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In this paper, we draw the attention of biologists to a result from the
economic literature, which suggests that when individuals are engaged
in a communal activity of benefit to all, selection may favour cooperative
sharing of resources even among non-relatives. Provided that group mem-
bers all invest some resources in the public good, they should refrain from
conflict over the division of these resources. The reason is that, given dimin-
ishing returns on investment in public and private goods, claiming
(or ceding) a greater share of total resources only leads to the actor (or its
competitors) investing more in the public good, such that the marginal
costs and benefits of investment remain in balance. This cancels out any indi-
vidual benefits of resource competition. We illustrate how this idea may be
applied in the context of biparental care, using a sequential game in which
parents first compete with one another over resources, and then choose how
to allocate the resources they each obtain to care of their joint young (public
good) versus their own survival and future reproductive success (private
good). We show that when the two parents both invest in care to some
extent, they should refrain from any conflict over the division of resources.
The same effect can also support asymmetric outcomes in which one
parent competes for resources and invests in care, whereas the other does
not invest but refrains from competition. The fact that the caring parent
gains higher fitness pay-offs at these equilibria suggests that abandoning a
partner is not always to the latter’s detriment, when the potential for
resource competition is taken into account, but may instead be of benefit
to the ‘abandoned” mate.

The theoretical literature on the evolution of animal cooperation features many
public goods games, in which individuals face a trade-off between investing
in some public good of value to all versus investing in their own private good
[1-5]. Typically, these models yield inefficient equilibria, at which players
invest less in the public good than would maximize mean fitness, as each individ-
ual ‘free-rides’ on the efforts of others. Many biological modelling studies explore
mechanisms that might encourage or compel players to invest more in the public
good, thus yielding a more efficient outcome [1-5]. Here, instead, we follow econ-
omic models [6,7] in focusing on the impact of investment in the public good on
conflicts over the distribution of resources.

A well-established result from the economic literature on public goods
games, which has received surprisingly little attention within evolutionary
biology, is concisely stated in the title of a key paper by Warr [6]: “The private
provision of a public good is independent of the distribution of income’.
To expand on this a little, economic models [6,7] suggest that when indi-
viduals contribute collectively towards some common goal of benefit to all,
they should (under some circumstances at least) refrain from competition
over the division of resources or income, because ceding resources to a poten-
tial competitor lead to the latter taking on a greater share of the burden
of investment in the public good. This finding is relevant to animal cooper-
ation, because it suggests that selection may favour altruistic behaviour
towards unrelated individuals because of their involvement in some communal
activity that is of collective benefit. Examples might include altruism of
one member of a mated pair towards its partner, because this will favour
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greater investment by the latter in care of their joint young, or
altruism of one group member towards another, because this
will favour greater investment by the latter in group defence,
predator detection or collective foraging.

Below, we first outline the basic result, and then provide a
simple illustration of how it might be applied in a biological
context, focusing on the classic Houston—-Davies model of
biparental care [8], in which two parents work together to
raise their joint offspring. We set up a simple instance of
the Houston—-Davies model, in which each parent has
access to a certain amount of resources that can be allocated
either to the ‘public good’, i.e. in this case to offspring care, or
to their own ‘private good’, i.e. their future survival and
reproductive success. We show that, when both parents
invest in care to some extent, their levels of investment are
uninfluenced by the distribution of resources between
them, because claiming (or ceding) a greater share of total
resources only leads to a parent (or its mate) investing
more in offspring care, such that the marginal costs and
benefits of investment remain in balance. To explore the
implications of this result for resource conflict, we then
extend the game to include a prior step in which the two
parents compete with one another over available resources.
In this extended, ‘two-step’ sequential game, parents first
choose how much effort they will each invest in competition,
which determines the division of resources, and then choose
how to allocate the resources they each obtain to public
versus private good.

2. The basic result

We begin by outlining the general result referred to above.
Consider interaction among a group of n individuals,
each of whom has access to a limited quantity of some
resource, denoted x; for individual i. Each individual must
choose how much of this resource, y;, to invest in a public
good, assuming that it will invest the remainder, x; — y;, in
a private good. The model is applicable to many different
situations, e.g. we might suppose that the individuals
are meerkats choosing how much of their time to invest in
scanning for predators (a public good) versus foraging
for food (a private good), or in the case n =2, on which we
will mainly focus in the following sections, the individuals
might represent a mated pair choosing how much time or
effort to invest in caring for their joint young (a public
good) versus foraging for themselves (again, a private good).

Individual i's pay-off from the interaction, Wi(x, y),
depends upon the vector of initial resource quantities avail-
able to each of the n individuals, x, and upon the vector of
investment levels y, and is given by

Wi, y) = fil D v | +8ilxi— ) (2.1)

j=l.n

It is thus equal to the sum of two terms, the first,
fi(>2j21..Yj), a benefit derived from total investment by all
group members in the public good, the second, g;(x; — v,), a
benefit derived from the individual’s personal investment
in its own private good. We suppose that f/ >0 but
fI' <0, so that greater investment in the public good
yields increasing benefits, but with diminishing returns;
similarly, g} > 0 but g/ < 0.

Now, consider a putative evolutionary equilibrium at [ 2 |

which each individual invests some non-zero level of
resource in the public good, denoted y; for individual i.
These levels of investment must each satisfy the first-order
condition
OW(x,y)

—=>=0 for =y*
dy; y=y

22

N f{(Z y}) =gi(xi —v;),
j=l.n

implying that the marginal benefits of greater total invest-
ment in the public good must, for each individual, exactly
balance the marginal benefits of greater investment in its
own private good. Because f/’ <0, and g” < 0 for each indi-
vidual i, it follows that for any particular level of total
investment in the public good, there is, for each individual,
a unique corresponding level of investment in its private
good that satisfies this condition. Given a fixed total quantity
of resources available to all individuals, there can thus be
only one possible stable outcome (at which all individuals
invest some non-zero level of resources in the public good),
regardless of the distribution of those resources among the
individuals in question. Whether one individual has more
or less than another to begin with, the total level of invest-
ment in the public good that results, and the amount that
each retains to invest in its own private good, remain the
same. Or, in the economic terminology of Warr [9] ‘the pri-
vate provision of a public good is independent of the
distribution of income’.

3. Application to parental care

We now apply the above approach to a simple example, in
which n =2, and

fiyr +y2) = ai(yr + y2) (1 = 31 +v2)),
gitxi — i) = (xi —yi) (1 — 3(xi — i), (3.1)

where the parameters a; and a, (which we assume take
values between 0 and 1) specify the value that each of the
two individuals place on the public relative to their own pri-
vate good. We will think of the two individuals, in this
illustrative case, as a mated pair choosing how much effort
to invest in care of their joint young. The parameters 2, and
a, may thus differ because of paternity uncertainty on the
part of the male parent, or because one or other has greater
prospects for future matings. Note that these particular func-
tions f and g, which specify the return on investment in the
public good and in each player’s private good, attain
maxima at one unit of investment; for larger values of their
arguments, they have negative slope. We therefore restrict
our attention to cases in which the total quantity of resources
available is two units or less, ensuring that even when one
individual obtains all of the available resources, it pays to
invest all of them in either public or private good, and the
outcome of the model always falls within the region of
positive pay-off slopes.

In this simple case, the stable levels of investment for both
individuals, ¥;(x) and y3(x), each of which depend upon the
vector of initial resources, x and each of which maximizes the
respective individual’s pay-off given the other’s investment,
are given by
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Figure 1. Regions of parameter space (defined by the resources available to each player, x; and x,) in which one or the other individual (or both) invests
in the public good. Shading reflects total investment in the public good by both individuals. In the left-hand graph, both place equal value on the public
good (a4, = a, = 0.6), whereas in the right-hand graph, individual 1 places less value on the public good than does player 2 (a; = 0.4, a, = 0.8).
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as illustrated in figure 1. From figure 1, one can see that when
both individuals have too few resources, neither invests in the
public good. Conversely, when both have plenty of resources,
both invest. Finally, when the disparity in resources between
the two is large, only the player with more resources invests
in the public good. As can also be seen from figure 1, when
the two individuals differ in the value they place on the
public relative to their private good, the player who values
the former more is, unsurprisingly, more likely to invest in it.

While the above results are predictable, we can also see
from the contour lines in figure 1 that within the zone
in which both individuals invest in the public good, total
investment (y;(x) + y5(x)), which is given by

. . x1+x%—-—1—-a)—(1—a
i)+ =R Com = Qo)

(32)

depends only on the total quantity of resources (x; + x;) avail-
able to both individuals, regardless of how these resources are
divided between them. This is further illustrated in figure 2,
which also shows that each individual’s investment in its
own private good is likewise uninfluenced by the division of
resources. A shift in the initial allocation of resources leads to
an equivalent shift in investment in the public good, such
that the amount each individual retains for investment in its
own private good is left unchanged. This result holds even if
both individuals place different values on the public good.
Under these circumstances, the player that places less value

for x1<1l—-a,x<1—a

(2 — Xz)

ay
for x1 <1- S >1—a
1S 1+ 2 2

2 —
for X1>1—ﬂ2,X2§1—%

for x1>1—-a,x>1—a

for x1>1—a;,x>1—a

on the public good retains a larger quantity of resources to
invest in its own private good, but this quantity does not
change with the initial division of resources, as long as the
total quantity available to both individuals remains fixed.

4. Pay-offs and pseudo-relatedness

We have seen that within the region of parameter space in
which both individuals invest in the public good, the division
of resources does not affect the outcome (in terms of levels of
investment by each player in public good and private good).
Consequently, within this zone, neither individual should
contest resource ownership, because yielding additional
resources to the other will merely lead to the latter investing
more in the public good, whereas the focal individual invests
less, cancelling out any personal costs or benefits. This holds
true, regardless of differences between the two individuals in
the value they place on the public good, provided that both
invest in it to some degree.

We can capture the above effect through calculation of a
‘pseudo-relatedness” measure, given by

. OWi(x, y*(x))/0x;

W y () foxi” (1)

where y*(x) denotes the vector of stable levels of investment
in the public good, given the vector of resources x. Here,
7, the pseudo-relatedness of individual j to individual i,
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Figure 2. Investment by individual 1 (blue) and 2 (red) in public (left column) and private (right column) goods, given a fixed total quantity of resources
(x; +x, = 2), as one varies the fraction of those resources available to individual 1 rather than to individual 2. Dotted line in left column denotes total
investment by both individuals in the public good. In the top panels, both place equal value on the public good (a; = a, = 0.6), whereas in the bottom
panels, individual 1 places less value on the public good than does player 2 (@, = 0.4, a, = 0.8). Vertical grey lines demarcate zones that yield qualitatively

different outcomes.

expresses the relative marginal benefit (or cost) that individ-
ual i derives from an increase (or decrease) in individual j’s
resources compared with an increase (or decrease) in its
own resources, taking into account the impact that any
such changes will have on levels of investment in public
versus private good. We use the term ‘pseudo-relatedness’
by analogy with models of kin selection [10-13]. Hamilton’s
rule tells us that an act that confers a (small) benefit b on a
recipient at a (small) cost ¢ to the actor will be favoured by
selection provided that ¥ b — ¢ > 0, where r denotes the re-
latedness of the recipient to the actor [10]. Similarly, in our
model, an act that confers a (small) gain in resources b on
the recipient j at a (small) cost in resources ¢ to the actor i
will be favoured provided that 7; b — c > 0, when we take
into account the impact that this act will have on levels of
investment in the public good (see §5).

The precise value of 7; changes across the parameter
space of the model as illustrated in figure 3. From figure 3,
we see that within the region in which both individuals
invest in the public good, the pseudo-relatedness of each to
the other is equal to unity, reflecting their indifference over
the division of resources. When neither player invests in the
public good, the pseudo-relatedness of each to the other is
equal to zero, because within this region of parameter
space, neither gains anything from an increase in the other’s
resources, which are all invested in its own private good.
When one player invests in the public good, but the other
does not, the result is asymmetric pseudo-relatedness. The
investor does not gain from an increase in the non-investor’s
resources, so that the pseudo-relatedness of the latter to the

former is equal to zero. The non-investor, by contrast, does
gain from an increase in the investor’s resources, because some
of that increase will be invested in the public good, leading to
a positive pseudo-relatedness of the investor to the non-investor.
The precise value of this non-zero pseudo-relatedness, however,
depends upon the fraction of any extra resources that the inves-
tor will devote to public rather than to private good, which
changes with the model parameters.

5. Conflict over resources

To see how pseudo-relatedness between players can influence
competition over resources, we extend our example to include
an explicit model of conflict resolution. We suppose that some
total quantity T of resources is available, over which the two
individuals may compete, before engaging in the public
good game described in §4, in which each chooses how
much of the resources it obtained in the competition phase to
invest in public versus private good. During the competition
step, each individual must choose some level of competitive
effort, denoted u; for player i. Competition is costly and reduces
the total quantity of resources available for investment, but at
the same time, the share of those remaining resources that an
individual obtains increases with the difference between its
own competitive effort and that of its competitor. Specifically,
we shall assume that the pay-off in terms of resources to
individual i is given by

Viw) =T(1 —u; — uj)(% +u; — u]-), (5.1)
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Figure 3. ‘Pseudo-relatedness’ of individual 2 to individual 1, 7;, (blue), and
of individual 1 to individual 2, 75; (red), given a fixed total quantity of
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panel, individual 1 places less value on the public good than does player
2 (a; = 0.4, a, = 0.8). Vertical grey lines demarcate zones that yield quali-
tatively different outcomes.

where u is the vector of competitive effort levels, of which
element u; denotes the focal individual’s competitive effort
and u; that of its partner.

In the absence of any opportunity to invest in the public
good, each individual would do best simply to maximize
the amount of resources it obtains from competition, yielding
a unique equilibrium at which uj = u} = 1/4 (at which each
individual’s competitive effort maximizes its resource pay-
off given the other’s behaviour). But because we do allow
for the possibility of investment in the public good, an indi-
vidual’s fitness pay-off depends not only on the quantity of
resources it obtains from competition, but possibly also on
the quantity its partner obtains, because these quantities
determine their subsequent levels of investment in public
versus private goods. Taking these subsequent investment
decisions into account, the fitness pay-off to player i, given
the vector of competitive effort levels u, is given by

Ui(u) = Wi(V(u), y*(V(u))), (5:2)

where V denotes the vector of resources obtained from com-
petition, and y* the vector of resulting levels of investment in
the public good. At an (subgame perfect) equilibrium, the
levels of competitive effort u* must (assuming that both are
non-zero) satisfy

Ui (uy, u3) > Un(uy, u3)

Us(uy, uy) > Up(uy, t5)

forall uj, and (53)
forall u), ’

which implies that, for each individual i,

8U,-(u)
8ui

=0 for u=u". (5.4)

Moreover, equation (5.4) may, as suggested in §4, be written
in terms of the ‘pseudo-relatedness’ between the two
individuals, as follows

OUi(u) OWi(V(u), y*'(V(w))

E)u,- 81/[,' =0
C}BVW(V(H),Y*(V(H)))GVI' BWi(V(u),y*(V(U)))anZO
8V1- aui aV]' aui
AV, (OWi(V(w),y' (V(w)/0V;\dV; aV, _aV;
“om (GV\G(V(u),y* (V(u))) /avi) ou; w1 auf =0
(5.5)

where u; and V; denote the focal individual’s competitive
effort and resulting quantity of resources obtained from com-
petition, and u; and V; the equivalent values for its partner.

Note, however, that equations (5.4) and (5.5), while
necessary for local stability of the equilibrium, are not suffi-
cient to guarantee global stability as does condition (5.3).
The reason is that (5.4) and (5.5), and our measure of
pseudo-relatedness, focus only on the impact of marginal
changes in the quantities of resource obtained by both
players. At equilibrium, the marginal costs and benefits of
changes in competitive effort must cancel out, but this is
not sufficient to guarantee that one or the other individual
cannot gain from a larger change in competitive effort, par-
ticularly, because such large changes may shift the outcome
from one region of parameter space to another, qualitatively
altering the outcome. For instance, we have seen that when
both individuals invest in the public good, there is no conflict
over resource division, and each should therefore refrain from
any investment in competition. Yet such an equilibrium
might be globally unstable if a sufficiently large increase in
one individual’s competitive effort led to an outcome at
which one or both players ceased to invest in the public
good. In the results discussed in the following, and shown
in figure 4, we therefore restrict our attention to equilibria
that satisfy (5.3) and are globally stable.

The extended model yields several different types of
equilibria, as illustrated in figure 4.

When the total quantity of resources T is sufficiently
small, the outcome described above at which uj = uj =14
remains stable, because the quantity of resources that each
player obtains is small enough that neither chooses to
invest in the public good at the second stage (y; = y3 = 0).
Under these circumstances, the ‘pseudo-relatedness’ between
the two is equal to zero, because neither gains from yielding
resources to the other, and each competes as hard as they
would do even without the opportunity for investment in
the public good.

When the quantity of resources is sufficiently large, by
contrast, the extended model yields an equilibrium at
which neither player competes at all, and 17 = up = 0. This
outcome is stable, because each player obtains sufficient
resources that both choose to invest in the public good at
the second stage, leading to a ‘pseudo-relatedness’ between
the two that is equal to unity. There is no competition over
resources under these circumstances, because any increase
(or decrease) in one individual’s share of resources will
be cancelled out by an increase (or decrease) in its level of
investment in the public good.
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(@, = 0.4, a, = 0.8; right column), only one asymmetric equilibrium exists for any given value of 7, as shown; there is also a zone in which the model yields no

globally stable equilibrium.

Finally, for intermediate levels of resource availability,
T, the model may yield one or two alternative, asymmetrical
equilibria, at which one individual competes strongly for
resources, and goes on to invest in the public good, whereas
the other competes less strongly or refrains from competi-
tion altogether, and does not invest in the public good. In
the case in which both players place equal value on the
public good (a; =a,=0.6; left-hand graph in figure 4),
there are two equilibria that are mirror images of one another
and are stable over the same parameter range—either
player 1 competes and invests in the public good, whereas
player 2 does not (1 =14, y5>0,u;=0,y; =0) or vice
versa. The stability of these equilibria reflects the asymmetry
in ‘pseudo-relatedness’ between the two individuals when
one invests in the public good, but the other does not. The
non-investor refrains from competition, because a reduction
in its partner’s resources would reduce the amount that the
latter invests in the public good (to the non-investor’s disad-
vantage); by contrast, the investor competes, because a
reduction in its non-investing partner’s resources has no
impact on provision of the public good.

When the two players differ in the value that they place
on the public good, the two alternative equilibria described
above are no longer stable over the same parameter range.

Instead, the equilibrium in which it is the player who
places greater value on the public good that competes more
strongly and invests in it, and the player who places less
value that refrains from doing so, is stable over a wider
range of parameter values than the alternative (in which it
is the player who places less value on the public good that
competes more strongly and invests in it, and the player
who places more value that refrains from doing so). If the
difference in the fitness functions of the two individuals is
great enough, then one equilibrium may be lost altogether,
as in the right-hand graph of figure 4 (a; =0.4; a,=0.8).
In the asymmetric case, furthermore, there are regions of par-
ameter space in which there is no stable equilibrium at all (see
figure 4 again).

One surprising feature of these asymmetric equilibria is
that it is typically the individual that competes and goes on
to invest in the public good that obtains the greater fitness
pay-off than the individual that neither competes nor invests.
If one focuses on investment alone, then it might appear that
the non-investing parent is free-riding on its partner’s efforts,
as in models of parental care in which one parent leaves the
young to be looked after by its partner alone. But, when
we take into account competition over resources, the actions
of the non-investing parent turn out to be beneficial for

98005107 LLE g 205 Y 'subi] iy Biobunysijgndkraposiedorgis H



both its partner and their offspring, who gain from the
non-investor’s reduced competitive effort.

6. Discussion

Our simple example shows how, even when free-riding leads
to under-investment in the public good, selection can favour
efficient, conflict-free division of resources (provided that all
individuals invest in the public good at least to some extent).
Changes in resource distribution lead to changes in investment
that cancel out any individual costs or benefits. Consequently,
there is nothing to be gained by competing for a larger share
of available resources, leading to efficient outcomes with
regard to resource division. This result holds true even when
individuals differ in the degree to which they benefit from
investment in the common good. Those who gain more from
such investment will then invest more, whereas those who
gain less will invest less and free-ride to a greater extent on
the efforts of others, but all are nevertheless still indifferent to
the distribution of resources.

There has been much discussion recently in the biological
literature of transitions between levels of selection, with
models exploring the circumstances under which selection
might come to favour traits and behaviours that maximize
group rather than individual fitness [9,14]. A frequent assump-
tion in these discussions is that the same processes that favour
cooperation in one behavioural context will favour cooperation
in all. If high relatedness, for instance, favours cooperation over
investment in the public good, then it will also favour
cooperation over the division of resources. The economic
models we have discussed, however, suggest that cooperation
and conflict may coexist within the same group. Even when
individuals seek to free-ride on one another’s investments,
they may nevertheless achieve a high degree of coordination
and cooperation over the division of resources. In other
words, group-level adaptation is possible with respect to
some aspects of behaviour, even if conflict leads to inefficient
outcomes with respect to others.

The situation we have considered here might be described
as an instance of pseudo-reciprocity, in which one individual
invests in another to acquire or enhance benefits that are a
side-effect of behaviour by the latter that is of immediate, self-
ish benefit even in the short-term [15-17]. In classic models
of reciprocity, such as the repeated Prisoner’s Dilemma,
each individual’s decision to cooperate in any given ‘round’
always entails an immediate, short-term cost and hence
relies on the promise of reciprocation (or the promise of pun-
ishment) in the future. Consequently, if the interaction only
lasts a fixed number of rounds, then cooperation cannot per-
sist. In the final, ultimate round, there can be no future
interaction, and hence there is no incentive to cooperate, so
that individuals do best defect, regardless of their partner’s
past behaviour. This removes any incentive to cooperate in
the previous, penultimate round and so on back to the start
of the interaction. By contrast, in our model, an individual
that acquires more resources does best to invest more in the
public good simply because of the diminishing returns
derived from its alternative private good. Consequently,
conflict-free division of resources during the first round is
stable, even though behaviour during the second (and final)
‘round’ is uninfluenced by the threat or promise of future inter-
action. Individuals do best to refrain from competition over

resources during the first ‘round’, because claiming (or ceding)
a greater share only leads, via its impact on pay-offs in the fol-
lowing round, to the actor (or its competitors) investing more
in the public good, cancelling out any individual benefits of
resource competition.

We have interpreted our results in terms of ‘pseudo-
relatedness’, a measure of the extent to which a focal
individual benefits from an increase in others’ resources
(compared with an increase in its own), which we show
can be used to identify locally stable equilibria in the compe-
tition over resources. This bears some similarity to Eshel &
Shaked’s [18] partnership coefficient, and Roberts’ [19]
measure of interdependence, which quantify the extent to
which one individual’s fitness depends on that of another.
Those measures, however, focus on the benefits that a focal
individual stands to gain from an increase in the survival pro-
spects of a potential partner, ensuring that it is more likely to
be present in future interactions. By contrast, we focus the
benefit that a focal individual derives from a change in the
partner’s investment behaviour. Refraining from competition,
in our model, does not serve to increase the chances of sub-
sequent interaction with the partner (as we do not consider
mortality between competition and investment stages);
rather, it induces the partner to invest more in the public
good. This also distinguishes our analysis from models of
group augmentation, in which a focal individual benefits
from helping others to raise additional young because of
the advantages it and/or other group members derive from
the resulting increase in group size [20].

It is also worth noting that our analysis assumes that indi-
viduals are able to flexibly adjust their investment in the
public good on a behavioural time-scale in response to
changes in the distribution of resources (with the further
implication that they are able to determine how resources
are distributed between themselves and others), but that
competitive effort cannot similarly be adjusted in response
to investment. In other words, in our sequential model, com-
petition comes first and investment second. In the context of
parental care, this is most appropriate for capital breeders,
which use stored energy for reproduction, but seems simplis-
tic as a model of investment in income breeders, which use
energy acquired during the reproductive period rather than
use stored energy [21]. A more realistic approach would
allow individuals to simultaneously adjust both competitive
effort and investment in response to one another’s decisions,
with the outcome of the model reflecting the response rules
adopted by each player. This kind of approach has been
adopted in models of negotiation in parental care and other
cooperative interactions [22-27], which have also explored
how flexible adjustment of investment in group-beneficial
behaviour can alter the outcome of evolutionary games.
However, such models to date have focused on behavioural
responsiveness within a single behavioural context, individ-
uals adjusting their own level of investment in response to
that of others, whereas we emphasize the impact of flexibility
in one context (investment in the public good) on behaviour
in another (competition over resources). Simultaneous appli-
cation of the negotiation approach to both competition and
investment is beyond the scope of this paper, and remains
an interesting possibility for future studies.

While joint investment in a public good can inhibit com-
petition over resource division, substantial asymmetries in
resources (or in the value that individuals place on the
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public good) can lead to one or more individuals ‘“dropping
out’ of such investment. The result can be an asymmetrical
equilibrium at which some individuals free-ride entirely on
others” investments, but at the same time compete less
strongly for resources because of the benefits they gain by
ceding resources to those who do invest. In the context of
biparental care, for instance, our simple model suggests the
possibility of an equilibrium at which only one parent
cares, but at which the other refrains from competition (or
competes less strongly) in order that the caring parent has
sufficient resources to invest substantially in the young.
What is striking about this kind of outcome is that the
caring parent may enjoy greater personal fitness gains than
the non-caring parent. Classical models of parental care
have explored under what circumstances biparental care
can break down and one parent be left to care for the
young alone [28-30], but they have generally done so
under the assumption that each parent stands to gain by leav-
ing, and that the individual that remains does so because he
or she has been caught in a ‘cruel bind’. Departure, in other
words, is interpreted as the ‘selfish” or ‘exploitative’ option.
By contrast, when resource competition is taken into account,
the model suggests that departure may actually be of benefit
to the caring parent, because it frees up resources for the
latter and for the young.

Support for the above notion comes from a recent study of
parental care in burying beetles [31], which showed that
females indeed benefit from male desertion prior to offspring
independence. Forcing males to stay until larvae dispersed
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