not affect the owner’s decision to share is a

bit curious. Although it does not directly influence sharing, divisibility may indirectly

influence the decision to share if it affects the non-contingent benefits of harassment.

We do find, however, that divisibility determines the proportion of the food source that

the owner should share if it does share: owners should share about one-half of highly

divisible food.

Consider a lioness consuming a freshly killed gazelle. A single lioness can defend

an intact carcass, but when the carcass begins to disintegrate, the lioness may have

difficulty defending the entire carcass, and she may allow others to take small pieces.

Elgar (1986) suggested that, upon discovery of a food source, house sparrows (Passer

domesticus) sparrows gave ‘chirrup’ calls, thereby attracting conspecifics and decreasing

individual predation risk. Interestingly, the sparrows called more frequently after dis-
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covering a divisible food source than a solid source. Hauser et al. (1993) reported similar

results with chimpanzees—individuals gave more food-associated calls when consuming

a divided watermelon than an intact watermelon. Perhaps frequent sharing of a divisi-

ble food source is simply a question of sheer monopolizability. Defending multiple food

sources may prove much more difficult than defending a single source.

Latent harassment

In natural situations in which owners defend food before sharing (such as in chim-

panzees), harassment is obvious. In situations in which the owner shares immediately,

however, blatant harassment may not appear even if the ever-present threat of harass-

ment maintains the sharing. Of course, latent harassment may prove difficult to observe

in nature, necessitating empirical manipulations of sharing and potential for harassment.

In a related vein, the overt harassment and food defense may be an information-gathering

ritual for both the owner and beggar; each one gauging the other’s motivation and resolve

(see Ydenberg et al., 1986, for applications of the war of attrition to resource defense).

Related models

Although few models directly focus on the immediate benefits of food sharing (but see

Mesterton-Gibbons and Dugatkin, 1999; Giraldeau and Caraco, 2000), several classes of

models lay the foundation for theoretically exploring the evolution of food sharing.

Resource defense

Whereas the term ‘sharing’ often evokes thoughts of one individual actively donating

food to another, sharing can be much more generally defined in terms of two or more

individuals consuming a resource that one can monopolize. This broader concept of shar-

ing encompasses many instances of resource defense. Brown (1964) originally described



Chapter 3—Food sharing: manipulation by harassment 89

the ‘economic defendability’ of territory defense as the circumstances under which an in-

dividual should accept the costs involved in defending a territory. Others have extended

this work to the defense of food sources. Ydenberg et al. (1986) have modeled the defense

of food sources in a way relevant to this model by considering the effects of interference

(analogous to our harassment) on foraging decisions. Their model predicted that inter-

ference will slow intake rate, thereby making defense uneconomical for individuals that

are far from their home and for those with richer food patches in their home range. The

combined effect of interference and the asymmetries in home range distance and richness

may allow subordinate individuals to feed in patches with dominant individuals or even

interfere with and exclude dominant individuals from patches.

Tolerated theft

In important early papers, Blurton Jones (1984, 1986, 1987) argued that an asymmetry

of value based on satiety might be important in ‘tolerated theft’ situations. Although the

next morsel of food is not very important to the sated owner, it may be very valuable

to the hungry beggar. Because of this decrease in the marginal value of food during

consumption, the owner should tolerate theft of food by the beggar.

Although this idea provided a valuable foundation for modeling food sharing, the

important aspect of behavior in game theory is the relative value of an individual’s

options, not the value difference between individuals. Blurton Jones mentioned that

owners must weigh the costs of defending food but never incorporated this idea into the

model. Without this key inclusion, the analysis ignores strategy stability. Winterhalder

(1996a,b) continued the marginal analysis of tolerated theft, but still did not apply a

game theoretical approach.
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Producer/scrounger games

Our model examines the conditions under which a non-food owner benefits by harassing

an owner and an owner benefits by sharing with the beggar. The producer-scrounger

game (Barnard and Sibly, 1981; Vickery et al., 1991) addresses whether individuals spe-

cialize in either searching for food individually (producing) or avoiding costs of foraging

by parasitizing the finds of the producers (scrounging); thereby assuming that harassing

and sharing occur. Keep in mind, however, that individuals can choose between the

two strategies; that is, for any given foraging bout, an individual is either a producer or

scrounger, but it can choose either strategy in a future bout. Giraldeau and colleagues

have experimentally investigated theory based predictions on the effects of dominance,

resource divisibility, role specialization, patch departure time, and competition intensity

in a producer-scrounger situation (Giraldeau et al., 1990; Beauchamp and Giraldeau,

1997).

Extensions

Destabilizing the ‘No Share/No Harass’equilibrium

In our model harassment can only persist when harassing produces non-contingent ben-

efits for the harasser, and this result has lead us to hypothesize that phenomena such

as stealing and scrap collecting are prerequisites to harassment induced sharing. We

do not, of course, claim that this is the only way to destabilize the ‘No Share/No Ha-

rass’equilibrium, but it does seem to be a plausible and parsimonious approach. This

result arises in our model because we assume that the beggar’s gains change linearly

with harassment intensity, so that the optimal harassment intensity must be either the

minimum level (0) or the maximum level (c∗). Future work, ideally guided by empirical

results, might explore non-linear benefit functions which can (in theory) destabilize the
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‘No Share/No Harass’equilibrium without non-contingent benefits.

Food consumption rate

Food consumption rate (r) is an important parameter in our model. We assume that

the players have similar consumption rates, which means that the amount required to

keep a harasser busy is similar to the amount the owner will be able to eat in peace.

In natural situations consumption rates may be quite different, because of differences

in sex, age, or levels of satiety. Systematic variation in individual consumption rates

may provide an interesting avenue to explore both theoretically and empirically. An

informal application of our model’s logic suggests that differential consumption rates

may influence the beggar’s decision to harass and the owner’s decision to share and how

much to share. For example, owners may be more willing to share with ‘slow eaters’ (for

example, juveniles who have not learning efficient food handling techniques) because

they can be kept busy at minimal cost.

N-player game

Our model considers only two players to simplify the problem and to conform to a

standard two-by-two game matrix. In natural situations, however, multiple beggars often

surround an owner. We speculate that including multiple beggars in our model increases

the overall intensity of harassment, thereby forcing the owner to share more frequently

(any parent knows it is easier to tolerate harassment from one child than from several

children). Chapman and Kramer (1996) found experimentally that as the number of food

competitors increased, the owner’s intake rate decreased, guarding success decreased,

and total number of chases peaked at intermediate competitor numbers. The difficulty

in analyzing the effects of beggar number on sharing lies in how to distribute the food in

such a way to minimize harassment costs when facing multiple beggars. Further analysis
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is necessary to explore optimal amounts of food that an owner should share with multiple

beggars: should the owner share one large piece to draw some of the beggars away or

should it share small pieces with every beggar?

The optimal strategy of the beggars offers a challenge as well. One can imagine

multiple beggars in a situation similar to that of a group of vigilant prey. Like the concept

of ‘corporate vigilance’ (Bertram, 1980), a beggar would probably benefit more from

having additional beggars around to increase chances of sharing. Packer and Abrams

(1990) modeled vigilance situations and found that Nash equilibrium vigilance levels

were often lower than Pareto equilibrium (or cooperative optimum) vigilance levels.

Similarly, food beggars are tempted to ‘cheat’ or not harass by relying on harassment

by others, thereby avoiding their own costs of harassment.

Summary

Using a game theoretical approach, we modeled the effects of harassment on food sharing.

Our model predicts that a non-food owner should harass an owner when the non-owner

can gain benefits even in the absence of sharing. These non-contingent benefits (such as

gathering dropped scraps) can recoup energetic costs of harassing. An owner should only

share when a beggar harasses, significantly reducing its consumption rate. Therefore,

if an owner consumes the food slowly, a beggar can harass for large periods of time, so

the owner pays high costs of defending. Experimentally manipulating parameters such

as feeding rate, non-contingent benefits, resource divisibility, and number of beggars in

a sharing context could provide rigorous tests of our model.
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Appendix

The π(p) function and time available for harassment

Here we determine how the amount shared As influences the time available for harass-

ment. Since we assume that both players feed at rate r, the owner consumes for time

A− As

r

while the beggar consumes for time

As

r

The difference

A− As

r
− As

r
=

A− 2As

r

represents the time available for harassment with the proviso that a negative value means

zero time available for harassment (because the beggar spends longer eating than the

owner). If we let Th represent the time available for harassment then we have

Th =





A−2As

r
if As ≤ A

2

0 otherwise

Substituting this into equation (1) suggests a π(p) function of the form

π(p) =





1− 2p if p ≤ 1
2

0 otherwise

(A-1)

so that Th = A
r
π(p) as required. Figure 3.1 uses equation (A-1) to plot π(p) as a function

of the proportion shared p. Although one might construct a model based on the ‘kinked’
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π(p) function (Figure 3.1) discussed above, it is both inconvenient and implausible. It

is inconvenient because the discontinuity at p = 1
2

means that all remaining calculations

must also take account of this condition. It is implausible because stochastic variation

in consumption rates (r) and the amount shared (As) will combine to create smooth

expected harassment time curve (E(Th)). The next few paragraphs discuss one simple

way to incorporate this stochasticity.

Resource divisibility and binomial sharing.

Some resources divide easily into parts, whereas others cannot. Suppose that the re-

source in question can be divided into n equal parts of size A
n
. Now, suppose that when

the owner chooses the proportion to share p, it determines the probability of sharing

each part. In this scenario the number of parts shared is a random variable drawn

from a binomial distribution with parameters p and n; where p represents the owner’s

willingness to share (p = As

A
) and the n represents the divisibility of the resource.

The assumption that a binomial process governs sharing allows us to specify com-

pletely the expected time available for harassment given the owner’s willingness to share

p. If the owner shares m of the n parts, the owner retains amount

(n−m)A

n

and the beggar obtains amount

mA

n

Since we assume that both animals feed at the same rate (r), the time available for

harassment is the difference

Th =
(n−m)A

rn
− mA

rn
=

A(n− 2m)

rn
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as long as n − 2m is positive. If not, the beggar has more food than the owner and

it will continue eating even after the owner has finished. So there is no time available

for harassment (Th = 0) if m ≥ n
2
. To find the expected time available for harassment

(E(Th)) we calculate the product of the time available (Th) and the probability of m

pieces being shared, summed over every possible m. We use
(

n
m

)
pm(1 − p)n−m as the

binomial probability of sharing m pieces (Zar, 1996).

E(Th) =
A

r

m< n
2∑

m=0

(n− 2m)

n

(
n

m

)
pm(1− p)n−m

︸ ︷︷ ︸
π(p)

(A-2)

where the indicated portion of this expression is the π(p) function that we seek. Fig-

ure 3.1 shows this π(p) function for a range of resource divisibilities (n’s). The figure

compares this family of π(p) functions to the piecewise function (equation A-1) obtained

when we assume infinite divisibility and error-free sharing. For indivisible resources

(n = 1), π(p) is a straight line (π(p) = 1 − p, Figure 3.1). As resource divisibility

increases, π(p) approaches the piecewise function derived earlier (equation (A-1); see

Figure 3.1).

Although we cannot express π(p) in an algebraically convenient closed form, we can

easily state the important properties of π(p). The most important feature of π(p) is its

derivative at zero (π′(0)). Direct differentiation shows

π′(0) =





−1 if n = 1

−2 if n ≥ 2

(A-3)

that is, the derivative at zero is −1 for indivisible resources and −2 otherwise. Moreover,

for divisible resources, the derivative at p = 1 is zero (π′(1) = 0). In the indivisible case,

π(p) = 1 − p, so π′(p) = −1 for all p. Finally, we observe that π(p) decreases with p
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(technically, it is non-increasing with p).

Index of variables

A entire resource amount
As amount owner shares with beggar
Bb fitness benefits received by beggar
Bo fitness benefits received by owner
c intensity of harassment
c∗ maximum intensity of harassment
ĉ optimal intensity of harassment
ECH efficiency of consumption when harassed
k non-contingent benefits factor
m number of discrete parts of resource shared by owner
n total number of discrete parts of resource
p proportion of total amount shared
p∗ proportion of total amount shared that is optimal reply to c∗

p̂ optimal proportion of total amount shared
r consumption rate
t total harassment time
Th time available for harassment
γ effect of beggar’s harassment intensity on owner’s fitness
π(p) proportion of maximum consumption time that is available for ha-

rassment when owner shares p proportion of food
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Table 3.1: Two-by-two game matrix representing the harassment game.

XXXXXXXXXXXXX

XXXXXXXXXXXXX

hhhhhhhhhhhhhhhhhh

hhhhhhhhhhhhhhhhhh

BEGGAR
No Harass Harass

OWNER ĉ = 0 ĉ = c∗

0 c∗(k−1)
r

No Share
p̂ = 0 1 1− c∗(γ+k)

r

p∗ p∗ + c∗(k−1)
r π(p∗)

Share
p̂ = p∗ 6= 0 1− p∗ 1− p∗ +

c∗(γ+k)
r π(p∗)
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Figure 3.1: The proportion of time available to harass always decreases with the propor-
tion shared. In the simplest case (equation (A-1)), the time available to harass decreases
linearly to zero as the owner shares up to half of the resource, and if the owner shares
over half of the resource, the beggar never has the opportunity to harass (thick line). By
incorporating resource divisibility or n (equation (A-2)), we smooth the ‘kinked’ prop-
erty of the function (all other lines). Increasing divisibility (n) approaches the simpler
‘kinked’ function.
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Figure 3.2: To determine the optimal proportion to share, we maximize the owner’s
benefit (Bo) as a function of proportion shared (p). If this maximum is less than or
equal to zero (negative derivative at p = 0), the owner should not share (p̂1 = 0). If this
maximum is greater than zero, the owner should share an intermediate amount (p̂2 > 0;
equation (10)).
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relatively low for a given efficiency of consumption when harassed (ECH). With high
resource divisibility (B), p̂ approaches one-half for the same ECH.
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Chapter 4

Selfish generosity: harassment increases food sharing
in primates

Abstract

Animals share food to gain either immediate or delayed fitness benefits. This study provides an

empirical analysis of the immediate benefits of a food owner sharing to avoid costly harassment

from a beggar. Experiments were conducted on two species of primate: chimpanzees (Pan

troglodytes) and squirrel monkeys (Saimiri boliviensis). Comparing these species test the effects

of harassment on species that share frequently (chimpanzees) and rarely (squirrel monkeys).

In these experiments two subjects were placed in a cage separated by a mesh partition. Food

was provided to a randomly chosen owner and instances of food sharing by the owner and

harassment by the beggar were recorded. Each experiment varied harassment potential (mesh

partition present or absent) and food divisibility (food solid or partially divided). For both

squirrel monkeys and chimpanzees, the absence of the partition (allowing the beggar full access

to the owner) significantly increased both beggar harassment and sharing by the owner. The

divisibility treatment did not affect harassment or sharing. Interestingly, squirrel monkeys and

chimpanzees shared equally frequently despite differences in natural sharing rates. These

results suggest that harassment can play a significant role in primate food sharing. The

selfish nature of harassment emphasizes the importance of considering simple explanations

of cooperative behavior before invoking complex explanations.
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Work on food sharing typically has focused on the delayed benefits of sharing.

Researchers have examined kin selection (Hamilton, 1964), reciprocal altruism (Trivers,

1971), and trade as potential delayed advantages of sharing. Few studies, however, have

examined immediate benefits of sharing. Field observations of chimpanzees suggest that

persistent begging can force food owners to avoid beggars or cause them to share food

(Teleki, 1973). Wrangham (1975) predicted that the energetic and opportunity costs of

defending a food source may force owners to ‘pay’ beggars with part of the resource to

avoid harassment (the sharing-under-pressure hypothesis). Blurton Jones (1984, 1986,

1987) proposed the ‘tolerated theft’ model of sharing, predicting that satiation decreases

the marginal fitness value of the remaining resource. The owner should share to avoid

costs associated with defending the food, because the owner values the remaining re-

source less than a hungry newcomer. In Chapter 3 (Stevens and Stephens, 2002), I have

extended this idea by considering how beggar harassment may impose a cost on food

owners. The model predicts that beggars should harass only when they can gain benefits

other than shared food (non-contingent benefits). When the owner defends the food,

the beggar must gather or steal scraps to offset its cost of harassing. Thus, harassment

is profitable only when the owner can not completely defend the food. If the harass-

ment costs to the owner are high enough, it may benefit more by sharing part of the

food rather than accepting the costs. Therefore, sharing may provide selfish, immediate

benefits to the sharer by reducing the costs of defense.

This study tests the following predictions from the model:

1. Beggars should preferentially harass when they can gain non-contingent benefits.

2. Owners should share food only when harassment imposes costs.

To test these predictions, I manipulated food divisibility and the beggar’s harassment

potential. By manipulating food divisibility, I could control the owner’s ability to defend
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the food and vary the presence of non-contingent benefits. I controlled the harassment

costs inflicted on the owner by allowing the beggar to harass or preventing harassment

with a mesh partition. Table 4.1 summarizes the predicted behavior for both owners

and beggars in each of the experimental treatments.

To evaluate the generality of harassment, I conducted experiments on two species of

captive primates: common chimpanzees (Pan troglodytes) and squirrel monkeys (Saimiri

boliviensis). I used these two species because they differ in their natural sharing rates.

Chimpanzees frequently share in both natural and captive situations (Goodall, 1986;

Nishida et al., 1992; Hemelrijk et al., 1999), whereas squirrel monkeys do not often

share food (Fragaszy and Mason, 1983). If both species exhibit effects of harassment on

sharing, this strongly supports the importance of selfish explanations of food sharing.

Materials and Methods

Subjects

I worked with common chimpanzees (Pan troglodytes) at the Southwest Foundation for

Biomedical Research in San Antonio, Texas from May to August 2001. The subjects

were 12 adult females (ages ranged from 17 to 41 years old), paired within their social

groups (3 to 5 members). I paired unrelated individuals of similar age, dominance rank,

and food motivation to minimize competitive asymmetries. The pairs remained constant

throughout the experiment. Subjects lived in indoor/outdoor cages with other group

members prior to testing. I tested subjects in the outdoor section of their home cages,

while other group members remained indoors.

I worked with Bolivian squirrel monkeys (Saimiri boliviensis) at the Squirrel Monkey

Breeding and Research Resource at the University of South Alabama in Mobile, Alabama

from September to November 2001. Again, the subjects were 12 unrelated adult females
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(ages ranged from 4 to 9 years old), paired within their social groups (20 to 37 members).

Subjects lived in indoor cages with all group members before testing. Lab technicians

removed subjects from their home cages and placed them in an experimental cage in a

separate room for testing.

For both species, some subjects had participated in previous behavioral experiments,

but none had experienced sharing experiments.

Experimental apparatus and treatments

I tested the chimpanzees in adjacent outdoor cages, each measuring 3.15×4.56×2.88 m

(Figure 4.1a). Metal fencing (4.8×4.8 cm square holes) enclosed most of the cage, except

for the concrete floor and back wall. Hardware cloth covered the fencing separating the

two adjacent experimental cages (1.4×1.4 cm square holes). A 142×50 cm section of the

4.8×4.8 cm square hole fencing (Figure 4.1a) was exposed.

For the squirrel monkeys I used a 155×64×77 cm Allentown cage (Figure 4.1b),

composed of stainless steal mesh (2.3×4.3 cm rectangular holes) on all sides. A plexi-

glass sheet provided a solid floor for the cage. The 65×71 cm partition separating the

two chambers consisted of Gard’n Fence plastic mesh (3.5×5.5 cm rectangular holes).

The experimental treatments followed a 2×2 repeated measures design with two

factors: partition and food divisibility. Partition treatments manipulated the subjects’

potential to harass each other with the presence or absence of a mesh partition. When

present the mesh partition prevented full access between the subjects by separating

them in adjacent cages. When absent the subjects had access to both cages and to one

another.

The second treatment factor varied the defensibility of the food source by manip-

ulating whether the food was either solid or partially divided (Divisibility treatment).

Owners could defend solid food because it remained intact as the owner consumed it.
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Partially divided food (food that was cut multiple times but not completely through)

disintegrated as the owner consumed it, thereby preventing the owner from defending

every piece of dropped food. I used three bananas (weighing about 600 g) as food for

chimpanzees and a 20 g cube of cantaloupe for squirrel monkeys. I fed the squirrel

monkeys cantaloupe because their consumption duration was comparable to that of the

chimpanzees consuming bananas.

Each individual experienced the factorial combination of these four treatment levels

as both owner and beggar (non-owner). I replicated these randomly ordered treatment

combinations four times for a total of 32 trials per pair (2 partition levels×2 divisibility

levels×2 ownership levels×4 replicates). Each pair experienced one trial per day until

completing all trials.

Experimental procedure

Trials ran slightly differently for the two species. For chimpanzees, I placed the solid

or partially divided bananas on the floor about 20 cm from the large mesh partition. I

transferred the randomly chosen owner into the cage with food and the beggar into the

cage without food. For Partition Absent trials, I opened the door separating the two

experimental cages when the owners possessed the food. The door remained closed for

Partition Present trials.

For squirrel monkeys, I placed the randomly chosen owner into the left chamber of

the experimental cage and the beggar in the right chamber. I placed the solid or partially

divided cantaloupe in the owner’s food dish. This configuration placed the food near

the beggar but out of her reach (10 cm from partition; Figure 4.1b). I removed the

entire partition separating the chambers upon possession of the cantaloupe in Partition

Absent trials and left the partition in place for Partition Present trials.

I video taped (using Sony DCR-TRV8 mini-DV camera) the trials from food delivery
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until 30 sec after the subjects consumed all of the food or abandoned the food. In

addition, I recorded all interactions between the subjects, including instances of sharing,

harassment, stealing, and attacking. I operationally defined sharing and harassment

loosely based on de Waal et al. (1993) and de Waal (1997).

Types of sharing

• collect near—recover food from within arm’s reach of owner

• co-feeding—beggar and owner feed on food source concurrently

• relaxed claim—beggar takes part of food that owner possesses without resistance

from owner

• food giving—owner facilitates transfer of food to beggar

Types of harassment

• forced claim—beggar forcefully takes food from owner; owner attempts to avoid

theft

• unsuccessful forced claim—beggar attempts but fails to take food from owner

• passive begging—beggar sits within arm’s reach of the owner and stares but

does not physically contact owner or food

• active begging—beggar physically contacts owner or food

• attacking—beggar aggressively interacts with owner

From the video tape, I quantified the frequency and time spent harassing by the

beggar, frequency and proportion shared by the owner, proportion of food consumed by

each subject, and time spent consuming for each subject.
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Data analyses

I used repeated measures analyses of variance to test Partition and Divisibility treatment

effects on several measures of harassment and sharing. I calculated harassment frequency

as the total number of harassment events per trial and harassment duration as the total

amount of time spent harassing per trial. I also analyzed active harassment frequency

and active harassment duration. Active harassment included forced claims, unsuccessful

forced claims, active begging, and attacking. I calculated sharing frequency as total

number of sharing events per trial and sharing amount as amount of total food shared

per trial. I estimated sharing amount by multiplying the proportion shared and the

average total mass of all food (600 g for chimpanzees and 20 g for squirrel monkeys).

I define active sharing frequency as the number of active sharing events (co-feeding,

relaxed claim, and food giving) per trial. Because active sharing rarely occurred, I did

not analyze active sharing amount.

To examine the direct effects of harassment on sharing, I conducted multiple regres-

sion analyses on sharing frequency, sharing amount, and active sharing frequency using

harassment frequency, harassment duration, active harassment frequency, and active

harassment duration as predictors. Because harassment and sharing rarely occurred in

the Partition Present trials, I have restricted this analysis to the Partition Absent trials.

Due to the large scale of these regressions, I have reported only trends and significant

results—complete analyses can be found in Tables 4.4 and 4.7.

I tested whether harassment benefits beggars in the absence of sharing (non-contingent

benefits). For this, I examined the beggar’s amount consumed as a function of harass-

ment only in the Partition Absent treatments in which no sharing occurred.

Finally, I combined the data for both species to test for species differences in sharing

and harassment. All harassment and sharing measures remained the same as stated

above except for amount shared. Because the two species received very different amounts
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of food (20 g vs. 600 g), I used an arcsine, square root transformation of proportion

shared.

Results

Chimpanzees

Out of 192 trials, I observed 142 harassment events (3 forced claims, 3 unsuccessful forced

claims, 120 passive begs, 14 active begs, and 2 attacks, Figure 4.2a) by the chimpanzees

in 70 trials (36% of all trials). I observed 60 sharing events (39 collect near, 0 co-feed,

14 relaxed claim, and 7 food giving, Figure 4.2b) in 30 trials (16% of all trials).

Prediction 1: Non-contingent benefits increase harassment

A repeated measures analysis of variance indicates that the Divisibility treatment signif-

icantly influenced chimpanzee harassment frequency (ANOVA: F1,11 = 7.17, p = 0.0215)

and tended to influence active harassment duration (ANOVA: F1,11 = 3.33, p = 0.0951).

Divisibility influenced neither harassment duration nor active harassment frequency.

Therefore, the beggars responded to less defensible food by increasing their harassment

(Table 4.2, Figure 4.3a). However, beggars did not consume more food when they ha-

rassed.

Prediction 2: Owners share when harassed

Because the Partition treatment manipulated the potential for beggar harassment and

not actual harassment, I verified that more harassment occurred in the No Partition

treatment (Table 4.2, Figure 4.3a). As predicted, the chimpanzees harassed more

frequently (ANOVA: F1,11 = 11.24, p = 0.0064) and for longer durations (ANOVA:

F1,11 = 12.09, p = 0.0052) in the absence of a partition. The subjects also tended to
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actively harass for longer durations in the No Partition treatment (ANOVA: Partition:

F1,11 = 3.77, p = 0.0781). The presence of the partition did not affect active harassment

frequency.

Given that the Partition treatment did manipulate beggar harassment levels, I tested

whether this treatment influenced sharing by the owner. The Partition treatment did af-

fect sharing frequency (ANOVA: F1,11 = 10.43, p = 0.0080) and sharing amount(ANOVA:

F1,11 = 5.38, p = 0.0406) but not active sharing. Thus, more sharing occurred in the

absence of the partition and in the face of more harassment (Table 4.3, Figure 4.4a).

To ensure that harassment itself influenced sharing, I examined harassment and

sharing in the absence of a partition. Sharing occurred more frequently when beggars

harassed than when they did not (t-test: t94 = 3.80, p = 0.0003, Figure 4.5a). These

results indicate that harassment from the beggar did increase its chance of receiving

food. Sharing also increased with continuous measures of harassment such as harassment

duration (Multiple regression: F1,91 = 3.52, p = 0.0637) and active harassment frequency

(Multiple regression: F1,91 = 18.62, p < 0.0001; Table 4.4). These results confirm the

effectiveness of harassment—more harassment resulted in more sharing.

Summary

The non-contingent benefits of gathering scraps from divisible food did increase harass-

ment, but harassment did not increase the beggar’s food intake. The absence of the

partition increased harassment by beggars, which increased sharing by owners. Shar-

ing increased in presence of direct harassment by the beggars. In general, these results

support the model predictions. The only deviation from the predictions was that the

Divisibility treatment did not influence owner sharing (Table 4.1).
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Squirrel monkeys

In 192 total trials, I observed 346 harassment events (15 forced claims, 87 unsuccessful

forced claims, 211 passive begs, 30 active begs, and 3 attacks, Figure 4.2a) by the squirrel

monkeys in 114 trials (59% of all trials). I observed 65 sharing events (47 collect near, 0

co-feed, 18 relaxed claim, and 0 food giving, Figure 4.2b) in 43 trials (22% of all trials).

Prediction 1: Non-contingent benefits increase harassment

Repeated measures ANOVAs indicate no Divisibility treatment effect on harassment in

squirrel monkeys (Harassment frequency: F1,11 = 0.75, p = 0.4036, Harassment dura-

tion: F1,11 = 0.37, p = 0.5547; Active harassment frequency: F1,11 = 0.70,p=0.4210;

Active harassment duration: F1,11 = 0.50, p = 0.4926). Therefore, beggars did not ha-

rass more often around divisible resources (Table 4.5, Figure 4.3b). However, harassment

did provide non-contingent benefits in another way: beggars consumed more food when

they actively harassed more frequently (Multiple regression: F1,53 = 5.68, p = 0.0208).

Prediction 2: Owners share when harassed

A strong effect of Partition on harassment (Harassment frequency: F1,11 = 24.43, p =

0.0004; Harassment duration: F1,11 = 12.74, p = 0.0044; Active harassment frequency:

F1,11 = 9.62, p = 0.0100; Active harassment duration: F1,11 = 20.98, p = 0.0008)

indicated that subjects harassed significantly more in the absence of a partition (Table

4.5, Figure 4.3b).

The Partition treatment effect on harassment translated to an effect on sharing.

The absence of the partition increased sharing frequency (ANOVA: F1,11 = 15.96,

p = 0.0021), sharing amount (ANOVA: F1,11 = 13.63, p = 0.0035), and active shar-

ing frequency (ANOVA: F1,11 = 17.47, p = 0.0015; Table 4.6, Figure 4.4b). In addition,

when beggars harassed in the No Partition treatment, owners shared food more fre-
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quently (t-test: t94 = 2.95, p = 0.0040, Figure 4.5b). In addition, sharing amount tended

to increase with harassment frequency (Multiple regression: F1,91 = 3.12, p = 0.0805),

harassment duration (Multiple regression: F1,91 = 3.54, p = 0.0632), and active harass-

ment duration (Multiple regression: F1,91 = 3.03, p = 0.0850; Table 4.7).

Summary

Squirrel monkey harassment and sharing did not respond to the Divisibility treatment.

Nevertheless, beggars did receive non-contingent benefits by consuming more when ha-

rassing. The Partition treatment effectively manipulated harassment and sharing, be-

cause both increased with the partition absent. Owners shared more frequently as beggar

intensity increased. In summary, harassment and sharing in squirrel monkeys supports

the model predictions; however, the Divisibility treatment did not effectively manipulate

food divisibility (Table 4.1).

Comparative analysis

Despite the similarity between these two experiments, they were not identical. I at-

tempted to scale body size with cage size and food amount, but I could not scale

them perfectly. Also, chimpanzees had only a small window of mesh partition available,

whereas squirrel monkeys had an entire wall (Figure 4.1). Given these and other more

subtle differences, we must interpret these results with caution. Nevertheless, striking

similarities and differences between chimpanzees and squirrel monkeys emerged. First,

the species differed in harassment frequency (ANOVA: F1,6 = 20.69, p = 0.0039) and

active harassment frequency (ANOVA: F1,6 = 23.23, p = 0.0029), with squirrel monkeys

harassing three times more frequently than chimpanzees. Chimpanzees, however, tended

to harass for longer durations (ANOVA: F1,6 = 4.05, p = 0.0909).

The most important result involves sharing. Chimpanzees and squirrel monkeys
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showed no difference in sharing frequency (ANOVA: F1,6 = 0.04, p = 0.8448) or active

sharing frequency (ANOVA: F1,6 = 0.06, p = 0.8126). Surprisingly, squirrel monkeys

shared larger proportions of food than chimpanzees (ANOVA: F1,6 = 6.35, p = 0.0453).

In summary, these two species share equally frequently, but squirrel monkeys share more

of their food with beggars (Table 4.9, Figure 4.6b).

Discussion

These experimental results generally agree with the harassment model predictions (Stevens

and Stephens, 2002). In particular, this study provides two striking results: (1) beggar

harassment substantially increases food sharing in primates (Figures 4.4 & 4.5) and (2)

very little difference in sharing rates exists between squirrel monkeys and chimpanzees

(Figure 4.6b).

Although several studies have suggested a relationship between harassment and food

sharing (Teleki, 1973; Wrangham, 1975; Goodall, 1986), this study offers the first empir-

ical test that manipulates harassment and determines effects on sharing. Both squirrel

monkey and chimpanzee food owners shared more often when beggars harassed. In

addition, sharing frequency and amount increased as harassment intensity increased.

Therefore, the immediate, selfish benefits of reducing the costs of harassment directly

influenced sharing. Beggars manipulate the fitness benefits of defending a resource by

imposing costs. To avoid these costs food owners must relinquish part of the food that

they possess.

Chimpanzees are the premiere food sharers in the animal kingdom, sharing in both

natural and captive settings (Goodall, 1986; Nishida et al., 1992; Hemelrijk et al., 1999).

In some populations of chimpanzees, food owners almost always share part of a carcass

with others following hunts (I.C. Gilby, unpublished data). In contrast, squirrel monkeys

rarely share food in the wild or captivity (Fragaszy and Mason, 1983). Despite these
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apparent differences in sharing rates, chimpanzees and squirrel monkeys share equally

often, and squirrel monkeys actually share larger proportions of food in this experimental

situation (Figure 4.6b).

Model predictions

Stevens and Stephens (2002) described a game theoretical model which predicts the

circumstances under which harassment can influence sharing. This model is similar to

previous models of punishment (Boyd and Richerson, 1992; Clutton-Brock and Parker,

1995) because the beggar faces an enforcement cost associated with harassing the owner.

In the punishment models, punishers do not offset these enforcement costs until they

receive benefits in the subsequent interaction; punishment only influences future behavior

and fitness. In the harassment model, however, the beggar recoups the cost immediately

rather than in the future. By harassing a beggar increases its current probability of

obtaining food. For harassment to persist against an owner that unilaterally defends

its food, Stevens and Stephens hypothesized that the beggar must reap ‘non-contingent

benefits’ of harassment. Harassing must provide benefits to the beggar in the absence

of sharing, such as gathering dropped scraps and stealing pieces of food. To probe for

these benefits in the current experiment, I examined harassment intensity and amount

of food consumed by the beggar in No Partition trials in which the owner did not share.

Squirrel monkeys gained more food as beggars when they harassed more intensely, even

in the absence of sharing. Therefore, non-contingent benefits could maintain harassment

in squirrel monkeys. Chimpanzees, in contrast, showed no increase in consumption with

harassment. They did, however, harass more often when the food was divisible and

possibly less defensible.

These empirical results support theoretical predictions regarding the importance of

harassment in food sharing situations (Table 4.1). This is significant because few theo-
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retical investigations predict circumstances under which food sharing should occur (but

see Valone, 1996; Mesterton-Gibbons and Dugatkin, 1999; Giraldeau and Caraco, 2000;

Dall, 2002). Even fewer empirical studies test model-based predictions. Other classes

of models make similar predictions. Both resource defense theory (Brown, 1964) and

producer-scrounger theory (Barnard and Sibly, 1981; Vickery et al., 1991) predict that

increasing interference competition or harassment reduces an individual’s intake rate

and increases sharing of the resource (Ydenberg et al., 1986; Giraldeau and Beauchamp,

1999). Experimental tests of the theory support predictions that interference reduces

resource defense (Chapman and Kramer, 1996; Beauchamp and Giraldeau, 1997). These

experimental verifications of the harassment model indicate that modeling complex so-

cial behavior can provide fruitful predictions.

Implications of harassment effects

Because harassment elicited sharing in both chimpanzees and squirrel monkeys, it pro-

vides a general explanation of sharing. Several characteristics contribute to its general

application. First, sharing provides immediate, selfish benefits for the owner by avoid-

ing costly harassment. Unlike reciprocity, the owner does not act altruistically in the

short term and wait for future repayment. These findings support a growing body of

mutualistic explanations of cooperation (Heinrich, 1988; Clements and Stephens, 1995;

Grinnell et al., 1995). Second, responses to harassment do not require complex cog-

nitive skills. Individuals need not track debts owed, favors given, or the likelihood of

reciprocation. Instead, natural selection simply favors individuals that donate food in

such a way to avoid net costs. Finally, harassment does not require special relationships

between owner and beggar. For instances of kin-selected food sharing, sharing only oc-

curs within a limited set of related individuals. In reciprocal altruism, individuals must

recognize and interact with the same individuals to track reciprocation. In the harass-
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ment paradigm, however, individuals need not recognize each other, much less interact

repeatedly. Indeed, individuals that have never met and will never meet again may share

food.

Harassment may explain many instances of sharing in a number of species. Thus far,

researchers have reported harassment and sharing in only a few species, most notably

chimpanzees. Its role in chimpanzee food sharing, however, has probably been vastly

underestimated. A number of studies have described examples of harassment during

chimpanzee food sharing events (Nissen and Crawford, 1936; Teleki, 1973; Wrangham,

1975; Kuroda, 1984; Takahata et al., 1984; Goodall, 1986; Boesch and Boesch, 1989),

but few have considered it a major force in sharing. For example, de Waal (1989)

and Mitani and Watts (2001) both discounted the effects of observed harassment and

concluded that reciprocity and trade maintained sharing. In addition, Stanford et al.

(1994) proposed correlational evidence that males may trade food for sex by sharing more

frequently with sexually receptive females. Previously, however, Teleki (1973) provided

an alternative explanation of Stanford’s results by demonstrating that receptive females

harass food owners more often. By underestimating harassment, studies of sharing may

ignore a potentially basic mechanism of sharing. Neglecting harassment may confound

results, generating spurious reciprocal sharing patterns. Harassment must be eliminated

as a possible explanation of sharing before invoking more complex explanations such as

reciprocity, trade, and meat-for-sex.

Potential challenges

Is ‘collecting near’ truly sharing? Most instances of sharing in this experiment occurred

when the beggar collected food near the owner. Some researchers argue that this is not

true food sharing because the owners do not actively donate the food. I contend that, like

cooperation in general (Clements and Stephens, 1995; Stephens and Anderson, 1997),
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food sharing is an economic outcome not a behavioral mechanism. Sharing should be

defined by the lost opportunity of consuming food regardless of whether animals share

passively or actively. These experiments support this economic definition. Separate

analyses that exclude ‘collect near’ sharing demonstrated similar patterns as analyses

that included ‘collect near’ sharing.

How might multiple beggars affect harassment? This study simplified potential food

sharing situations by using only pairwise interactions, although sharing often involves

multiple owners and beggars. The data from this study probably generalize to multiple

players rather easily. Specifically, more beggars should increase the total harassment

intensity faced by the owner, thereby increasing the probability of sharing (Beauchamp

and Giraldeau, 1997). Fruth and Hohmann (2002) observed that larger groups of beggars

in bonobos resulted in more sharing events. By sharing, the owner creates other owners

that beggars can harass, potentially reducing its own harassment levels. The more

interesting question remains how will beggars behave in the presence of competition? A

‘cheater’ beggar that lets other beggars harass but reaps the benefits may avoid costs of

harassing. This system, however, resists cheaters because sharing depends on harassment

intensity. Only beggars that inflict costs on owners will receive food.

Does this experiment with captive primates generalize to natural food sharing situations?

The multiple beggar issue represents a specific aspect of the more general problem of

external validity. For chimpanzees, many studies of wild populations have verified the

frequency of harassment (Teleki, 1973; Wrangham, 1975; Takahata et al., 1984; Goodall,

1986; Boesch and Boesch, 1989). Recently, a study focused on harassment and sharing

in wild chimpanzees corroborated these experimental results (I.C. Gilby, unpublished

data). Gilby found that harassment predicted sharing better than grooming frequency,

association levels, and female sexual receptivity. No evidence of sharing exists for wild
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populations of squirrel monkeys. Evidence from another primate species, however, val-

idates the importance of harassment in natural sharing situations. Hauser (1992) de-

scribed scenarios in which rhesus macaques (Macaca mulatta) discovered food sources

and could either withhold or give recruitment calls. If other monkeys discovered an

individual that did not call, they chased and attacked the non-caller. If the individual

called, others shared the food in relative peace. Interestingly, callers consumed more

food on average than non-callers, suggesting that calling (and thereby sharing) offered

higher benefits than not calling. These examples support the harassment hypothesis in

natural primate populations.

Future studies

The results presented here indicate that harassment could provide a fertile area to explore

in studies of food sharing. Harassment could modulate other important factors affecting

sharing. For instance, as predicted by Blurton Jones (1984, 1986, 1987), hunger and

food motivation may affect harassment and thereby sharing behavior. Asymmetries in

motivation may result in increased harassment and sharing in the presence of hunger.

Early attempts to manipulate hunger levels found no effect on sharing in chimpanzees

(Nissen and Crawford, 1936). More thorough studies are needed to clarify the effects of

food motivation on harassment and sharing.

Another factor potentially modulating harassment is relatedness. Kinship decreases

aggressive behavior in a number of species (Holmes and Sherman, 1982; Gompper et al.,

1997; Olsen and Jarvi, 1997), presumably due to inclusive fitness benefits (Hamilton,

1964). In addition, individuals tend to share food more often with kin (Fragaszy et al.,

1997; Belisle and Chapais, 2001; Ha et al., 2003). These factors suggest that kinship

could decrease harassment and increase sharing. Therefore, less harassment may elicit

more sharing when interacting with kin.
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Finally, I contend that harassment is a general explanation of sharing that can ap-

ply to many different species. Comparative studies provide critical information on the

general applicability of hypotheses. Given that harassment only requires a divisible

food source, it could influence sharing in a number of species. Primate food sharing

has been well studied, yet researchers have examined harassment in only a handful of

primate species. Other species that share food, such as vampire bats (Wilkinson, 1984;

Denault and McFarlane, 1995), should also be examined for the presence of harassment.

In addition, co-feeding in many social carnivores such as lions and hyenas could result

from avoiding harassment costs associated with food defense. By defining the concept

of sharing in terms of economics rather than behavior, we can apply sharing theory to

many more instances of animal social foraging.
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Table 4.1: Predicted and observed responses by food owners and beggars to partition
and divisibility treatments.

Solid food Divided food
Chimp- Squirrel Chimp- Squirrel

Predicted anzees Monkeys Predicted anzees Monkeys
Partition
present

Beggar: Not Harass Y Y Beggar: Harass Y N

Owner: Defend Y Y Owner: Defend Y Y

Partition
absent

Beggar: Not Harass Y N Beggar: Harass Y Y
Owner: Defend N N Owner: Share Y Y
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Table 4.2: Effects of Partition and Divisibility treatments on harassment measures in
chimpanzees (repeated measures ANOVA).

(a) Harassment frequency
Mean

Source of variation df Square F p

Partition 1 22.69 11.25 0.0064
Error(Partition) 11 2.02
Divisibility 1 4.69 7.17 0.0215
Error(Divisibility) 11 0.65
Partition×Divisibility 1 0.02 0.01 NS
Error(Partition×Divisibility) 11 2.19
Remaining Error 144 0.97

(b) Harassment duration
Mean

Source of variation df Square F p

Partition 1 32007.5 12.09 0.0052
Error(Partition) 11 2647.7
Divisibility 1 1185.0 1.68 NS
Error(Divisibility) 11 704.9
Partition×Divisibility 1 0.3 0.00 NS
Error(Partition×Divisibility) 11 802.5
Remaining Error 144 1606.4

(c) Active harassment frequency
Mean

Source of variation df Square F p

Partition 1 1.69 2.58 NS
Error(Partition) 11 0.65
Divisibility 1 0.08 0.4490 NS
Error(Divisibility) 11 0.19
Partition×Divisibility 1 0.08 0.4490 NS
Error(Partition×Divisibility) 11 0.19
Remaining Error 144 0.07

continued on next page
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Table 4.2: continued from previous page

(d) Active harassment duration
Mean

Source of variation df Square F p

Partition 1 1180.08 3.77 0.0781
Error(Partition) 11 312.78
Divisibility 1 391.02 3.33 0.0951
Error(Divisibility) 11 117.31
Partition×Divisibility 1 481.33 4.83 0.0501
Error(Partition×Divisibility) 11 99.48
Remaining Error 144 182.91
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Table 4.3: Effects of Partition and Divisibility treatments on sharing measures in chim-
panzees (repeated measures ANOVA).

(a) Sharing frequency
Mean

Source of variation df Square F p

Partition 1 17.52 10.43 0.0080
Error(Partition) 11 1.70
Divisibility 1 0.08 0.27 NS
Error(Divisibility) 11 0.31
Partition×Divisibility 1 0.19 0.62 NS
Error(Partition×Divisibility) 11 0.30
Remaining Error 144 0.56

(b) Sharing amount
Mean

Source of variation df Square F p

Partition 1 15123.00 5.38 0.0406
Error(Partition) 11 2810.18
Divisibility 1 60.75 0.16 NS
Error(Divisibility) 11 382.30
Partition×Divisibility 1 36.75 0.09 NS
Error(Partition×Divisibility) 11 405.75
Remaining Error 144 590.13

(c) Active sharing frequency
Mean

Source of variation df Square F p

Partition 1 1.88 1.27 NS
Error(Partition) 11 1.48
Divisibility 1 0.05 3.67 0.0819
Error(Divisibility) 11 0.01
Partition×Divisibility 1 0.13 2.57 NS
Error(Partition×Divisibility) 11 0.05
Remaining Error 144 0.13
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Table 4.4: Effects of harassment measures on sharing amount in chimpanzees (multiple
regression).

Mean
Source of variation df Square F p

Harassment freq. 1 81.67 0.06 NS
Harassment duration 1 4439.75 3.52 0.0637
Active harassment freq. 1 23459.93 18.62 4×10−5

Active harassment duration 1 574.45 0.46 NS
Error 91 1259.68
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Table 4.5: Effects of Partition and Divisibility treatments on harassment measures in
squirrel monkeys (repeated measures ANOVA).

(a) Harassment frequency
Mean

Source of variation df Square F p

Partition 1 162.05 24.43 0.0004
Error(Partition) 11 6.63
Divisibility 1 0.87 0.75 NS
Error(Divisibility) 11 1.16
Partition×Divisibility 1 1.16 0.31 NS
Error(Partition×Divisibility) 11 3.77
Remaining Error 144 3.73

(b) Harassment duration
Mean

Source of variation df Square F p

Partition 1 8146.68 12.74 0.0044
Error(Partition) 11 639.64
Divisibility 1 70.81 0.37 NS
Error(Divisibility) 11 190.71
Partition×Divisibility 1 114.83 0.59 NS
Error(Partition×Divisibility) 11 193.86
Remaining Error 144 342.02

(c) Active harassment frequency
Mean

Source of variation df Square F p

Partition 1 20.67 9.61 0.0101
Error(Partition) 11 2.15
Divisibility 1 0.42 0.70 NS
Error(Divisibility) 11 0.60
Partition×Divisibility 1 0.42 0.32 NS
Error(Partition×Divisibility) 11 1.31
Remaining Error 144 1.47

continued on next page
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Table 4.5: continued from previous page

(d) Active harassment duration
Mean

Source of variation df Square F p

Partition 1 1255.63 20.98 0.0008
Error(Partition) 11 59.86
Divisibility 1 45.05 0.50 NS
Error(Divisibility) 11 89.41
Partition×Divisibility 1 30.88 0.38 NS
Error(Partition×Divisibility) 11 82.15
Remaining Error 144 90.23
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Table 4.6: Effects of Partition and Divisibility treatments on sharing measures in squirrel
monkeys (repeated measures ANOVA).

(a) Sharing frequency
Mean

Source of variation df Square F p

Partition 1 11.26 15.96 0.0021
Error(Partition) 11 0.71
Divisibility 1 0.06 0.11 NS
Error(Divisibility) 11 0.51
Partition×Divisibility 1 0.11 0.26 NS
Error(Partition×Divisibility) 11 0.43
Remaining Error 144 0.40

(b) Sharing amount
Mean

Source of variation df Square F p

Partition 1 493.97 13.64 0.0035
Error(Partition) 11 36.23
Divisibility 1 25.37 1.72 NS
Error(Divisibility) 11 14.73
Partition×Divisibility 1 19.99 1.83 NS
Error(Partition×Divisibility) 11 10.94
Remaining Error 144 16.96

(c) Active sharing frequency
Mean

Source of variation df Square F p

Partition 1 1.69 17.47 0.0015
Error(Partition) 11 0.10
Divisibility 1 0.00 0.00 NS
Error(Divisibility) 11 0.07
Partition×Divisibility 1 0.00 0.00 NS
Error(Partition×Divisibility) 11 0.07
Remaining Error 144 0.08
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Table 4.7: Effects of harassment measures on sharing amount in squirrel monkeys (mul-
tiple regression).

Mean
Source of variation df Square F p

Harassment freq. 1 109.20 3.12 0.0805
Harassment duration 1 106.02 3.03 0.0850
Active harassment freq. 1 123.66 3.52 0.0632
Active harassment duration 1 0.73 0.02 NS
Error 91 34.96
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Table 4.8: Effects of species (chimpanzee and squirrel monkey) on harassment measures
(repeated measures ANOVA).

(a) Harassment frequency
Mean

Source of variation df Square F p

Species 1 110.07 20.69 0.0039
Error(Species) 6 31.92
Partition 1 156.01 24.14 0.0005
Error(Partition) 11 6.46
Divisibility 1 4.39 7.03 0.0226
Error(Divisibility) 11 0.62
Remaining Error 288 2.35

(b) Harassment duration
Mean

Source of variation df Square F p

Species 1 8678.6 4.05 0.0909
Error(Species) 6 2143.0
Partition 1 36742.1 25.82 0.0004
Error(Partition) 11 1423.1
Divisibility 1 292.2 0.59 NS
Error(Divisibility) 11 494.7
Remaining Error 288 972.7

(c) Active harassment frequency
Mean

Source of variation df Square F p

Species 1 33.60 23.24 0.0029
Error(Species) 6 1.45
Partition 1 17.34 13.34 0.0038
Error(Partition) 11 1.30
Divisibility 1 0.08 0.22 NS
Error(Divisibility) 11 0.39
Remaining Error 288 0.77

continued on next page
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Table 4.8: continued from previous page

(d) Active harassment duration
Mean

Source of variation df Square F p

Species 1 157.80 0.78 NS
Error(Species) 6 203.45
Partition 1 2438.46 10.19 0.0086
Error(Partition) 11 239.28
Divisibility 1 352.82 3.14 NS
Error(Divisibility) 11 112.29
Remaining Error 288 136.57
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Table 4.9: Effects of species (chimpanzee and squirrel monkey) on sharing measures
(repeated measures ANOVA).

(a) Sharing frequency
Mean

Source of variation df Square F p

Species 1 0.03 0.04 NS
Error(Species) 6 0.64
Partition 1 28.56 29.64 0.0002
Error(Partition) 11 0.96
Divisibility 1 0.13 0.43 NS
Error(Divisibility) 11 0.31
Remaining Error 288 0.48

(b) Sharing amount
Mean

Source of variation df Square F p

Species 1 0.89 6.35 0.0453
Error(Species) 6 0.14
Partition 1 3.08 28.98 0.0002
Error(Partition) 11 0.11
Divisibility 1 0.04 0.90 NS
Error(Divisibility) 11 0.04
Remaining Error 288 0.05

(c) Active sharing frequency
Mean

Source of variation df Square F p

Species 1 0.06 0.06 NS
Error(Species) 6 0.98
Partition 1 3.52 4.64 0.0542
Error(Partition) 11 0.76
Divisibility 1 0.03 0.57 NS
Error(Divisibility) 11 0.05
Remaining Error 288 0.11
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(a) Chimpanzee

Mesh partition

Solid partition

Perch

Door

3.15 m

4.5
6 m

2.88 m

(b) Squirrel monkey

Mesh partition

Perches

Food dish

155 cm

77 cm

64 cm

Figure 4.1: Experimental apparatus. (a) The chimpanzees were tested in their outdoor
cages, one subject on either side of the partition. The partition was solid except for a
142×50 cm section of mesh. The door was opened during the No Partition treatment.
(b) The squirrel monkeys were tested in Allentown cages, separated by a plastic mesh
partition. The entire partition was removed for the No Partition treatment.
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Figure 4.2: Behavior frequencies. (a) Chimpanzees and squirrel monkeys have similar
frequencies of each of the harassment types. Chimpanzees harassed 142 times, whereas
squirrel monkeys harassed 192 times. (b) Both species also have similar frequencies of
the different sharing types. Chimpanzees shared 60 times, and squirrel monkeys shared
65 times.
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(b) Squirrel monkeys
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Figure 4.3: Effects of Partition and Divisibility treatments on harassment frequency
(number of harassment events per trial). (a) Chimpanzees showed an effect of both
Partition and Divisibility treatments on harassment. Subjects harassed more in the
absence of the partition and when food was divisible. (b) Squirrel monkeys only showed
an effect of Partition treatment, harassing more in the absence of the partition. Symbols
and error bars represent least-squares means and 95% confidence intervals.
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(b) Squirrel monkeys
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Figure 4.4: Effects of Partition and Divisibility treatments on sharing frequency (number
of sharing events per trial). (a) Chimpanzees showed only an effect of Partition treatment
on sharing. Subjects shared more in the absence of the partition. (b) Squirrel monkeys
also only showed an effect of Partition treatment, sharing more in the absence of the
partition. Symbols and error bars represent least-squares means and 95% confidence
intervals.
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Figure 4.5: Effects of harassment on sharing. In the absence of a partition, both (a)
chimpanzees and (b) squirrel monkeys shared more frequently in trials with harassment
present. Error bars represent 95% confidence intervals.
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Figure 4.6: Comparison of harassment and sharing between chimpanzees and squirrel
monkeys. (a) Squirrel monkeys harassed more frequently than chimpanzees (dark bars),
but chimpanzees harassed for longer durations (light bars). (b) Surprisingly, both shared
equally frequently (dark bars), and squirrel monkeys shared larger amounts (light bars).
Error bars represent 95% confidence intervals.
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Conclusion

This thesis integrates theoretical, empirical, and comparative analyses of food shar-

ing to underscore the importance of harassment. The only line of evidence lacking is

observational evidence from natural populations of animals. My colleague Ian Gilby

has examined these issues in a wild population of chimpanzees. His results support the

significance of harassment influencing food sharing. He has found that individuals that

harass more intensely receive more food from food owners (unpublished data). In ad-

dition, harassment predicts sharing better than sexual receptivity, grooming frequency,

and association levels. Multiple lines of evidence suggest that apparently altruistic food

sharing may, in fact, provide selfish benefits to the donor. Therefore, we must address

harassment in future investigations of sharing.

Harassment as a general explanation of sharing

The advantage of harassment as an explanation of sharing is its simplicity. With this

simplicity comes general applicability to different sharing contexts in many species. Ha-

rassment requires no special relationships or cognitive skills to trigger sharing. Rather,

any animal can harass to gain access to resources. Despite this generality, harassment

probably remains unnoticed in many animal species.

Similar models of animal interaction indicate that harassment-like behavior occurs

in many species. Resource defense, producer-scrounger, and kleptoparasitism theory

predict that interference competition may reduce the defensibility of a resource and

elicit sharing (Barnard, 1984; Giraldeau and Caraco, 2000). Researchers have recorded

this effect in invertebrates (Iyengar, 2000; Miyashita, 2001), fish (Chapman and Kramer,

1996; Nilsson, 2000), birds (Brockmann and Barnard, 1979; Goss-Custard et al., 1998;

Amat, 2000), and mammals (Durant, 2000; Di Bitetti and Janson, 2001; MacNulty et al.,
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2001). Therefore, harassment may occur more frequently than originally thought.

Harassment is such a general explanation that it may apply in other cooperative

contexts. Harassment and punishment play a role in sexual coercion (Smuts and Smuts,

1993; Clutton-Brock and Parker, 1995a,b), reproductive suppression (Reeve and Gam-

boa, 1987; Emlen and Wrege, 1992; Reeve, 1992), and helping-at-the-nest (Mulder and

Langmore, 1993). Drawing these diverse topics into a unified theory of harassment may

help produce a more general model of manipulative mutualism.

Learning, harassment, and cooperation

The influence of harassment on sharing may owe its effectiveness to its close associa-

tion with the general principles of learning. Although this thesis focuses on ultimate

consequences of how harassment affects sharing (that is, how harassment and sharing

affect fitness), the proximate consequences of harassment on animal behavior also influ-

ence sharing. Thus far, I have contended that harassment imposes fitness costs on food

owners, making sharing beneficial because it avoids harassment. However, harassment

may have more direct, immediate effects on behavior. If harassment is an unfavorable

stimulus to the food owner, simple instrumental learning via the law of effect (e.g.,

Thorndike, 1911; Skinner, 1938, and the rich tradition of research that follows them)

may account for the increase in sharing. Specifically, Thorndike’s law of effect predicts

that behaviors eliciting “satisfaction” tend to increase in frequency, while those that

elicit “discomfort” tend to decrease in frequency (Thorndike, 1911, p. 245). By sharing,

a food owner experiences the satisfaction of alleviating the discomfort resulting from

defending the food. However, owners could prevent the negative stimulus altogether

if they could detect a signal that precedes harassment and preemptively share before

harassment occurs. Learning theory predicts that this type of ‘avoidance conditioning’

can occur through a combination of classical and instrumental conditioning (Mowrer,
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1956).

Learning plays an important role in cooperative behaviors besides food sharing. One

of the most relevant examples in the Prisoner’s Dilemma literature is the Pavlov strategy

(Kraines and Kraines, 1989; Nowak and Sigmund, 1993). Pavlov or ‘win-stay/lose-shift’

is a strategy in the Iterated Prisoner’s Dilemma (IPD) based on principles of learning

(although mistakenly named after Pavlov instead of Thorndike). In this strategy, players

repeat choices that result in ‘wins’ and switch behaviors following ‘losses’. Although

based on psychological principles, the Pavlov strategy arbitrarily assigns CC and DC as

wins and CD and DD as losses rather than explicitly considering the reinforcement value

of the payoffs. Nowak and Sigmund (1993) contended that this strategy outperforms tit-

for-tat and can maintain cooperation in the IPD. No experimental evidence corroborates

these predictions in non-human animals (but see Wedekind and Milinski, 1996; Baker

and Rachlin, 2002, for experiments with humans). Other researchers have utilized linear

operator models to directly examine how animals learn to cooperate or defect in the IPD

(Rapoport and Chammah, 1965; Stephens and Clements, 1998; Macy and Flache, 2002).

These models explicitly investigate the role of a reinforcer ‘standard’ that distinguishes

between rewarding and punishing payoffs. These and other models of the psychology of

cooperation provide important perspectives to the study of the evolution of cooperation.

Extensions

Some researchers suggest that harassment and punishment may have played a pivotal

role in the evolution of human cooperation. Economists, anthropologists, and behavioral

ecologists have investigated punishment and cooperation in human public goods games

(Boyd and Richerson, 1992; Frank, 1996; Henrich and Boyd, 2001; Sigmund et al., 2001).

In public goods games, individuals contribute to a common pool and divide the spoils.

For example, a group of hunters cooperate to capture a large prey item and share the
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carcass. What prevents an individual from avoiding the costs of hunting but reaping

the benefits? Cooperation may stabilize by inflicting costs on cheaters via punishment.

However, this shifts the temptation to cheat to a different level: who pays the costs

of punishment? Although some argue that punishment may cost the punisher nothing

(Hirshleifer and Rasmusen, 1989), others contend that this is an unrealistic assumption

(Hammerstein, 1995). Boyd and Richerson (1992) proposed that punishment may occur

if non-punishers are punished. That is, individuals that fail to pay the cost of punishing

a defector receive a costly punishment from others. Unfortunately, this scenario falls

into an infinite regress of punishers punishing those that do not punish those that do

not punish defectors, ad infinitum. Henrich and Boyd (2001) avoided this problem by

speculating that transmission of conformity may perpetuate punishment. If individuals

adopt similar behaviors, punishment may stabilize, assuming that cooperation occurs

regularly. This model, however, requires relatively high levels of initial cooperation

and punishment to sustain cooperation. Regardless of theoretical limitations, empirical

work demonstrates the effectiveness of punishment. In experimental public goods games,

punishment substantially increases cooperation even though it decreases both players’

payoffs and the subjects only play against each opponent once (Fehr and Gachter, 2002;

Andreoni et al., 2003). Therefore, the ubiquity of harassment and punishment indicates

their significance in the evolution of complex cooperative systems in humans.

Summary

Harassment and punishment may play a crucial role in cooperation for both human

and non-human animals. By reducing the fitness of defectors, harassment favors selfish

cooperation. This type of manipulative mutualism emphasizes the role of selfishness in

apparently altruistic situations.
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