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a b s t r a c t

Cooperation between unrelated individuals remains a puzzle in evolutionary biology. Recent work

indicates that partner choice can select for high levels of helping. More generally, helping can be seen as

but one strategy used to compete for partners within a broader biological market, yet giving within

such markets has received little mathematical investigation. In the present model, individuals help

others to attract attention from them and thus receive a larger share of any help actively or passively

provided by those others. The evolutionarily stable level of helping increases with the size of the

biological market and the degree of partner choice. Furthermore, if individuals passively produce some

no-cost help to partners, competitive helping can then invade populations of non-helpers because

helpers directly benefit from increasing their access to potential partners. This framework of

competitive helping demonstrates how high helping can be achieved and why different populations

may differ in helping levels.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cooperation between unrelated individuals remains one of the
big puzzles in evolutionary biology (e.g. Sachs et al., 2004; Vogel,
2004; Clutton-Brock, 2009; Pennisi, 2009). Despite much work on
the Prisoner’s Dilemma and various forms of reciprocity (for reviews,
see: Axelrod, 1984; Brembs, 1996; Nowak and Sigmund, 2005),
recent authors have questioned how many instances of cooperation
match such payoff structures (Noë, 1990; Connor, 1995; Tooby and
Cosmides, 1996; Silk, 1999; Clutton-Brock, 2009). Most importantly,
many organisms do not equally accept all individuals as cooperative
partners, but exercise choice as to whom they will associate with
most (e.g. Peck, 1993; Noë and Hammerstein, 1994, 1995; Sherratt
and Roberts, 1998; Barclay and Willer, 2007). Rather than being
examined in isolation, costly forms of cooperation should be seen as
one strategy within a broader context of social interactions that
includes mutualistic partnerships with byproduct benefits, kinship,
mating, and dominance contests. Because terminology varies widely
between fields (e.g. ‘‘altruism’’ versus ‘‘cooperation’’ versus ‘‘help-
ing’’), I will use behavioral terms: ‘‘help’’ will broadly refer to any
benefit (tangible or intangible) that one individual confers upon
another intentionally or unintentionally, whether costly or free to the
provider. I will refer to the costly provision of such help as ‘‘active’’
help (e.g. giving up resources), and the costless provision of help as
ll rights reserved.
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‘‘passive’’ help (e.g. unintentional byproducts and externalities).
Those who disagree with such usage should substitute their
preferred terms for costly and non-costly help.
1.1. From passive helping to active helping

Many, perhaps most, examples of ‘‘helping’’ involve mutual-
isms or byproduct benefits rather than costly provision of help to
others (Sachs et al., 2004; Clutton-Brock, 2009). In such cases,
individuals benefit others at no net cost to themselves when they
follow their own best interests. For example, flocking, cooperative
hunting, mobbing, and group defense are all activities where
one’s presence benefits others and the personal gain for joining
can outweigh the cost of doing so. Other types of help are
produced merely by spending time with individuals, such as
when learned individuals function as ‘‘models’’ that others can
learn from via infocopying (Tooby and Cosmides, 1996; Henrich
and Gil-White, 2001), when some individuals produce food
for their own benefit which can be scrounged (Barnard and
Sibly, 1981; Vickery et al., 1991; Sherratt et al., 2009), or when
individuals selfishly watch for or repel predators, violence, or
harassment, and thus tend to provide environments free of such
threats (Clutton-Brock, 2009). In interspecific mutualisms, one
species’ metabolic byproducts may benefit its symbiont (Sachs
et al., 2004). Individuals benefit from associating with those who
produce such ‘‘positive externalities’’, and those who are better at
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producing these externalities are expected to be more desirable as
partners (Tooby and Cosmides, 1996).

In the context of this no-cost or passive help, one could also
become a valuable partner by intentionally providing help
directly to needy partners rather than doing so only incidentally
(Seyfarth, 1977), and individuals vary in their ability to do so. It is
obviously beneficial to interact with those who are willing to
directly help partners, and ample research demonstrates that
people prefer to associate with others who have demonstrated a
tendency to give (e.g. Milinski et al., 2002; Barclay and Willer,
2007; Barclay, 2010). In order to attract attention from those who
actively or passively help others, one may have to provide them
with help in kind or in different currencies; this is the basis of
reciprocity (Trivers, 1971). As such, active helping allows indivi-
duals to buy access to group members that they otherwise have
no access to (Seyfarth, 1977; Henrich and Gil-White, 2001), or to
buy more time or access to existing partners. Such active helping
can include giving resources, coalitional support, or other forms
of assistance that benefit the recipient more than they cost the
provider. Active help can also be broadly construed to include
other costly acts such as the granting of concessions
(e.g. deference, tolerance of cuckoldry or theft) or increasing the
production of what had previously been byproducts that others
benefit from.

1.2. Biological markets: from active helping to competitive helping

When one individual gains access to additional partners or
attention from such partners, this causes others to have less
access and to receive less attention from those partners (Seyfarth,
1977). Thus, there is inherent competition over access to social
partners, in what Noë and Hammerstein (1994, 1995) have
termed a biological market. If all individuals can increase their
value in this biological market by actively helping, then indivi-
duals who provide the most help will have access to the most (or
the best) partners and/or more social attention from them. Thus,
biological markets provide an incentive (conscious or not) for
individuals to compete to give more than others in the biological
market, and to send signals that imply such helping (Roberts,
1998). Such competitive helping (often called competitive altruism,
Roberts, 1998) can occur whenever: (1) reputational benefits are a
limited resource such that the best helpers receive more help
than the next-best helpers; and (2) the benefit of receiving this
additional help outweighs the cost of investing in additional
helping. Competitive helping is more than ‘‘merely’’ trying to
appear good; it occurs when individuals actively try to outdo each
other by helping more than others (Barclay and Willer, 2007).
Experimental evidence demonstrates that humans give more
when competing over social partners than when such competi-
tion is absent (Barclay, 2004; Barclay and Willer, 2007; Chiang,
2010), and the increased status accruing to those who give money
to others has also been interpreted as competitive helping (Hardy
and Van Vugt, 2006).

Despite recent empirical work using a biological markets
paradigm (e.g. Bshary and Schäffer, 2002; Barrett and Henzi,
2006; Barclay and Willer, 2007), there have been relatively few
mathematical or computer-based theoretical studies investigating
the effects of competition for partners on helping. Nesse (2007)
investigated a Continuous Prisoner’s Dilemma-like situation
where partners could assort based on how much they give to
partners, and he found ‘‘runaway social selection’’ for high giving.
McNamara et al. (2008) showed that increased choosiness over
partners leads to high levels of help given, and that choosiness
and helping co-evolve. Johnstone and Bshary (2008) investigated
systems with one population of potential exploiters and another
population of potential victims, and found that market forces
affect the victims’ ability to leave exploitative partners, which in
turn affects the amount of exploitation. The above models all
assume partnerships in pairs and assume that each individual can
only receive help from one potential partner at a time, whereas in
many systems individuals can simultaneously receive help from
multiple parties (e.g. Henrich and Gil-White, 2001). Models of
partner competition by Ferri�ere and colleagues (Ferri�ere et al.,
2002, 2007) do not specify this assumption of pairwise interac-
tions, but do assume obligate and costly mutualisms among two
different types or species (e.g. hosts and symbionts).

All of the above models – like most models of cooperation –
investigate helping largely in isolation from other bases of partner
choice, although they sometimes do draw some excellent paral-
lels between cooperation and the literature on sexual selection
(e.g. Noë and Hammerstein, 1994; Nesse, 2007). The current
model differs from these previous investigations by investigating
competitive helping within the larger context of general competi-
tion over social partners within a single type or single species.
Thus, the present model is conceptually similar to assortative
mating models or other such models where helping is used to
increase one’s access to desirable partners (e.g. Seyfarth, 1977;
Schino, 2001; Gumert, 2007). Framing competitive helping within
the broader context of partner selection has interesting implica-
tions regarding the amount of active helping displayed in differ-
ent group sizes (see below) and by individuals of differing quality.

1.2.1. Competitive helping and market size

As group size increases, there are more potential partners that
one could interact with (i.e. a larger market), and this can cause
selection for higher helping, and any trait that might signal a
tendency to help. This is analogous to competition between business
firms: as the number of firms increases, they must ‘‘bid’’ for
customers by offering better ‘‘deals’’. This can occur in biological
markets just as in monetary markets. The pool of help produced by a
group will increase as the group size increases, so bigger groups
represent a bigger ‘‘prize’’ if one can attract a large share of that pool.
Thus, larger biological markets are predicted to result in higher
competitive helping. The effects of group size should be even greater
when individuals assort based on quality because larger groups will
have more individuals who resemble each other in quality, such that
helping could be a strategy to give oneself an advantage in social
competition with close competitors.

1.3. The current investigation

Here I present a model of competitive helping where indivi-
duals can use their active helping to attract the attention of others
(and hence, any help that those others provide to their associ-
ates). This model resembles a foraging model where agents
‘‘forage’’ over the help that others provide. Agents can receive
help from whoever attends to them, and they maximize their
returns by attending to others in proportion to the amount of help
produced by each (‘‘matching law’’, e.g. Domjan and Burkhard,
1993). The model shows that such competitive helping: (a) is
evolutionarily stable; (b) depends on the degree of partner choice;
(c) increases with the number of competitors (i.e. the size of the
biological market); and (d) can invade a population of non-
helpers as long as some passively provided help is present.
2. Methods

2.1. Conceptualization of the model and assumptions

Perhaps the best way to conceptualize the model is to first
imagine a number of foraging animals distributing themselves
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among a number of food patches, or responding to different rates
of reinforcement in an operant conditioning paradigm. In foraging
paradigms, Ideal Free Distributions predict that animals maximize
their food intake in the face of foraging competition by distribut-
ing themselves among food patches in proportion to the relative
payoffs per patch (Milinski, 1979). Not all individuals attend to
the best-producing patches because of competition over the
resources produced, so it pays to do some foraging in less
productive patches. Similarly, in operant conditioning paradigms,
the Matching Law predicts that animals maximize their food
intake by attending to different food dispensers in proportion to
the relative rates of reinforcement at the different dispensers (for
a review, see Williams, 1988; Domjan and Burkhard, 1993). If
each of two food dispensers is capable of producing one reward
every once in a while (a ‘‘variable interval schedule’’), it pays to
occasionally attend to the less productive dispenser in order to
still have access to the rewards it produces (see Section 2.2.2 on
deviations from Ideal Free Distributions and the Matching Law).

Now instead of imagining the food patches and dispensers as
external resources, imagine that the animals themselves are the
food patches or dispensers, such that the dispensers of help are
themselves foraging over the help produced by others. The animals
will distribute themselves among each other in proportion to how
often each individual produces help. For example, an animal that
can provide help on average twice a minute will receive twice as
much attention from others as an animal that provides help
once a minute. Unlike some models of Ideal Free Distributions, the
present model assumes that individuals can invest fractions of
their time in attending to specific targets rather than having each
individual devote all its time to a specific partner; see Fig. 1 for
examples. Time and attention are inherently limited resources, so
when one individual attracts a larger share of attention by increas-
ing its own production of help, it necessarily reduces the shares
received by its competitors. Thus, the competition is implicit.
Because I am modeling the effects of this sort of distribution rather
Fig. 1. Graph of a simple network (N¼3) of competitive helping. Each individual

receives a share of others’ help in proportion to the help he/she provides, relative

to what they provide for each other (‘‘matching law’’). (a) Imagine that all

individuals provide 2 units of help. Taking C’s perspective, C will attend equally

to A and B because they each provide 2. Similarly, because C also provides 2, A and

B pay equal attention to C as to each other, so they all receive the same amounts of

help (i.e. 2 total). (b) If C starts providing only 1 unit while the others provide 2,

then from the perspective of either A or B, C’s help represents 1/3 of the total help

available. C would thus receive 1/3 of A and B’s attention, and thus 1/3 of the help

that A and B produce (i.e. 0.67 from each). This new total (1.33) is less than what C

would have received by providing 2 units. (c) If instead C starts providing 3, then

he/she now represents 3/5 of the help available to A and B, so C receives 3/5 of the

help that A and B produce (i.e. 1.2 from each). This new total (2.4) is more than

what C would have received by providing only 2. Whether this is worth the cost

depends on the marginal fitness effects for receiving additional help.
than the process of how organisms distribution themselves, I
assume for simplicity that the organisms are distributing themselves
instantaneously and without cost (but see Section 2.2.2 for devia-
tions from this).

Individuals divide their attention among other group mem-
bers, and the help they produce is available for consumption by
whomever they pay attention to. I assume that this help is
targeted to single individuals rather than broadly distributed to
all within proximity, and it is depletable, meaning that anything
obtained by one individual benefits only that individual (i.e. help
is a ‘‘rival good’’). Although individuals can only give to one other
individual at a time, they can receive from multiple individuals at
the same time. As such, it is beneficial to receive large shares of
social attention from multiple individuals, because one can then
consume the help produced by multiple individuals; this is how
helpers benefit from their helping. The model thus differs
from other partner choice models because it does not assume
that individuals form long-term partnerships with a single indi-
vidual at a time and trade favours exclusively within that
relationship (e.g. Nesse, 2007; Johnstone and Bshary, 2008;
McNamara et al., 2008). Instead, organisms move around freely
and frequently: they choose to attend to specific individuals in
order to receive access to the help those individuals provide
actively and passively, and one’s own help is available to those to
whom one attends in return. The more that one has to offer in the
pool of potential partners, the more attention (and thus help) one
receives from that pool. Once again, the current model examines
the effects of these choices, not the processes of choosing.

This foraging framework (and its assumptions) is meant only as
an illustration, not as a strict necessity. The most important point –
and the only really crucial assumption – is that helpers will tend to
receive a larger share of others’ attention than will non-helpers, such
that the amount of attention one receives is based (at least in part)
on the amount of help one gives relative to others (see Appendix for
justification). This increased attention increases the help available to
helpers, which is what ultimately selects for helping.

2.2. The model

2.2.1. Proportional matching

I start by investigating only active help; Section 3.3 adds
passive help. In the model, all individuals are of the same type.
Each individual chooses to incur cost h (hZ0) to actively provide
help at rate h (Table 1 lists all variables). Any mutant provides hm,
and this help is available to others according to the attention that
the mutant pays to each of them. Everyone else actively produces
hp each, where hp is the population level of helping. If there are N

individuals in the biological market,1 then from any rare mutant’s
perspective, the pool of help available to be competed over is
(N�1)hp. At any time, a mutant can be said to compete with N�2
individuals over the attention of each of the N�1 other members
(i.e. it competes with everyone except the individual being
competed for). Each individual receives help in proportion to
the amount it produces (see Appendix A for justification). As such,
the total amount of help received, r, by any mutant is

r¼ ðN�1Þhp
hm

hmþðN�2Þhp
ð1Þ
1 Please note that N represents the number of potential partners who compete

within a market, not the entire group size. The group size could actually be much

bigger than the effective market size, given that some partner choices are

constrained due to kinship (e.g. Hauser et al., 2009; Silk, 2009), age, sex, and

proximity, and that competition over partners is sometimes only against members

within the same category (e.g. competition among age-mates over coalitions with

other age-mates).



Table 1
List of variables used in the model.

Variable Definition

hm Level of active (costly) help by a rare mutant

hp Level of active (costly) help by each other population member

h* Equilibrium level of active help

N Number of members in the biological market

m Maximum possible fitness benefits from receiving help

x A variable affecting the benefits curve (concavity vs. linearity of

returns)

r Total help received by the rare mutant

Z Partner choice: degree to which individuals can choose partners

based on the benefits for associating with them

W Fitness payoff to the rare mutant in a population with active helping

of hp

k Level of help passively provided at no cost (e.g. byproducts,

externalities)

p Proportion of attention invested in a mutant (see Appendix A)

A Total help produced by the mutant (see Appendix A)

B Total help produced by other population members (see Appendix A)

Fig. 2. Fitness gains as a function of the amount of help received (actively or

passively), with the rate of diminishing marginal fitness returns determined by the

parameter x. Under low x, the benefits curve is highly concave: it takes little help

to receive high fitness benefits, but there is less advantage to receiving additional

help (i.e. steeply diminishing marginal returns). Under high x, the benefits curve is

more linear: the fitness gains are achieved more slowly but steadily (i.e. weakly

diminishing marginal returns). At infinite r, all curves reach the asymptotic

maximum fitness benefit m. For comparison, the two dotted diagonal lines

represent traditional benefit to cost ratios of 2:1 and 1:1.
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In Eq. (1), (N�1)(hp) represents the total help available to the
mutant, i.e. the number of other group members times the
amount produced by each. The fraction represents the proportion
of each group member’s help that the mutant receives, i.e. the
amount produced by the mutant divided by the total amount
produced by itself and all competitors (i.e. everyone except the
other group member him/herself).

2.2.2. Deviations from proportional matching

Eq. (1) assumes that each individual receives help in perfect
proportion to the relative amount of help it provides. In reality,
perfectly proportional matching rarely occurs. Constraints such as
movement time between patches, the cost of switching, imperfect
information, and competitive interference will interfere with
organisms’ ability to choose the ‘‘best’’ options, and will thus
result in deviations from Ideal Free Distributions (Kennedy and
Gray, 1993) and from perfect matching (Williams, 1988; Domjan
and Burkhard, 1993). To allow for deviations from perfectly
proportional matching choices, I follow past research (e.g.
Baum, 1979; Wearden and Burgess, 1982) in using an exponent
z (0rzrN), where z is the degree of matching (i.e. degree to
which one receives help in proportion to the relative amount of
help one provides). With this new matching parameter, the total
help received from all others becomes:

r¼ ðN�1Þhp
ðhmÞ

z

ðhmÞ
z
þðN�2ÞðhpÞ

z ð2Þ

When z¼0, individuals cannot choose whom to associate with, such
that all individuals receive equal attention and help from others
regardless of how much they provide (‘‘undermatching’’, Williams,
1988). When z¼1, individuals can freely and perfectly choose
partners based on how much help each produces, such that Eq. (2)
simplifies to Eq. (1), i.e. all individuals receive help in proportion to
the relative amounts that they give. When z equals infinity, it is a
winner-take-all system (e.g. Frank and Cook, 1996) where the most
generous individual receives all of the help produced by others
(‘‘overmatching’’, Williams, 1988). Although rare, the latter situation
might occur if the help one confers upon partners is not depleted by
others’ use (e.g. ‘‘non-rival’’ public goods), such that it pays to attend
most to whoever emits the most positive externalities regardless of
who else associates with them and what anyone else produces.

2.2.3. Adding diminishing marginal fitness benefits

I assume that fitness increases as one receives more help, but
the fitness benefits show diminishing marginal returns, i.e. after
receiving much help, additional help received has little additional
effect on fitness (e.g. Hauert et al., 2006; Johnstone and Bshary,
2008). Thus, I deviate from most models of cooperation by not
having a constant cost/benefit ratio (e.g. b/c¼3). Instead, I use the
diminishing marginal returns function mr/(mxþr) where m

represents the asymptotic maximum benefit one would get if
one received an infinite amount of help from others, and
x (0rxr1) is a scaling factor that affects the shape of the benefit
function and represents how slowly the maximum benefit is
achieved. Such a scaling factor x is difficult to grasp intuitively,
so Fig. 2 illustrates the fitness effects of receiving help at different
levels of x. At smaller values of x, the maximum fitness benefits
are quickly achieved and additional help received has little
additional fitness effect (a highly concave curve), as would be
the case if organisms only need a small amount of help. At higher
values of x, the fitness benefits are achieved more slowly but
steadily (i.e. the marginal benefits remain more constant and
linear). To further illustrate, take the example of helping others
by providing opportunities for social learning (Henrich and
Gil-White, 2001): x is low if you can learn something from
someone by observing them do it once (i.e. full benefits achieved
quickly, additional observation has no additional effect), whereas
x is high if it takes many demonstrations – or active teaching –
before one can learn the skill (i.e. full benefits achieved slowly,
additional observation is still useful).

2.2.4. Final fitness function

The total fitness payoff, W, to any mutant is thus the fitness
benefits minus the costs:

W ¼
mr

mxþr
�hm ð3Þ

At an equilibrium, h*, no individual can increase its fitness by
changing its level of active helping. To find non-extremal values
of h*, we find the value of hm for which the derivative of the
fitness curve (with respect to hm) equals zero when hm¼hp. The
derivative of this fitness function with respect to hm is

dW

dh
¼

m2xzðN�2ÞðN�1ÞðhmÞ
z�1
ðhpÞ

zþ1

½ðhmÞ
z
ðhpðN�1ÞþmxÞþðmxðN�2ÞðhpÞ

z
Þ�2
�1 ð4Þ

Rather than focus on the details of this derivative, the important
point is that it equals zero when hm¼hp at the equilibrium point:

h*¼
½m2xzðN�1ÞðN�2Þ�1=2

N�1
�mx ð5Þ
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To show that h* is indeed a fitness maximum, I note that the
second derivative of the fitness function (with respect to hm) is
always negative whenever N42 and zo1.2 In other words, the
equilibrium represents a local fitness maximum under many real
conditions. The next sections examine the properties of this
equilibrium.

At the endpoint hp¼0, the derivative in Eq. (4) would negative,
indicating that one’s fitness would go down if one increased one’s
active helping, i.e. competitive helping cannot invade a popula-
tion that has absolutely zero active and passive help. Section 3.3
will show that competitive helping can invade a population if
passive help is present.
Fig. 3. The evolutionarily stable level of active help (h*) increases as partner

choice (z) increases, i.e. when the best helpers get an increasingly disproportionate

share of others’ attention. Parameters displayed are m¼100, x¼0.3, k¼1, N¼10.

Fig. 4. The evolutionary stable level of active helping (h*) increases with increas-

ing group size (N) and decreases when the benefits curve is more linear than

concave, i.e. when it takes much help to reach the maximum fitness benefit

(high x). Increasing the group size beyond �N¼5 has little additional effect when

x is low but continues to have an effect when x is high. The shaded area at bottom

represents zero active helping at equilibrium. Parameters displayed are m¼100

and k¼1.
3. Results

3.1. Competitive helping increases with partner choice

The equilibrium (h*) increases with the degree of matching z

(Fig. 3): as z increases, the ‘‘winners’’ get increasingly dispropor-
tionate shares of others’ attention and thus any help they provide,
so it pays to invest more in such competition. When z approaches
0, individuals cannot choose partners, so it becomes no longer
adaptive to actively help others because doing so does not attract
attention.

3.2. Competitive helping increases with market size

As predicted, the equilibrium level of active helping (h*)
increases with the size of the biological market N whenever
N42 (Fig. 4): as the number of potential partners gets bigger,
there is larger pool of benefits to be competed over, and this
drives active helping to higher and higher levels. The effect of
each marginal increase in the market size depends on the shape of
the benefits function (x), i.e. on the steepness of diminishing
marginal returns.

3.2.1. Steeply diminishing marginal returns (low x)

At very low values of x, one need only receive a little help from
others in order to get the maximum possible fitness effect (Fig. 2),
i.e. the benefits curve is highly concave with quickly diminishing
marginal returns. I previously (Section 2.2.3) gave the example to
illustrate low x where learnable knowledge is easily acquired and
implemented with very little observation of skillful individuals.
As such, at very low values of x, h* is not particularly high because
one does not need to receive much help in order to experience the
maximum fitness benefits, so there is little point in competing
over additional help. Because of this, when x is low, increasing the
market size N has a large positive effect on h* in small markets
but little additional effect on h* after approximately N¼5 (Fig. 4).
In other words, in any system or species where receiving high
amounts of help is no more beneficial than receiving moderate
amounts, large and medium-sized groups will show approxi-
mately the same level of competitive helping.

3.2.2. Slowly diminishing marginal returns (high x)

Conversely, at high values of x, everyone experiences a smaller
fitness benefit per unit of help received, but the per-unit benefits
do not decline much even after receiving much help, i.e. the
benefits curve is more linear with little or no diminishment of
marginal returns. In the social learning example (Section 2.2.3),
2 In rare cases where z41, the second derivative is negative if

hm
z (zþ1)[mxþ(N�1)(hpþk)]4hp

zmx(N�2)(z�1), which is true unless z, N, m,

and x are all very large.
x is high if it takes many instances of observation (or active
teaching) to effectively learn knowledge from others, as is typical
with many socially acquired human skills. Correspondingly, when
x is high, increasing the market size causes gradual (rather than
steep) increases in h*. In fact, h* continues to increase with
increasing market size even when N420. For example, if x¼0.9,
h* is twice as high when N¼100 than when N¼20 (for para-
meters k¼1 and m¼100), and when x¼0.928 there is no stable
level of active helping at all until the market size is N420. In
other words, in any group or species where receiving high
amounts of help is much more beneficial than receiving moderate
amounts, large groups will show more competitive helping than
medium-sized groups.

3.2.3. Intermediate values of x

Competitive helping is highest at low-intermediate levels of x.
At very low levels of x, individuals do not need much help from
others and thus do not benefit from competing over more; at very
high x, the benefits of receiving each unit of help are too low to
justify the cost of competition. Intermediate levels of x represent
a balance between these two forces. Increasing the market size
has a modest effect at such levels.

3.3. Invading all-defect

Many models of cooperation have an equilibrium with zero
active help, and the frequency of helpers must exceed some



Fig. 5. Conditions under which competitive helping can invade a population of

non-helpers: the solid area represents conditions where a rare mutant’s fitness

would increase if it slightly increased its active helping above the population state

of zero active help. Parameters displayed are k¼1 and z¼1.
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critical threshold before helping can take over (e.g. Axelrod, 1984;
Panchanathan and Boyd, 2004; Hauert et al., 2006). Any complete
model of cooperation must explain how this critical threshold is
reached. If all help is costly to provide and no one provides any
even by mistake, then competitive helping cannot invade because
there are no benefits to attracting attention from others (see
Section 2.2.4).

However, if some help is provided at no net cost (e.g.
mutualistic help or help that also benefits the provider), then it
can be beneficial to provide costly help even if no one else in the
population does. In the presence of costless passive help, paying
to help others is directly beneficial to oneself, as it increases the
total attention one receives from others, which increases one’s
share of any help they passively provide. One competitive helper
in a population of defectors would do better by helping others
than by not helping, because doing so would increase its ‘‘market
value’’ and give it access to benefits that it otherwise would not
be able to attract (e.g. attention and passive help from more
individuals or higher quality individuals). This logic holds as long
as individuals associate more with those who provide the most
benefits for association, which is a reasonable assumption and is
supported by work on operant conditioning (e.g. Domjan and
Burkhard, 1993). This does not require pre-existing cognitive
adaptations for preferring active helpers, merely a low-level
learning rule for preferring those who provide the highest net
benefits for associating with them, which could function whether
such help is provided actively or passively.

To model this, let us assume that each individual can some-
times produce help at no cost to itself, and this happens at the
rate k, such that each population member provides a total of hpþk

and a rare mutant provides a total of hmþk. For purposes of
simplicity and model tractability, I assume for now that this
passive (costless) help has similar properties to active (costly)
help, namely that it is conferred upon specific individuals rather
than broadly distributed equally to everyone in the whole
population (e.g. only conferred upon those in immediate proxi-
mity, see Sherratt et al., 2009), and that active and passive help
are additive (e.g. costly help that involves increasing the produc-
tion of goods that are normally byproducts). The present model is
also symmetrical in that it assumes that all individuals confer the
same amount of passive help and that they differ only in the help
they actively provide. However, these assumptions are made only
to increase the model’s tractability and are not necessary for
competitive helping to invade: all that is necessary for the basic
logic of this model to work is that those who provide more help
overall will tend to receive a larger share of the available costly
and/or non-costly help provided by others in the population.3 As
long as that one core assumption is met, the marginal advantage
of receiving more passive help can potentially outweigh the cost
incurred to attract others’ attention. For example, in mobile
populations where passive help is conferred only upon immediate
neighbors, active helpers would spend a higher-than-average
proportion of their time surrounded (on all sides) by others, and
thus would receive a higher-than-average share of passive ben-
efits (from all directions). Any additional assumptions about the
passive help (e.g. additive with active help, degree to which it
disperses spatially) will only affect the quantitative predictions of
the model, and will not affect the qualitative prediction that a rare
3 The literature on pseudo-reciprocity (e.g. Connor, 1986, 1995) also assumes

that costly help can be used to increase the byproduct benefits that one receives

from partners, but the mechanism is slightly different: pseudo-reciprocity

involves helping others so that they are capable of producing more byproduct

benefits for oneself, whereas in the present model an organism who actively helps

others is more successful at competing over the existing pool of byproduct

benefits produced by population members.
active helper can benefit from receiving a larger share of the
passive help provided by others. Future models will examine
deviations from the non-core assumptions, such as asymmetries
in individual quality and ability to provide.

Updating Eqs. (2), (4), and (5) to include the provision of non-
costly help results in the following equations:

r¼ ðN�1ÞðhpþkÞ
ðhmþkÞz

ðhmþkÞzþðN�2ÞðhpþkÞz
ð6Þ

dW

dh
¼

m2xz½NðN�3Þþ2�ðhmþkÞz�1
ðhpþkÞzþ1

½ðmxþðN�1ÞðhpþkÞÞðhmþkÞzþðmxðN�2ÞðhpþkÞzÞ�2
�1 ð7Þ

h*¼
½m2xzðNðN�3Þþ2Þ�1=2

N�1
�k�mx ð8Þ

h* is a fitness maximum because the second derivative of the
fitness function (with respect to hm) is always negative whenever
N42 and zo1.4 To mathematically demonstrate the invasion of
competitive helping, I test whether fitness increases with increas-
ing active help even when there is no helping in the population,
i.e. I test whether the slope of the fitness function (with respect to
hm) is positive when hm and hp are zero. Following Eq. (7), this is
true when:

ðN�2Þm2xz

ðN�1ÞðkþmxÞ2
41 ð9Þ

Fig. 5 shows the conditions under which this inequality is
satisfied and competitive helping can invade. Competitive helping
is more likely to invade when the maximum fitness benefits from
receiving help (m) are high, when group size (N) is large, and
when partner choice (z) is high. At higher levels of x, the benefits
of help are achieved much more slowly, and this inhibits the
ability of competitive helping to invade because the marginal
fitness effects of extra help received are not worth the cost
required to get it.

Some passively-provided help (k) is necessary to get active
helping off the ground: without such costless help, a rare giver
would have nothing to gain from the increased attention from
defectors. However, as long as there is some passively produced or
4 In rare cases where z41, the second derivative is negative when

(hmþk)z(zþ1)[mxþ(N�1)(hpþk)]4(hpþk)zmx(N�2)(z�1), which is true unless

z, N, m, and x are all very large.
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mutualistic help (k40), higher rates of passively produced help
will surprisingly decrease the ability of competitive helping to
invade, presumably because one has to spend more on active
helping in order to attract an appreciably greater amount of help
from others.

This analysis shows that competitive helping can invade a
population of all-defectors because competitive helpers receive a
larger share of any help passively provided by their neighbors,
and this can outweigh the cost of unreciprocated giving. Thus,
competitive helping can be beneficial as long as there are some
mutualistic benefits for associating with others and if individuals
can choose with whom to associate. Once active helping starts to
invade, this increases the benefits of attracting good partners, and
the passively produced help becomes no longer necessary.
4. Discussion

The present model shows the benefits of using active helping as a
means of competing with others to buy access to more or better
quality partners or more help from those partners (e.g. Seyfarth,
1977; Roberts, 1998). With this type of competitive helping, the
‘‘dilemma’’ of costly helping disappears because each individual
follows his/her self-interest: he/she invests in attracting partners
and attends to those who confer benefits upon others. This compe-
titive helping can even invade a population of defectors so long as
(some) individuals produce some non-costly help or positive
externalities to others; such externalities can include mutualistic
benefits, byproduct benefits, or lower levels of manipulation, and
these are believed to be common among non-humans (Tooby and
Cosmides, 1996; Clutton-Brock, 2009). Once competitive helping
establishes a foothold, such passive help is no longer necessary. This
process of competitive helping can create a positive feedback loop
causing an escalation of helping in a ‘‘runaway’’ process until very
high levels of giving are reached (Nesse, 2007; McNamara et al.,
2008). Such an escalation could occur over evolutionary time, or via
learning within an organism’s lifetime as group members react to
the available payoffs. This escalation ceases only when the marginal
cost of providing additional active help is greater than the marginal
benefits one would experience from receiving additional help.

Because competitive helping can invade a population of
defectors, it may be an early stage in the evolution of reciprocity.
Individuals will actively provide help to attract desirable partners,
and since active help is desirable in its own right, everyone will
also seek to associate with those who give help and avoid those
who do not give; they will also actively help the helpers in order
to attract them. This process would result in partners actively
helping each other, and other aspects of reciprocity like punish-
ment of defections would then arise whenever freedom of partner
choice is imperfect (e.g. when mobility between partners is not
immediate or involves costs), or when punishment and similar
forms of partner control become more effective or more cost
efficient than switching partners. It remains to be seen whether
individuals switch from partner choice to partner control depend-
ing on the relative costs of each. Wilson and Daly (1998) show
that human males use coercive control in romantic relationships
to prevent high-value partners from exercising the free choice to
leave, so similar effects may be seen in non-romantic cooperative
relationships.

4.1. Variation in helping across populations

The model predicts increased competitive helping when there
are more individuals to compete with and compete over, i.e.
larger social markets. All else being equal, the effective size of
such markets will be greater when: (1) group size is larger;
(2) fewer partners are ‘‘pre-chosen’’, which otherwise would
occur when there is reliance on kinship or other fixed factors
such as sex, age, or early association; and (3) individuals have
greater ability to move between partners (a.k.a. ‘‘relational
mobility’’, Schug et al., 2009). Cultural or individual variation in
these factors could thus underlie some of the observed individual
and cultural variation in helping (e.g. Henrich et al., 2005), and is
an important topic for future investigation. Relative to many
other animals, humans have larger group size (i.e. high N), less
reliance on kin or other such ‘‘pre-chosen’’ coalition partners
(i.e. higher z), high potential gains from help (i.e. high m), and
high reliance on socially acquired information with long acquisi-
tion time (i.e. high x). As such, competitive helping may also be a
factor in the high rates of helping in humans.

4.2. Future directions and conclusions

This model demonstrates that within a biological market,
competitive helping can invade and be evolutionarily stable,
and the equilibrium level of helping increases with greater
partner choice and market size. In this model, all individuals are
of one type and simultaneously compete with and compete over
all other individuals. However, it can be extended to two different
types, such that it applies specifically to mating interactions or
interspecific mutualisms such as ants and acacia trees or roots
and their microbial symbionts (Noë, 2001; Sachs et al., 2004). This
will be a topic for future investigation. The current model also
assumes that all individuals are equally effective at producing
passive and active help, and that all help is linearly additive and
has similar properties; future research will investigate deviations
from these assumptions. Because competitive helping is one
strategy within a biological marketplace (Noë and Hammerstein,
1994, 1995), it may occur in any system where individuals can
choose how much to associate with different individuals and can
adjust how good a ‘‘deal’’ they offer to those associates.
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Appendix A. Model of proportional matching

The following is a justification of why each individual receives
help in proportion to the amount of help it produces (Eq. (1) in
main text).

Much research in operant conditioning shows that animals
respond to different sources of food or other reinforcement (A and
B) at rates which are approximately proportional to the relative
rates of reinforcement (i.e. frequency of food availability). More-
over, responding in this fashion maximizes one’s intake (for
reviews, see Williams, 1988; Domjan and Burkhard, 1993). This
is known as the Matching Law. In its strictest form, the Matching
Law is shown by the formula RA/(RAþRB)¼rA/(rAþrB), where RA

and RB are the rates of responding to A and B and rA and rB are the
rates of reinforcement. Most formulae on the Matching Law use
two response options, A and B (for a review, see Williams, 1988),
so here I generalize these formulae to multiple options.

From the formula of Baum (1981; see also Johnstone and
Bshary, 2008), any individual X receives a rate of return for
attending to individual Y in proportion to 1/(tþE), where t is
the time it takes Y to provide help and E is the time in between
when that help is available and when X next attends to Y in order
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to receive the help. I analyze this from the perspective of any
given focal individual deciding how to invest attention between
one mutant who produces help at the rate A and the (N�2) other
group members who produce help at the rate B (in Eq. (1), A¼hm

and B¼hp).
To determine the time t to produce resources, Baum (1981) takes

the inverse of the rates of production. Thus, in the present model, it
takes the mutant 1/A amount of time to produce one unit of help, and
the other group members 1/B. To determine the amount of time
E before the focal individual next attends to the mutant or any given
other population member, I follow Baum (1981) in letting p be the
proportion of time that the focal individual spends attending to the
mutant, which leaves [(1�p)/(N�2)] as the proportion of time that it
attends to each of the other N�2 population members (i.e. other than
itself and the mutant). Thus, any focal individual will take 1/p amount
of time before it next attends to the mutant, and 1/[(1�p)/(N�2)]
time before it next attends to any given other population member.

Following Baum (1981), the rate of return for attending to the
mutant is thus proportional to:

1

ð1=AÞþð1=pÞ
ðA:1Þ

The rate of return for attending to each other population
member is thus proportional to:

1

ð1=BÞþ1=½ð1�pÞ=ðN�2Þ�
ðA:2Þ

Given that there are N�2 other population members, the
overall rate of return is:

1

ð1=AÞþð1=pÞ
þðN�2Þ

1

ð1=BÞþ1=½ð1�pÞ=ðN�2Þ�
ðA:3Þ

To find the optimal investment of attention, call it p*, we take
the derivative of Eq. (A.3) with respect to p, and find the value of p

where this derivative equals zero. Thus

p� ¼
A

AþðN�2ÞB
ðA:4Þ

Since A¼hm and B¼hp, this produces the proportional match-
ing seen in Eq. (1) from the main text (in Eq. (6), A¼hmþk and
B¼hpþk). As such, those who produce more help will receive
more attention from others, and thus also receive more opportu-
nities to get a share of the help produced by those others. When
individual X attends more to individual Y, it increases its avail-
ability to Y, which increases the rate at which its help is available
to Y. This in turn gives Y an incentive to attend more to X because
it experiences a higher rate of reinforcement for doing so.
Competition over a given partner simply reduces the rate of
return available from that partner. The equilibrium investment of
attention is the point at which no individual can increase its rate
of return by switching how much time it invests in each other
group member.
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Noë, R., Hammerstein, P., 1995. Biological markets. Trends in Ecology & Evolution
10, 336–339.

Nowak, M.A., Sigmund, K., 2005. Evolution of indirect reciprocity. Nature 437,
1291–1298.

Panchanathan, K., Boyd, R., 2004. Indirect reciprocity can stabilize cooperation
without the second-order free rider problem. Nature 432, 499–502.

Peck, J.R., 1993. Friendship and the evolution of cooperation. Journal of Theoretical
Biology 162, 195–228.

Pennisi, E., 2009. On the origin of cooperation. Science 325, 1196–1999.
Roberts, G., 1998. Competitive altruism: from reciprocity to the handicap princi-

ple. Proceedings of the Royal Society B: Biological Sciences 265, 427–431.
Sachs, J.L., Mueller, U.G., Wilcox, T.P., Bull, J.J., 2004. The evolution of cooperation.

The Quarterly Review of Biology 79 (2), 135–160.
Schino, G., 2001. Grooming, competition and social rank among female primates: a

meta-analysis. Animal Behaviour 62, 265–271.
Schug, J., Yuki, M., Horikawa, H., Takemura, K., 2009. Similarity attraction and

actually selecting others: how cross-societal differences in relational mobility
affect interpersonal similarity in Japan and the USA. Asian Journal of Social
Psychology 12, 95–103.



P. Barclay / Journal of Theoretical Biology 281 (2011) 47–55 55
Seyfarth, R.M., 1977. A model of social grooming among adult female monkeys.
Journal of Theoretical Biology 65, 671–698.

Sherratt, T.N., Roberts, G., 1998. The evolution of generosity and choosiness in
cooperative exchanges. Journal of Theoretical Biology 193, 167–177.

Sherratt, T.N., Roberts, G., Kassen, R., 2009. Evolutionary stable investment in
extracellular enzyme production. Frontiers in Bioscience 14, 4557–4564.

Silk, J.B., 1999. Using the ‘F’-word in primatology. Behaviour 139, 421–446.
Silk, J.B., 2009. Nepotistic cooperation in non-human primate groups. Philosophi-

cal Transactions of the Royal Society B 364, 3243–3254.
Tooby, J., Cosmides, L., 1996. Friendship and the Banker’s Paradox: other pathways

to the evolution of adaptations for altruism. Proceedings of the British
Academy 88, 119–143.

Trivers, R.L., 1971. The evolution of reciprocal altruism. Quarterly Review of
Biology 46, 35–57.
Vickery, W.L., Giraldeau, L.-A., Templeton, J.J., Kramer, D.L., Chapman, C.A., 1991.
Producers, scroungers, and group foragers. The American Naturalist 137 (6),
847–863.

Vogel, G., 2004. The evolution of the Golden Rule. Science 303, 1128–1131.

Wearden, J.H., Burgess, I.S., 1982. Matching since Baum. Journal of the Experi-

mental Analysis of Behavior 38, 339–348.

Williams, B.A., 1988. Reinforcement, choice, and response strength. In: Atkinson,
R.C. (Ed.), Steven’s Handbook of Experimental Psychology Vol. 2: Learning and

Cognition 2nd ed. John Wiley & Sons, New York, NY, pp. 167–244.

Wilson, M., Daly, M., 1998. Lethal and nonlethal violence against wives and the

evolutionary psychology of male proprietariness. In: Dobash, R.E., Dobash, R.P.
(Eds.), Rethinking Violence Against Women. Sage, Thousand Oaks, CA, pp. 199–230.


	Competitive helping increases with the size of biological markets and invades defection
	Introduction
	From passive helping to active helping
	Biological markets: from active helping to competitive helping
	Competitive helping and market size

	The current investigation

	Methods
	Conceptualization of the model and assumptions
	The model
	Proportional matching
	Deviations from proportional matching
	Adding diminishing marginal fitness benefits
	Final fitness function


	Results
	Competitive helping increases with partner choice
	Competitive helping increases with market size
	Steeply diminishing marginal returns (low x)
	Slowly diminishing marginal returns (high x)
	Intermediate values of x

	Invading all-defect

	Discussion
	Variation in helping across populations
	Future directions and conclusions

	Acknowledgements
	Model of proportional matching
	Reference




