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Abstract Multimale groups of primates are characterized by strong reproductive
competition among males, generally resulting in an uneven division of male reproduc-
tive success (reproductive skew). The observed patterns of conflict and reproductive
skew have often been attributed to the so-called tug-of-war model. We show, however,
that two important assumptions of this model are not met in male primates. First, the
tug-of-war model assumes that reproductive conflict reduces overall group productiv-
ity, but in male primates (and most other vertebrates) conflict likely involves mortality
rather than fecundity costs. Second, the tug-of-war model does not account for the
possibility that male primates can achieve some reproductive success without engage-
ment in open conflict, such as when a single male cannot guard several receptive
females at the same time. We therefore develop a dynamic version of the tug-of-war
model, in which reproductive competition causes mortality costs, and in which indi-
viduals can gain uncontested shares of reproduction dependent on the degree of female
receptive overlap. This model differs substantially from the original tug-of-war model,
and derives a new and rich set of comparative predictions. For instance, it predicts that
the level of conflict among males declines as the queuing success of subordinate males
increases (as survival increases), and also, as their uncontested share of reproduction
increases, e.g., as female receptive overlap increases. Our model shows how male–male
conflict and female receptive overlap collectively determine the level of reproductive
skew among male primates, and illustrates that this relationship is more complex than
previously thought.
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Introduction

Reproductive competition is a common element of many animal societies, and often
leads to an uneven distribution of reproduction (reproductive skew) among same-sex
group members. For instance, in (primitively) eusocial wasps, co-nesting queens
(foundresses) form strict dominance hierarchies, and the most dominant foundress lays
the majority of eggs into the communal nest (Field and Cant 2009). In cooperatively
breeding vertebrates, reproduction is generally biased toward a single member of each
sex (Cant 2012a; Clutton-Brock 2006; Ligon and Burt 2004), and reproductive com-
petition is often stronger among females than among males (Clutton-Brock et al. 2006).
In primates, by contrast, reproductive competition is generally stronger among males,
and in multimale, multifemale groups of primates, reproductive success is usually
biased in favor of the most high-ranking male(s) (Altmann 1962; Cowlishaw and
Dunbar 1991; Gogarten and Koenig 2013; Ostner et al. 2008).

Because reproductive competition and the resulting reproductive skew can signifi-
cantly constrain the evolution of stable animal societies, understanding their causes and
consequences has attracted substantial interest from both empiricists and theoreticians.
At the theoretical level, several game-theoretical models have been developed, aimed at
predicting evolutionarily stable levels of reproductive skew and conflict within animal
societies [reproductive skew theory, see Nonacs and Hager (2010), Port and Kappeler
(2010) for recent reviews]. Drawing on earlier work by Vehrencamp (1983a,b) these
models have started from the supposition that, because group living is beneficial,
dominant group members are selected to concede a small share of reproduction to
subordinates to give them an incentive to remain in the group (Reeve and Ratniecks
1993). This “concession” idea was an elegant and promising approach to social evolu-
tion, as it showed that reproductive conflicts could be resolved to the mutual benefit of
both dominant and subordinate group members. However, despite much empirical
testing across various taxa, evidence supporting concession models remained scarce
(Nonacs 2006; Nonacs and Hager 2010; Port and Kappeler 2010; but see Henzi et al.
2010) most likely because a critical assumption underlying these models, namely that
the dominant group member is in control of reproduction and can freely allocate any
share to the subordinate, appeared to be violated in most species (Clutton-Brock 1998).

Even though the concession model failed, reproductive skew theory still offered
alternative explanations for the division of reproduction in animal societies (Nonacs
and Hager 2010; Port and Kappeler 2010). Another prominent model is the tug-of-war
model (Reeve et al. 1998, sometimes referred to as "limited control" model), which
does not assume (complete) control of reproduction by any group member. Instead this
model assumes that the division of reproduction within groups is the result of open
conflict among group members (though variants of this model do assume, too, that
group members allocate shares of reproduction to each other in order to secure group
stability: Reeve and Shen 2006; Shen and Reeve 2010). The tug-of-war model has
received some empirical support in nonprimates (Heg et al. 2006; Langer et al. 2004),
and many primatologists have concluded as well that this model provides a good
explanation for the patterns of reproductive skew observed in their study species
(Bradley et al. 2005; Kappeler and Schäffler 2008; Widdig et al. 2004). However,
even though concessions can be ruled out as an explanation for the observed patterns of
skew in these species, and reproduction appears to be contested among group members,
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these findings do not necessarily lend support for the tug-of-war model. The reason is
that, like the concession model, the tug-of-war model is built on specific assumptions,
some of which are likely not met in male primates.

We review the tug-of-war model and its underlying assumptions. We discuss
whether or not these assumptions are met in male primates, and we then proceed by
modifying the tug-of-war model in a way that better reflects the realities of reproductive
competition among male primates. The resulting model differs substantially from the
original tug-of-war model and derives a set of new, comparative predictions.

The Tug-of-War Model

The tug-of-war model and its variants consider an interaction between two individuals,
one dominant and one subordinate ( Reeve and Shen 2006; Reeve et al. 1998; Shen and
Reeve 2010). Individuals may be related, but here we consider only interactions
between nonrelatives. This simplifies the model and describes the case of reproductive
competition among male primates reasonably well, because in most primates males are
the dispersing sex and relatedness among immigrant males is presumably low. For an
inclusive fitness version of the model we develop below see Port and Cant (2013).

The tug-of-war model is built on two important assumptions: First, it assumes that
the division of reproduction between the two individuals is determined in a struggle, in
which the dominant’s share of reproduction is given by the following function:

pD x; yð Þ ¼ x

xþ by
; ð1aÞ

where x is the effort invested by the dominant, y is the effort invested by the
subordinate, and b (0≤b≤1) is the power asymmetry between dominant and subordi-
nate. Hence, the dominant’s share is determined by the effort it invests in the tug-of-war
over reproduction, relative to the effort invested by the subordinate, the latter being
devalued by the power asymmetry between the two. The subordinate’s share is simply
given by pS = 1 – pD, or

pS x; yð Þ ¼ by

xþ by
: ð1bÞ

We refer to functions (1a) and (1b) as contest success functions (CSF; Cant 2012b).
Second, the tug-of-war assumes that any effort invested in the conflict (by either

individual) is subtracted from the group’s overall productivity (per group fecundity),
which is set to 1. The share of reproduction each individual gets is then a fraction of the
remaining, i.e., reduced, group productivity. Hence, the (direct) fitness of the dominant
and of the subordinate is given by equations (2a) and (2b), respectively:

WD x; yð Þ ¼ pD x; yð Þ 1−x−yð Þ ð2aÞ

WS x; yð Þ ¼ pS x; yð Þ 1−x−yð Þ ð2bÞ
How likely is it that these assumptions hold for the case of reproductive competition

among male primates? First, inspection of expressions (1a) and (1b) reveals that the
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only way individuals can gain a share of reproduction is through investment in conflict.
In other words, if an individual does not invest anything, it will not gain anything. This
assumption is often not met in male primates. Even though male–male competition
does play a significant role in determining male reproductive success (Cowlishaw and
Dunbar 1991; Gogarten and Koenig 2013; Kutsukake and Nunn 2006), reproductive
skew among males is also affected by how strongly receptive periods overlap among
females within groups (Boesch et al. 2006; Charpentier et al. 2005; Ostner et al. 2008).
Thus, male reproductive success is not only determined by direct conflict; instead males
appear to be able to avoid direct conflict by using alternative mating tactics such as
seekingmating opportunities with females that more dominant males are unable to defend
effectively. Such alternative mating tactics are not accounted for by the tug-of-war model.

With respect to the second assumption, it is reasonable to assume that, in many
animal species, reproductive conflict reduces fecundity in females, where it can take the
form of egg destruction (Heg and Hamilton 2008; Röseler 1991) or infanticide
(Clutton-Brock et al. 1998; Saltzman et al. 2008). Moreover, conflict-induced stress
can lead to abortion or reduced fertility (Cant et al. 2010; Gilchrist 2006; Young et al.
2006). These are all plausible mechanisms that reduce group productivity in line with
the tug-of-war model. However, reduced group productivity is unlikely to be a sub-
stantial cost of reproductive conflict in male vertebrates. Although reproductive com-
petition among male vertebrates may affect sperm quantity or quality (Preston et al.
2001), it will most likely not reduce the number (or proportion) of females (or eggs)
being fertilized. Hence, reproductive conflict will not reduce group productivity as
formalized in equations (2a) and (2b). Rather, because reproductive conflict among
males often takes the form of aggressive interactions with the associated risk of injury
(Enquist and Leimar 1990; MacCormick et al. 2012), investment in conflict likely
reduces survival rather than fecundity.

In summary, two important assumptions of the tug-of-war model are presumably not
met in male primates (and many other vertebrates). First, males may gain some
reproductive success without engaging in open conflict, and second, if they do, effort
put in the conflict more likely reduces survival rather than fecundity. To address these
problems with current theory we 1) develop a dynamic version of the tug-of-war model
(i.e., allowing for changes in the state of the system over time) in which effort invested
into conflict imposes mortality rather than fecundity costs; and 2) relax the assumption
that individuals can gain reproductive success only if they engage in conflict.

The Model: A Dynamic Tug-of-War

We take an approach similar to the dynamic skew model of Kokko and Johnstone
(1999). We assume that reproduction takes place in several discrete bouts, e.g., mating
seasons. To start with, we assume that, in each bout, the division of reproduction
between a dominant and a subordinate group member is determined according to the
CSFs of the original tug-of-war model (expressions 1a and b). Dominants have a
probability of survival SD from one breeding bout to the next, and subordinates have
a probability SS. If either individual dies, the remaining individual becomes a lone
breeder (with survival probability SL). Lone breeders do not experience reproductive
competition, i.e., they do not suffer any costs, while gaining all group reproduction for
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themselves. However, they will be joined by a new group member until the next
breeding bout with probability a, in which case they become the dominant breeder
and the new group member becomes the subordinate. Given our focus on associations
of nonrelatives, where groups are formed via immigration of outsiders (Port and
Johnstone 2013), we may interpret a as a measure of population density.

Unlike the original tug-of-war model, we now assume that any effort invested in the
conflict over reproduction reduces the individuals’ survival probabilities, so that the
dominant’s and the subordinate’s survival probabilities are given by the following
expressions, respectively:

SD xð Þ ¼ SL 1−x cð Þ ð3aÞ

SS yð Þ ¼ SL 1−y cð Þ ð3bÞ
Thus, both dominant and subordinate have the baseline survival probability of a lone

breeder, which, however, is reduced according to their individual investment in repro-
ductive competition. In expressions (3a) and (3b), c is a cost exponent (assumed ≥ 1) that
relates effort invested in the conflict to the mortality costs it imposes. If c=1, costs increase
linearly with effort; if c>1, small levels of effort, e.g., displays, incur relatively low costs,
whereas larger levels of effort, e.g., fights, incur relatively high costs. We might likewise
assume that individual survival declines with the sum of both individuals’ investment in
conflict, but doing so does not affect our results qualitatively (Port and Cant 2013).

We denote the (direct) fitness of individuals in the three behavioral states byWD(x,y),
WS(x,y),WL for dominants, subordinates, and lone breeders, respectively. The fitness of
individuals in each state is given by their reproductive success while in that state
(which, for dominants and subordinates, is a function of their investment in conflict, x,
y), plus their future fitness payoffs. The future fitness payoffs are determined by the
survival probabilities of individuals in a given state as well as their transition probabilities
to different states, the latter being determined by the survival probabilities of co-breeders
and/or the recruitment probability a. For instance, a dominant remains in the state of a
dominant (with fitness WD) if it survives (with probability SD), and if either the subordi-
nate survives as well (SS), or, if the subordinate dies (1 – SS), the dominant is joined by a
new groupmember until the next breeding bout (a). By contrast, the dominant turns into a
lone breeder (with fitnessWL) if it survives itself (SD), but if the subordinate dies (1 – SS)
and the dominant is not joined by a new group member (1 – a). We can thus write for the
fitness of dominants, subordinates, and lone breeders:

WD x; yð Þ ¼ pD x; yð Þ þ SD SS þ 1−SSð Það ÞWD x; yð Þ þ 1−SSð Þ 1−að ÞWL½ �; ð4aÞ

WS x; yð Þ ¼ pS x; yð Þ þ SS SDWS x; yð Þ þ 1−SDð Þ
�
aWD x; yð Þ þ 1−að ÞWL

h i
; ð4bÞ

WL ¼ 1þ SL aWD þ 1−að ÞWL½ �; ð4cÞ
in which pD(x,y) and pS(x,y) are the dominant’s and the subordinate’s share of repro-
duction, respectively (as obtained by expressions 1a and b), and SD and SS are the
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dominant’s and the subordinate’s survival probabilities, respectively (as obtained by
expressions 3a and b).

Solving the Model

We can solve recursions (4a–c) simultaneously to obtain expressions forWD(x,y),WS(x,y),
and WL, which do not themselves depend on WD(x,y), WS(x,y), and WL. However, the
resulting expressions are cumbersome and we do not give them here. Next, we need to find
the evolutionarily stable effort levels x* and y*, which are obtained by finding the positive
values x* and y* simultaneously satisfying ∂WD/∂x = 0 at x = x*, and ∂WS/∂y = 0 at y = y*.
We obtained numerical solutions for x* and y* usingMathematica 7.0 (WolframResearch),
and we explore these solutions graphically in the Results.

Ineffectiveness of Conflict

In the above model, we have so far still assumed that the division of reproduction is
determined according to the CSF of the original tug-of-war model. In the next step, to
account for the ineffectiveness of conflict as a means to secure reproductive success, we
modify this CSF by incorporating a constant k (0≤k≤1), so that the individuals’ shares
of reproduction are given by

pD x; yð Þ ¼ k

2
þ 1−kð Þ x

xþ by
ð5aÞ

pS x; yð Þ ¼ k

2
þ 1−kð Þ by

xþ by
: ð5bÞ

According to this CSF, a fraction k of reproduction is not contested in the tug-of-war,
but is shared evenly between the dominant and the subordinate. Thus, if an individual,
e.g., the subordinate, reduces its investment in conflict, it will still gain a share of
reproduction depending on the magnitude of k (Fig. 1). k can therefore be interpreted as
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Fig. 1 The subordinate’s share of reproduction as a function of the subordinate’s competitive effort (y). Curves
show the effect of the inefficiency parameter k (as indicated in the figure), assuming that the dominant’s effort is
x = 0.5, and that the subordinate is half as strong as the dominant (b = 0.5).
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a measure of the degree to which mating opportunities can be monopolized by the
dominant male. Where k = 0, a subordinate that invests no effort in the conflict gains
zero paternity. If k = 1, the share obtained by a noninvesting subordinate equals 0.5, so
there is no gain to either player of investing in conflict. This formulation resembles the
bordered tug-of-war model of Reeve and Shen (2006), but in contrast to their model, we
assume that the uncontested share of reproduction is beyond either individual’s control.

For primates living in multimale, multifemale groups, the main driver of the
monopolisability of mating access is the degree of receptive synchrony among females
(Altmann 1962). If female receptive periods do not overlap, then the only way a
subordinate may gain reproductive success is through engagement in conflict. In this
case k = 0, and the CSF reduces to the CSF of the original tug-of-war. However, as
synchrony increases (k increases), individuals gain a larger uncontested share of repro-
duction as they distribute themselves among simultaneously receptive females. At the
same time, conflict becomes less effective (as indicated by the smaller slopes in Fig. 1)
as a means to secure reproductive success. Factors other than receptive synchrony may
also reduce the effectiveness with which conflict translates into reproductive success.
For example, conflict effort will be relatively unprofitable (high k) where the distribution
of paternity among males is determined by female choice (Cant and Reeve 2002;
Setchell and Kappeler 2003).

Larger Associations

The above model can generally be extended to associations of arbitrary size. However,
with increasing group size we need to track a larger number of behavioral states. For
instance, in a group of three, in addition to the states included in the two-player model,
we need to consider a dominant as well as the first and the second ranking subordinate
in such a group. At the same time the fitness functions for each state become
considerably more complex. In addition to the results of the two player model, we
therefore present results of a three-player model. This serves to illustrate how robust the
results of the two-player model are if the model is applied to larger groups. We do not
expect to obtain significantly different and/ or new results if we further increase the size
of the group.

In the absence of receptive synchrony, the CSFs of individuals in a group of three are
given by the following expressions:

pD3 u; v; zð Þ ¼ u

uþ bvþ bΦz
; ð6aÞ

pS1 u; v; zð Þ ¼ bv

uþ bvþ bΦz
; ð6bÞ

pS2 u; v; zð Þ ¼ bΦz

uþ bvþ bΦz
; ð6cÞ

in which pD3(u,v,z), pS1(u,v,z), and pS2(u,v,z) are the shares of reproduction of a dominant
in a group of three, the first ranking subordinate, and the second ranking subordinate,
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respectively, and u, v, and z are the conflict efforts of the dominant, the first ranking, and
the second ranking subordinate, respectively. Finally, the exponentФ (Ф ≥ 1) specifies the
steepness of the dominance hierarchy, such that if Ф = 1, the first and second ranking
subordinate are equally strong competitors, whereas asФ increases, the power differential
between the subordinates increases. The survival functions of the three-player model
follow the same logic as expressions (3a) and (3b); fitness functions are given in the
Appendix.

Results

Power Asymmetry

As in the original tug-of-war model, we find that the level of conflict decreases, i.e., the
equilibrium levels of x and y decrease, as the power asymmetry between dominant and
subordinate increases (b decreases; Fig. 2a). This result makes sense intuitively as it does not
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Fig. 2 Relationship between power asymmetry (b) and competitive effort (a), and power asymmetry and
reproductive skew (b), for two different levels of baseline survival (SL, as indicated in the figures). In (a), the
solid lines depict the dominant’s competitive effort (x), whereas the dashed lines depict the subordinate’s effort
(y). In both panels, a = 0.5, c = 2.
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pay a subordinate to challenge a much stronger dominant, and it does not require much
effort on part of the dominant to suppress a much weaker subordinate. However, unlike in
the original tug-of-war model, we find that it is always the dominant (rather than the
subordinate) that invests more strongly into the conflict over reproduction (Figs. 2a, 3a,
4a). This is an important difference that warrants further comment: In the tug-of-war model,
because the dominant gets a greater share of the contested resource (group productivity), it
also suffers more from reducing the value of this resource (Shen and Reeve 2010). In our
model, dominants still get a larger share of the contested resource, but their competitive
effort does not decrease the value of this resource. Rather, just because dominants gain a
larger share of current reproduction, they invest more strongly than subordinates in their
current rather than their more insecure future fitness gains.

The equilibrium levels of x and y are affected by variation in power asymmetry in
similar ways (Fig. 2a). Like in the original tug-of-war model, therefore, the degree of
reproductive skew (expressed here as the dominant’s share of reproduction) necessarily
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Fig. 3 Relationship between survival (SL) and competitive effort (a), and between survival and reproductive
skew (b). In (a), the solid line indicates the dominant’s competitive effort (x), whereas the dashed line indicates
the subordinate’s effort (y). Lines in (b) show the effect of various levels of recruitment probability (population
density, a, as indicated on the panel). In (a), a = 0.5, b = 0.5, c = 2; in (b), b = 0.5, c = 2.
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declines as the power asymmetry between dominant and subordinate decreases
(b increases; Fig. 2b).

Survival and Recruitment

The perhaps most important result emerging from our model is that (baseline) survival
has a marked effect on both the level of within group conflict (Figs. 2a, 3a, 4a) and
reproductive skew (Figs. 2b, 3b, 4b). Both the dominant’s and the subordinate’s
competitive effort decrease strongly as survival increases (Fig. 3a). The reason is that,
as individuals are more likely to survive to the next breeding season, they value their
future fitness gains more strongly relative to their current fitness, and are less likely to
waste their survival prospects in costly conflicts over current reproduction. Because
subordinates decrease their competitive effort more strongly than dominants (Fig. 3a),
reproductive skew increases as survival increases (Fig. 3b).
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effort (x) at two different levels of survival (SL, as indicated), whereas the dashed lines indicate the
subordinate’s effort (y). Lines in (b) show the effect of various levels of survival (SL, as indicated). In both
panels, a = 0.5, b = 0.5, c = 2.
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The effect of recruitment (a) on the level of conflict is comparatively low (and not
shown in Fig. 3a) and its direction depends on the probability of survival. If survival is
high (SL > 0.5, the parameter space relevant for most primates), conflict decreases
slightly as recruitment (population density) increases, but the opposite is the case if
survival is low (SL < 0.5). In any case, however, because subordinates reduce their
competitive effort more strongly than dominants, we find that reproductive skew
increases as recruitment increases (though, again, this effect is relatively weak; Fig. 3b).

Ineffectiveness of Conflict

Figures 2 and 3 depict our results for the case of k= 0, i.e., when the division of reproduction
is determined according to the CSF of the original tug-of-war model. If k is >0, these results
do not change qualitatively. The overall effect of female receptive synchrony is that the level
of intragroup conflict decreases as synchrony increases (k increases; Fig. 4a). Again, this
result makes intuitive sense, because for higher values of k, conflict is less effective as a
means to increase fitness. Because this is true for both dominants and subordinates, it
follows naturally from expressions (5a) and (5b) that the degree of reproductive skew
declines as synchrony increases (Fig. 4b). As inspection of Fig. 4b reveals, this effect should
be strongest in long-lived species (as indicated by the higher slope), where the level of
within-group conflict is low, and, consequently, synchrony weighs stronger in determining
individual reproductive success.

Larger Associations

The predictions derived from the two-player model are robust to an increase in group size
from two to three individuals and are in the same direction as in the two-player model (see
e.g., Figs. 5a and b for the relationship between survival and conflict). Increasing the size of
the association also allows us to examine the effect of the number of competitors on
reproductive skew. In most cases, this effect is as one might have expected intuitively: The
dominant’s share of reproduction declines as the number of competitors increase (Fig. 5c).
Importantly, this is also the case in the absence of female receptive synchrony (k = 0),
showing that the dominant’s ability to monopolize reproduction declines as a result of direct
competition among males. Interestingly, however, there are also a few cases, such as when
conflict is very costly (c→1), in which the third ranking subordinate reduces its competitive
effort to very low levels (Fig. 5b). In these cases, reproductive skew becomes largely
insensitive to the number of competitors (Fig. 5d), or can even be higher in larger groups.

Discussion

We have shown that two important assumptions of the tug-of-war model of reproductive
skew (Reeve and Shen 2006; Reeve et al. 1998; Shen and Reeve 2010) are presumably not
met in male primates (and most other vertebrates). First, male primates may gain reproduc-
tive success by means other than open conflict, and second, the price they pay to achieve
reproductive success is most likely reduced survival rather than reduced group-productivity
(as suggested by the tug-of-warmodel).We have, therefore, developed a dynamic version of
the tug-of-war model that takes these costs into account, and that further allows individuals
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to achieve some reproductive success without engagement in conflict. The resulting model
differs substantially from the original tug-of-war model, and derives a whole new set of
comparative predictions, which are summarized in Table I. We address some of the most
important predictions in more detail in the text that follows, highlight preliminary empirical
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Fig. 5 Results of the three player model. Panels (a) and (b) depict the competitive effort of the dominant (u,
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costs of conflict increase slowly with effort), whereas in (b) and (d), c = 1 (indicating linearly increasing costs).

Table I Summary of predictions of the dynamic tug-of-war model

Parameter Conflict Reproductive skew

Power asymmetry b + −
(Baseline) survival SL − +

Recruitment
(Population density)

a −a / +b +

Conflict ineffectiveness
(Receptive synchrony)

k − −

Number of competitors +c −d

A “+” indicates a positive relationship, a “–“ indicates a negative relationship.
a If survival is high; b if survival is low.
c Overall level of conflict expressed as the sum of u, v, and z compared to the sum of x and y, but note that there
are cases in which the level of conflict is virtually insensitive to the number of competitors.
d In most cases, but note that there are cases in which reproductive skew is insensitive to the number of
competitors.
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evidence, and discuss ways to further test these predictions. Finally, we also discuss
assumptions underlying our model.

One of the most important predictions emerging from our model is that the level of
intragroup conflict decreases as conflict becomes less effective as a means to secure
reproductive success, such as when the degree of female receptive overlap increases. This
relationship appears to be supported based on data on sexual size dimorphism as an
indicator of male intrasexual conflict: Species characterized by low levels of estimated
receptive synchrony, such as red howlers (Alouatta seniculus), yellow baboons (Papio
cynocephalus), and mountain gorillas (Gorilla beringei) (Ostner et al. 2008), all exhibit
comparatively high levels of sexual size dimorphism (Lindenfors and Tullberg 1998; Smith
and Jungers 1997), indicating strong male intrasexual conflict. By contrast, the highly
seasonal Barbary macaque (Macaca sylvanus) exhibits the lowest degree of sexual size
dimorphism of all macaques (Lindenfors and Tullberg 1998). The overall pattern, however,
is surely more varied, in particular within the macaques (Ostner et al. 2008), and this
prediction certainly warrants further examination, ideally using phylogenetic comparative
methods (Nunn 2011). Moreover, it should be noted that absence of dimorphism does not
necessarily mean absence of conflict among males, but only that conflict may have been
(and may still be) an equally strong selective force in females than in males (Clutton-Brock
and Huchard 2013). Thus, comparative tests of the predicted relationship between conflict
and synchrony should also (or ideally) attempt to use actual (observed) rates of conflict
(Plavcan and van Schaik 1997).

A second important prediction of our model is that dominants invest more strongly
in reproductive conflict than subordinates. This prediction stands in marked contrast to
the original tug-of-war model, which instead predicts that subordinates put more effort
in the conflict. In primates, aggression is often directed down the dominance hierarchy,
i.e., from dominants to subordinates (Sapolsky 2005), suggesting that our model is
better supported than the original tug-of-war model. Moreover, it is worth mentioning
that in paper wasps, too, dominant foundresses are more aggressive than subordinates
[Polistes dominulus: Tibbetts and Reeve (2000), Cant et al. (2006); Polistes fuscatus:
Nonacs et al. (2004); Polistes bellicosus: Field et al. (1998)] which, again, lends
support to our model, but contradicts the tug-of-war model, even in a taxon to which
the tug-of-war model might generally apply (Port and Cant 2013).

Like the tug-of-war model, our model suggests that (in most cases) the dominant’s
share of reproduction declines as the number of competitors increases. This finding is in
line with previous comparative studies (Cowlishaw and Dunbar 1991; Gogarten and
Koenig 2013; Kutsukake and Nunn 2006; Ostner et al. 2008). However, there is still
some disagreement as to whether receptive synchrony or the number of competitors is
the better predictor of male reproductive skew (Gogarten and Koenig 2013; Ostner
et al. 2008). Our model cannot answer this question definitively, but it suggests that the
number of competitors may have little or no effect on the degree of skew, in at least
some cases (as in redfronted lemurs: Kappeler and Port 2008). Importantly, it also
shows that the effects of estrous synchrony and male–male conflict are interrelated: if
synchrony is low, conflict is high and highly predictive of skew. In these cases, the
number of competitors tends to have a strong influence on the level of reproductive
skew. By contrast, if synchrony is high, conflict tends to be low and only weakly
predictive of skew. In these cases, the number of competitors has only a weak effect on
the degree of skew (over and above the effect of synchrony alone).
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A final prediction we wish to highlight is the negative relationship between
intragroup conflict and survival, which also leads us to a closer examination of an
assumption underlying our model. We have assumed that individuals move up one rank
in the dominance hierarchy on the death of the individual ahead of them in the queue
(inheritance). Although this assumption is theoretically convenient, we acknowledge
that it may not always be met in primates, where subordinates often attain a more
dominant rank position on defeating a previously higher ranked individual in open
conflict (Alberts et al. 2003; Port et al. 2012). Incorporating the latter mode of rank
acquisition (which we call usurpation) as a fixed probability into our model changes
our results quantitatively, but not qualitatively: because the possibility to usurp the
dominant position confers additional future fitness benefits to subordinates, it reduces
their actual (current) level of competitive effort, which leads to a higher degree of
reproductive skew (M. Port, unpubl. data). This shows that, although we have defined
future fitness prospects in terms of survival, they may likewise be defined in terms of
rank stability. What matters is how long an individual can expect to remain at a certain
rank, and how likely it is to move up one rank, be it as a consequence of inheritance or
usurpation. Comparative tests of our model should, therefore, not only focus on the
relationship between survival and conflict, but should also consider measures of rank
stability and/ or tenure length.

The preceding discussion highlights, however, that there are (at least) two
levels of conflict male primates are faced with: conflicts over reproduction and
conflicts over dominance rank (Cant et al. 2006). These two levels are likely to
be interrelated. Thus, instead of assuming usurpation to be a fixed probability,
future research may consider it an evolving parameter. It might well be that
effort put into fights over dominance rank is affected by the same parameters
than effort put in the conflict over reproduction. The question then arises how
individuals allocate their energy between these two levels of conflict, because
selection acts on individuals to invest effort in the conflict over reproduction, but
simultaneously, to invest effort into fights over dominance rank. This process can
lead to strongly divergent endpoints of evolution. Which of these endpoints is
more likely to evolve, and under what circumstances, cannot be resolved using
verbal reasoning alone, but warrants further theoretical examination.

There might be yet another level of conflict, namely over group membership (Port
and Johnstone 2013). In the present model we have assumed that lone breeders are
joined by a new group member with a fixed probability a, but they are not given the
option to resist these joining attempts. In fact, lone breeders would be better off doing
so, as our model assumes that they have higher fitness as lone breeders than as
dominants in a group of two. However, rejecting outsiders is likely to be costly for
resident males (insiders), and previous modeling has shown that insiders are selected to
reduce their rejecting effort greatly if they are faced with high intruder pressures (Port
and Johnstone 2013). This effect may be even stronger if residents have to allocate their
energy between investments in conflicts over group membership and either one or both
levels of intragroup conflict mentioned above. The most likely outcome of selection
acting on these various levels of conflict is a multimale, multifemale society with
relatively peaceful transfer of males between groups, but strong intragroup conflicts
over reproduction and/ or dominance rank. A fruitful avenue for future research would
be to investigate the role of female receptive synchrony in shaping such a society, as
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synchrony affects both the level of intragroup conflict among males, and the number of
males per group (Carnes et al. 2011; Nunn 1999).

Lastly, a perhaps more hidden assumption underlying our model deserves a brief
mention: our modification of the CSF assumes that the uncontested fraction of repro-
duction (k) is shared evenly between dominant and subordinate. However, we might
assume that subordinates get a smaller “default” share of reproduction (Port and Cant
2013), and different forms of the CSF could be used to represent female receptive
synchrony. We explored two different CSFs, the difference form CSF introduced by
Cant (2012b), and a ratio form CSF similar to the one used by Port and Cant (2013).
These functions yielded similar results (M. Port, unpubl. data), but the one used in the
present article has the advantage that it is easier to interpret and to quantify empirically.
We think, therefore, that our simple modification of the CSF provides a good repre-
sentation of female receptive synchrony, and in the absence of any a priori information
on how high the default level of reproductive skew might be, the assumption of even
sharing, too, provides a good starting point.

In summary, we have developed a theoretical model of social conflict and repro-
ductive skew, applicable in particular, but not exclusively, to male primates. This model
comes very close to the synthetic model Kutsukake and Nunn (2009) have recently
called for, in that it combines elements of female receptive synchrony and male–male
competition. It has provided us with important new insights into the complexities of
male reproductive competition, highlighting in particular the interrelations between
female receptive synchrony, male–male conflict, and reproductive skew. Most impor-
tantly, it has derived a rich set of comparative predictions, which now await empirical
testing.
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Appendix

Fitness Functions in the Three-Player Model

WD3 u; v; zð Þ ¼ pD3 þ SD3
h
SS1SS2 þ SS1 1−SS2ð Þaþ 1−SS1ð ÞSS2aþ 1−SS1ð Þ 1−SS2ð Þa2� �

WD3þ
ðSS1 1−SS2ð Þ 1−að Þ þ 1−SS1ð Þ SS2 1−að Þ þ 1−SS1ð Þ 1−SS2ð Þ a−a2ð ÞWD þ
1−SS1ð Þ 1−SS2ð Þ 1−að Þð ÞWL

i ðA1Þ

WS1 u; v; zð Þ ¼ pS1 þ SS1
h
SD3SS2 þ SD3 1−SS2ð Það ÞWS1 þ SD3 1−SS2ð Þ 1−að ÞWSþ

1−SD3ð ÞSS2aþ 1−SD3ð Þ 1−SS2ð Þa2� �
WD3þ

1−SD3ð ÞSS2 1−að Þ þ 1−SD3ð Þ 1−SS2ð Þ a−a2
� �� �

WDþ
1−SD3ð Þ 1−SS2ð Þ 1−að Þð ÞWL

i
ðA2Þ
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WS2 u; v; zð Þ ¼ pS2 þ SS2
h
SD3SS1WS2 þ SD3 1−SS1ð Þaþ 1−SD3ð ÞSS1að ÞWS1þ

SD3 1−SS1ð Þ 1−að Þ þ 1−SD3ð ÞSS1 1−að Þð ÞWS þ 1−SD3ð Þ 1−SS1ð Þa2WD3þ
1−SD3ð Þ 1−SS1ð Þ a−a2ð ÞWD þ 1−SD3ð Þ 1−SS1ð Þ 1−að ÞWL

i ðA3Þ

WD x; yð Þ ¼ pD þ SD
h
SSaþ 1−SSð Þa2� �

WD3 þ SS 1−að Þ þ 1−SSð Þ a−a2
� �� �

WDþ
1−SSð Þ 1−að ÞWL

i

ðA4Þ
WS x; yð Þ ¼ pS þ SS

h
SD 1−að ÞWS þ SDaWS1 þ 1−SDð Þ a−a2ð ÞWDþ

1−SDð Þa2WD3 þ 1−SDð Þ 1−að ÞWL

i ðA5Þ

WL ¼ 1þ SL a2WD3 þ a−a2
� �

WD þ 1−að ÞWL

� � ðA6Þ
Expressions (A1)–(A6) follow the same logic as expressions (4a)–(4c). In addition,

if groups contain only one breeder, we now have to distinguish between the probability
of recruiting one (probability a – a2) and two (probability a2) new group members
(Kokko et al. 2001).
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