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Abstract

Surprising invariance relationships have emerged from the study of social

interaction, whereby a cancelling-out of multiple partial effects of genetic,

ecological or demographic parameters means that they have no net impact

upon the evolution of a social behaviour. Such invariants play a pivotal role

in the study of social adaptation: on the one hand, they provide theoretical

hypotheses that can be empirically tested; and, on the other hand, they pro-

vide benchmark frameworks against which new theoretical developments

can be understood. Here we derive a novel invariant for dispersal evolution:

the ‘constant philopater hypothesis’ (CPH). Specifically, we find that, irre-

spective of variation in maternal fecundity, all mothers are favoured to pro-

duce exactly the same number of philopatric offspring, with high-fecundity

mothers investing proportionally more, and low-fecundity mothers investing

proportionally less, into dispersing offspring. This result holds for female and

male dispersal, under haploid, diploid and haplodiploid modes of inheri-

tance, irrespective of the sex ratio, local resource availability and whether

mother or offspring controls the latter’s dispersal propensity. We explore the

implications of this result for evolutionary conflict of interests – and the

exchange and withholding of contextual information – both within and

between families, and we show that the CPH is the fundamental invariant

that underpins and explains a wider family of invariance relationships that

emerge from the study of social evolution.

Introduction

A number of surprising invariance relationships have

emerged from the study of social evolution, whereby a

cancelling-out of multiple partial effects of a genetic, eco-

logical or demographic parameter means that it has no

net impact upon the evolution of a social behaviour. For

example, in the study of sex allocation under ‘local mate

competition’ (Hamilton, 1967), the number of sons pro-

duced by a mother is expected to be independent of her

fecundity, in what is known as the ‘constant male

hypothesis’ (CMH; Frank, 1985, 1987b; Yamaguchi,

1985). Specifically, the increased extent to which the

sons of more fecund mothers engage in costly competi-

tion with male relatives for mating opportunities means

that a mother’s proportional investment into sons is

expected to be inversely proportional to her fecundity,

such that her absolute investment into sons is invariant

with respect to her fecundity. Such invariance results

provide an important stimulus for scientific advance-

ment. For example, the discovery of the CMH invariant

spurred both empirical testing and further development

of theory in the field of sex allocation, which has contin-

ued in a sustained way from the mid-1980s to the pre-

sent day (Frank, 1985, 1987a,b,c; May & Seger, 1985;

Yamaguchi, 1985; Stubblefield & Seger, 1990; Foster &

Benton, 1992; Hasegawa & Yamaguchi, 1995; Petersen &

Fischer, 1996; Flanagan et al., 1998; Wool & Sulami,

2001; Ode & Rissing, 2002; Dagg & Vidal, 2004; Akimoto

& Murakami, 2012; Akimoto et al., 2012; Rodrigues &

Gardner, 2015).
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Such invariance results may cross over from their

field of origin to illuminate other topics, in which they

give rise to new waves of theoretical and empirical

research. For example, a surprising discovery that sex

ratios are unaffected by the rate of female dispersal –
owing to a cancellation of relatedness and kin-competi-

tion effects (Bulmer, 1986; Frank, 1986b; Taylor,

1988a) – was subsequently shown to translate to the

evolution of helping and harming behaviours, stimulat-

ing a great deal of further theoretical and empirical

study (Taylor, 1992; Wilson et al., 1992; Taylor & Irwin,

2000; Irwin & Taylor, 2001; Perrin & Lehmann, 2001;

Gardner & West, 2006; Lehmann et al., 2006; Alizon &

Taylor, 2008; El Mouden & Gardner, 2008; Grafen &

Archetti, 2008; Johnstone, 2008; Johnstone & Cant,

2008; K€ummerli et al., 2009; Gardner, 2010; Rodrigues

& Gardner, 2012, 2013a,b; Yeh & Gardner, 2012). More

generally, invariance with respect to transformation is

the basis for all analogy and the generalization of all

scientific knowledge to new domains.

Dispersal is a major life history trait that has received

a considerable amount of attention from both theoreti-

cians and empiricists and has been studied in relation

to a variety of factors such as kin competition (Hamil-

ton & May, 1977; L�ena et al., 1998; Ronce et al., 1998,

2000; Leturque & Rousset, 2003; Kisdi, 2004; Innocent

et al., 2010; Rodrigues & Johnstone, 2014), cost of dis-

persal (Comins et al., 1980; Gandon & Michalakis,

1999; Kisdi, 2004; Rodrigues & Johnstone, 2014), spa-

tial and/or temporal heterogeneity (Comins et al., 1980;

Hastings, 1983; Holt, 1985; Cohen & Levin, 1991;

McPeek & Holt, 1992; Gandon & Michalakis, 1999;

Leturque & Rousset, 2002; Massol et al., 2010; Taylor

et al., 2013; Rodrigues & Johnstone, 2014), parent–off-
spring conflict (Motro, 1983; Frank, 1986a; Taylor,

1988b; Gandon, 1999; Starrfelt & Kokko, 2010),

intragenomic conflict (Farrell et al., 2015), budding dis-

persal (Gandon & Michalakis, 1999), density-dependent

dispersal (Crespi & Taylor, 1990; Travis et al., 1999;

Poethke & Hovestadt, 2002; De Meester & Bonte, 2010;

Baguette et al., 2011) and other types of condition-

dependent dispersal (Ronce et al., 1998, 2000; Kisdi,

2004; Gyllenberg et al., 2011a,b). In addition, Crespi &

Taylor (1990) have studied the evolution of dispersal at

the group level, conditional on group density, and have

found that if relatedness among juveniles and immigra-

tion rate are independent of density, then all groups

will produce the same number of nondispersing indi-

viduals, a phenomenon they termed the ‘constant

non-disperser’ principle. Similar density-dependent

threshold strategies have been reported in a variety of

settings (e.g. McPeek & Holt, 1992; Ezoe & Iwasa, 1997;

Gyllenberg & Metz, 2001; Metz & Gyllenberg, 2001;

Leturque & Rousset, 2002; Poethke & Hovestadt, 2002;

Rodrigues & Johnstone, 2014).

One factor that is likely to have an important impact

on the evolution of dispersal is variation in fecundity

among group members, that is “reproductive skew”

(Vehrencamp, 1983; Hager & Jones, 2009). The social

evolutionary consequences of variation in fecundity

have received attention in relation to helping and

harming behaviour (Frank, 1996; Johnstone, 2008; Bao

& Wild, 2012; Rodrigues & Gardner, 2013a) and sex

ratio (Frank, 1985, 1987c; Yamaguchi, 1985; Stubble-

field & Seger, 1990; Rodrigues & Gardner, 2015). How-

ever, the implications for dispersal, and attendant

conflict of interests within and between families,

remain to be addressed.

Here we study the evolution of dispersal in groups

where the fecundity of breeders varies and report a

new invariance result: the ‘constant philopater hypoth-

esis’ (CPH). We find that, irrespective of variation in

maternal fecundity, each mother is expected to make

the same absolute investment into philopatric (i.e.

nondispersing) offspring. This is because higher fecun-

dity is associated with one’s offspring facing more strin-

gent kin competition for breeding opportunities when

failing to disperse, such that each mother’s proportional

investment into philopatric offspring is expected to be

inversely proportional to her fecundity. We develop a

mathematical kin-selection model to show that the

CPH holds for female and male dispersal, under hap-

loid, diploid and haplodiploid modes of inheritance,

irrespective of the sex ratio, local resource availability

and whether mother or offspring controls the latter’s

dispersal propensity. We provide explicit solutions for

variation in resource availability within and between

patches, considering both spatial heterogeneity and also

temporal heterogeneity for unpredictable and seasonal

environments, and we explore the implications of this

result for evolutionary conflict of interests – and the

exchange and withholding of contextual information –
both within and between families. Finally, we show

that the CPH result is the fundamental invariant that

underpins and explains a family of other invariance

results, including the previously described ‘constant

female hypothesis’ (CFH; Frank, 1987c, 1998).

Model and results

Model

We assume an infinite island model (Wright, 1931;

Hamilton & May, 1977; Rodrigues & Johnstone, 2014),

with n mothers in every patch. There are different types

of patches, that is type-t patches with t 2 T = {1, 2, . . .,
np}, and each type differing in its resource availability.

Within each patch, each mother is randomly assigned a

rank i 2 I = {1, 2, . . ., n} and produces a large number

of offspring in accordance with her rank, such that no

two mothers in the same patch share the same rank,

and all mothers sharing the same rank and patch type

have the same fecundity. In the asexual version of the

model, we consider that all offspring are daughters and
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clones of their mother, and in the sexual version of the

model, we consider that a fraction rit of the offspring of

a rank-i mother are sons and a fraction 1�rit are

daughters and that there is a haploid, diploid or hap-

lodiploid mode of inheritance. After reproduction, all

mothers die, and the offspring of rank-i mothers either

remain in their natal patch with probability 1�zit or

else disperse with probability zit, with a fraction 1�c of

dispersers relocating to a new randomly chosen patch

and the remainder c perishing en route. We assume

that dispersal is controlled either by the offspring them-

selves or by their mother. In the sexual version of the

model, individuals mate at random within their patches

following dispersal, with each female mating once, after

which all males die. Patches may maintain their

resource availability, and therefore remain of the same

type, or change their resource availability, and there-

fore change their type. Females then compete for

breeding opportunities, with n females being chosen at

random within each patch to become the mothers of

the next generation, and all other females dying, which

returns the population to the beginning of the life

cycle.

Evolution of dispersal

Applying kin-selection methodology (Hamilton, 1964;

Taylor & Frank, 1996, 1997, 1998; Rousset, 2004;

Taylor et al., 2007), we find that an increase in the

probability of dispersal of an offspring of a rank-i

mother in a type-t patch is favoured when

�ritxttt þð1� cÞrit
X

q2T pqxqtq þxtttht
X

j2IðUjtqijtÞ[0;

(1)

where xt is the probability that an individual wins a

breeding site in a type-t patch; υt is the expected

reproductive value of an individual in a type-t patch;

pq is the frequency of type-q patches in the popula-

tion; rit is either the relatedness of a rank-i mother in

a type-t patch to one of her offspring (when dispersal

is under maternal control) or else the relatedness of

the offspring to itself (when dispersal is under off-

spring control); ht is the probability that a random

individual sampled after dispersal was born in the local

patch (i.e. the probability of philopatry); Ujt is the

probability that this philopatric individual was pro-

duced by the rank-j mother; and qijt is the relatedness

of the rank-i mother (when dispersal is under mater-

nal control) or an offspring of the rank-i mother

(when dispersal is under offspring control) to an off-

spring of the rank-j mother in the same type-t patch

(see Supporting Information for more details). Note

that reversing the direction of the inequality yields the

condition for a reduced probability of dispersal to be

favoured by natural selection.

If dispersal is under maternal control, then rit = qiit,
as both of these quantities describe the relatedness of

the rank-i mother to her own offspring. However, if

dispersal is under offspring control, then rit is the relat-

edness of the focal offspring to itself, whereas qiit is its

relatedness to its siblings. Condition (1) holds for both

the asexual and sexual models, and also for haploid,

diploid and haplodiploid modes of inheritance. Under

the sexual reproduction model, the quantities described

in condition (1) are sex specific: for instance, if we are

considering the dispersal of females, then Ujt is the

probability that a random philopatric female is a daugh-

ter of a rank-j mother in a type-t patch.

The constant philopater hypothesis

Of key interest is the quantity Nit = NtUit, which

describes the number of philopatric offspring produced

by a rank-i mother in a type-t patch, where Nt is the total

number of philopatric offspring in the focal patch. Note

that as rank is not heritable, the relatedness of a mother

to her offspring and the relatedness of the offspring to

itself are both independent of the mother’s rank, so we

may write rit = rt for all i 2 I, and all t 2 T; the related-

ness of an offspring to its siblings is independent of its

mother’s rank, so we may write qiit = qt for all i 2 I, and

all t 2 T; and the relatedness of a mother to another

mother’s offspring, and the relatedness of an offspring to

another mother’s offspring, is independent of the rank of

either mother, so we may write qijt = Pt for all t 2 T, all

i 2 I, and all j 2 I, j 6¼ i. Accordingly,
P

j2I Ujtqijt ¼
Uitqt þ Pt

P
j2I; j 6¼i Ujt ¼ Uitqt þ Ptð1� UitÞ, and condi-

tion (1) can be rewritten as

Nit [Nt

1

htxttt

xtttrt � ð1� cÞrt
P

q2T pqxqtq � htxtttPt
qt � Pt

(2)

That is, the number of philopatric offspring produced

by each rank-i mother in a type-t patch is favoured to

converge upon the RHS of condition (2) and, because

this quantity is independent of i, natural selection

favours the number of philopatric offspring produced

by each and every mother to converge upon the same

number (i.e. Nit = N�
t and Uit = U�

t ), irrespective of the

total number of offspring that she produces and her sex

allocation. This result holds for both asexual and sexual

reproduction under haploid, diploid and haplodiploid

inheritance, for female and/or male dispersal and for

maternal or offspring control of dispersal. In analogy

with the CMH, we term this invariant result the ‘con-

stant philopater hypothesis’ (CPH).

The CPH emerges from a balance between the mor-

tality risk of dispersing and the kin-competition conse-

quences of philopatry. From condition (1), we see that

because both the relatedness of a mother to her own
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offspring and also the relatedness of an offspring to

itself are independent of maternal rank, the impact of

the mortality cost of dispersal is the same for all moth-

ers within each patch (�ritυt + (1�c)rit∑q2Tpqυq
= �rtυt + (1-c)rt∑q2Tpqυq for all i 2 I, and t 2 T); because

both the relatedness of a mother to another mother’s

offspring and also the relatedness of an offspring to

another mother’s offspring are independent of maternal

rank (qijt = Pt for all t 2 T, all i 2 I, and all j 2 I, j 6¼ i),

the offspring of all mothers experience the same

strength of kin competition if all mothers produce the

same number of philopatric offspring (htυtU�
t

(rt + (n�1)Pt) under maternal control or htυtU�
t

(rt + (n�1)qt) under offspring control); and because any

correlation that does arise between maternal rank and

number of philopatric offspring leads to stronger kin

competition among the offspring of mothers who

produce more philopatric offspring, which favours

such mothers to reduce their number of philopatric

offspring, any correlation between rank and number of

philopatric offspring will tend to disappear.

All mothers are favoured to produce the same num-

ber of philopatric offspring, but various constraints may

interfere with their ability to do so. One possible con-

straint is that some low-ranking mothers are unable to

produce the requisite number of philopatric offspring

even if none of their offspring disperse, on account of

their low fecundity. In this case, the CPH invariant

breaks down, analogous to the breakdown of the CMH

when some mothers are of such low fecundity that

they cannot produce the requisite number of sons even

if all of their offspring are male (Frank, 1985, 1987c).

Within-patch heterogeneity

Above, we have shown that the CPH holds under a

very general set of assumptions, and we have expressed

this result in terms of emergent quantities such as the

relatedness and the probability of philopatry. Here we

express these emergent quantities as a function of the

underlying ecological and demographic parameters,

which enables us to explicitly determine the optimal

dispersal behaviour of offspring in particular scenarios.

Here we focus on a particular case to illustrate how dif-

ferent model parameters and selection pressures medi-

ate the optimal dispersal rates of offspring. We then

contrast the optimal dispersal behaviour of offspring

under maternal control with the optimal dispersal

behaviour under offspring control to understand the

role of the CPH in mediating parent–offspring conflict

over dispersal.

We focus on a particular case in which there are two

asexually reproducing mothers per patch: a rank-1

mother with relatively high fecundity (denoted by F1)

and a rank-2 mother with relatively low fecundity (de-

noted by F2). We denote the reproductive inequality

between females by s, where s = 1�(F2/F1). We

find that the probability of dispersal of offspring of

high-fecundity mothers rises, whereas the probability of

dispersal of offspring of low-fecundity mothers falls, as

the reproductive inequality between mothers rises

(Fig. 1). On the one hand, offspring of high-fecundity

mothers and offspring of low-fecundity mothers both

suffer the same cost of dispersal (c), and the relatedness

between a focal offspring and herself is equal

(r1 = r2 = 1), so the first term in inequality (1) is the

same for both offspring (i.e. �c r1 = �c r2). But, on the

other hand, all else being equal, the number of philo-

patric offspring of the high-fecundity mother is greater

than that of the low-fecundity mother (U1 > U2):

accordingly, the expected relatedness between a focal

offspring of the high-fecundity mother and a random

offspring in the patch is greater than the expected relat-

edness between a focal offspring of the low-fecundity

mother and a random offspring in the patch (i.e.

h(U1q11 + U2q12) > h(U1q21 + U2q22), where q11 = q22 = 1

and q12 = q21 = q). Therefore, the selection pressure

for dispersal of offspring of high-fecundity mothers is

stronger than the selection pressure for dispersal of

offspring of low-fecundity mothers: this clarifies why the

CPH result obtains.

We also find that the mean probability of dispersal

falls as the cost of dispersal rises (Fig. 1). As the cost of

dispersal rises, the first term in inequality (1) decreases

and the second term in inequality (1) increases. As the

effect on the first term is stronger than the effect on

the second term, the overall effect of increasing the cost

of dispersal is that dispersal becomes less evolutionarily

advantageous.

The number of philopatric offspring of the high-

fecundity mother rises as the reproductive inequality

between the two mothers increases, and as the cost of

dispersal increases. So long as this number is not too

high, low-fecundity mothers are able to match it (i.e.

1�z�1 = (1�s)(1�z�2)). However, if the number of philo-

patric offspring of high-fecundity mothers is too high

(due to high s and/or high c), then low-fecundity moth-

ers cannot produce the requisite number of philopatric

offspring even if none of their offspring disperse, and in

such scenarios, the CPH breaks down (Fig. 1).

Between-patch heterogeneity

Temporally stable environments
We now consider a heterogeneous population in which

there are type-1 patches with high resource availability

and type-2 patches with low resource availability. We

define the reproductive inequality between patches as

sb = 1�(F12/F11) and the reproductive inequality within

patches as s1 = 1�(F21/F11) = s2 = 1�(F22/F12) = s. We

first consider a spatially heterogeneous environment in

which patches retain their type over generations. We

find that the average probability of dispersal is higher

from low-quality type-2 patches than from high-quality
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type-1 patches (Fig. 2, panel (c)). As a result,

high-quality patches have more nondispersing offspring

than low-quality patches. However, in both types

of patches, higher-ranking mothers disperse more

offspring than lower-ranking mothers, and, as long as

inequality within patches is sufficiently small, both

high- and low-rank mothers produce exactly the same

number of philopatric offspring irrespective of the

quality of their patch (Fig. 2, panel (f)).

Temporally unpredictable environments
We next consider unpredictable environments in which

a patch’s type in the next generation is independent of

its type in the current generation. Under such circum-

stances, the expected reproductive value is identical

across patches. Thus, υt = υ, for all t 2 T. Moreover, the

relatedness coefficients are also identical across patches.

Thus, r = rt, qt = q and Pt = P. Therefore, inequality (2)

becomes

1[n
1

htxt

xtr � ð1� cÞrPq2T pqxq � htxtP

q� P
: (3)

This means that, at equilibrium, h�t = h* and x�
t = x*,

and therefore, natural selection favours the number of

philopatric offspring produced by each and every mother

to converge upon the same number (i.e. Nit = N�
t = N*

and Uit = U�
t = U*). Thus, in unpredictable environ-

ments, the CPH holds not only within each patch, but

also between patches (Fig. 2, panel (e)).

Negatively correlated environments
Finally, we consider environments that are negatively

correlated in time (i.e. locally seasonal environments),

in which a patch always changes its type from one gen-

eration to the next. We find that the average probabil-

ity of dispersal is higher from high-quality type-1

patches than from low-quality type-2 patches (Fig. 2,

panel (a)). As a result, low-quality patches have more

philopatric offspring than high-quality patches. How-

ever, in both types of patches, higher-rank mothers dis-

perse more offspring than lower-rank mothers, and, as

long as inequality within patches is sufficiently small,

both high- and low-rank mothers produce exactly the

same number of philopatric offspring irrespective of the

quality of their patch (see Fig. 2, panel (d)).

Parent–offspring conflict

Although the CPH result obtains irrespective of

whether dispersal is controlled by the offspring

Fig. 1 Convergence stable dispersal rates in heterogeneous groups. The CS dispersal strategies of offspring of high-fecundity rank-1

breeders (z�1, solid lines) and of offspring of low-fecundity rank-2 breeders (z�2, dashed lines) as a function of the reproductive inequality (s)

for varying cost of dispersal (c). The dispersal rate of offspring of high-fecundity breeders is greater than that of offspring of low-fecundity

breeders (i.e. z�1 > z�2). All breeders produce the same number of offspring that remain in the natal patch as long as low-fecundity mothers

give birth to a sufficiently high number of offspring.
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themselves or by their mother, we find that the level of

dispersal that is favoured does depend upon whose con-

trol it is under. This recovers Motro’s (1983) result that

an evolutionary conflict of interest often exists between

mother and offspring with regard to dispersal, with

mothers generally preferring that their offspring dis-

perse at a rate that is higher than the rate at which the

offspring would prefer to disperse themselves. This is

on account of the mother being equally related to those

offspring that disperse and their siblings that benefit

from the resulting relaxation of kin competition, and

her offspring being more related to themselves than

they are to each other (see also Frank, 1986a; Gandon,

1999; Starrfelt & Kokko, 2010; Taylor, 1988b).

Our model has crucially incorporated heterogeneity

in maternal condition, and this allows us to investigate

how such heterogeneity mediates the parent–offspring
conflict of interests with respect to dispersal. Here, we

determine whether the potential for conflict is greater

in families with more resources (i.e. families with high-

fecundity rank-1 mothers) or fewer resources (i.e.

families with low-fecundity rank-2 mothers), in which

conflict is measured as the discrepancy between optimal

dispersal strategies under maternal and offspring control

(i.e. Godfray’s, 1995 ‘battleground’). We consider two

scenarios: one in which offspring have complete infor-

mation about their mothers’ rank (i.e. conditional dis-

persal) and one in which offspring have no information

about their mothers’ rank (i.e. unconditional dispersal).

We first focus on cases in which offspring have com-

plete information about their mothers’ rank. Here, we

find that mothers always prefer greater dispersal rates

of offspring than the offspring, irrespective of the

resources available for each family (Fig. 3). However,

the difference between the optimal behaviour from the

mother’s perspective and the optimal behaviour from

the offspring’s perspective is not the same for the differ-

ent types of families. In particular, we find that for

lower inequality, conflict is more pronounced within

resource-poor families than within resource-rich fami-

lies (Fig. 3). As inequality between families rises, the

optimal dispersal rate of offspring in resource-rich

(a) (b) (c)

(d) (e) (f)

Fig. 2 Convergence stable dispersal rates in heterogeneous populations. The CS dispersal strategies of offspring of high-fecundity rank-1

breeders (z�1X, solid lines) and of offspring of low-fecundity rank-2 breeders (z�2X, dashed lines) in high resource-availability rank-1 patches

(z�X1 ) and in low resource-availability rank-2 patches (z�X2) as a function of the reproductive inequality (s) for temporally stable,

unpredictable and seasonal environments. (a,d) In temporally seasonal environments, average dispersal is higher from rank-1 patches, and

the CPH holds as long as inequality is sufficiently small. (b,e) In temporally unpredictable environments, average dispersal is higher from

rank-1 patches, and the CPH holds both within and between patches as long as inequality is sufficiently small. (c,f) In temporally stable

environments, average dispersal is higher from rank-2 patches, and the CPH holds as long as inequality is sufficiently small. Parameter

values: c = 0.50, P = 0.50.
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families rises, whereas the optimal dispersal rate of off-

spring in resource-poor families falls, irrespective of

who controls the dispersal rate of offspring. When the

inequality between families is sufficiently large,

resource-poor families hit a threshold beyond which all

their offspring are philopatric, independently of who

controls the dispersal rate of offspring. At this point,

the conflict within resource-poor families ceases,

although it still exists within resource-rich families

(Fig. 3). In summary, when inequality is low, resource-

poor mothers suffer more parent–offspring conflict over

offspring dispersal than resource-rich families, but they

still produce a fair amount of offspring. When inequal-

ity is high, there is less conflict within resource-poor

families, but their fecundity is very low.

We next contrast cases in which offspring have com-

plete information about their mothers’ rank with cases

in which offspring have no information about their

mothers’ rank. This allows us to investigate the circum-

stances under which mothers are selectively favoured

to inform their offspring as to their rank versus with-

holding this contextual information. We find that when

offspring know that they have rank-1 mothers, parent–
offspring conflict is less strong than when offspring do

not know the rank of their mothers (Fig. 3, panel (a)).

This suggests that rank-1 mothers should disclose full

information about their status to their offspring in order

to minimize parent–offspring conflict. In contrast, we

find that when offspring know that they have rank-2

mothers, parent–offspring conflict is stronger than

when offspring do not know the rank of their mothers,

as long as inequality is sufficiently small (Fig. 3, panel

(b)). This suggests that rank-2 mothers should withhold

information about their status from their offspring in

order to minimize parent–offspring conflict. These

conflicting selective forces generate an informational

battleground between rank-1 and rank-2 mothers, in

which rank-1 mothers are favoured to disclose mater-

nity information to offspring in the group, whereas

rank-2 mothers are favoured to withhold it.

Allomaternal control of dispersal

Above, we have considered that control of offspring dis-

persal lies either with the offspring themselves or with

their mothers. Whilst this may often be the case, in

other situations mothers may control the dispersal traits

of offspring other than their own. This may be particu-

larly important when differences in fecundity between

mothers are also extended to other behavioural traits

such as dominance over other group members. First,

we consider a case in which the high-fecundity breeder

has full control over the dispersal of her own offspring,

but varies in the degree of control, denoted by a, over
the offspring of the low-fecundity mother, with

0 ≤ a ≤ 1. We find that the CPH holds as long as the

high-fecundity mother does not exert any control over

the dispersal of the low-fecundity mother’s offspring

(i.e. when a = 0; Fig. 4). However, when the degree of

control by the high-fecundity mother increases, the dis-

persal probability of their own offspring decreases,

whereas the dispersal probability of the low-fecundity

mother’s offspring increases (Fig. 4, panel(a)). Indeed,

when the high-fecundity mother reaches a certain

degree of control, all of the low-fecundity mother’s off-

spring are forced to disperse (i.e. z2 = 1). We obtain

similar results when we allow the low-fecundity

mother to control the dispersal of the high-fecundity

mother’s offspring, where we denote the degree of con-

trol of the low-fecundity mother by b. When the
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Fig. 3 Parent–offspring conflict. The CS dispersal strategies of mothers (solid lines) and of daughters under complete maternity information

(offspringC, dotted lines) and under no-maternity information (offspringU, dashed lines) for (a) rank-1 resource-rich families and (b) rank-2

resource-poor families. Under lower reproductive inequality, parent–offspring conflict is more intense for low-fecundity families. For

resource-rich families, parent–offspring conflict is more intense under no-maternity information irrespective of the inequality between

families. For resource-poor families, parent–offspring conflict is less intense under no-maternity information to the left of the vertical

dashed line. The number of philopatric offspring is in arbitrary units. Parameter values: c = 0.25.
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degree of control by the low-fecundity mother

increases, the dispersal probability of their own off-

spring decreases, whereas the dispersal probability of

the low-fecundity mother’s offspring increases (Fig. 4,

panel(b)). If the degree of control is sufficiently high,

all offspring of high-fecundity rank-1 mothers are

forced to disperse, whereas all offspring of low-fecund-

ity rank-2 mothers remain in the local patch. When the

low-fecundity mother has no control over the high-

fecundity mother’s offspring (i.e. when b = 0), the CPH

holds, but not otherwise (i.e. when b > 0; Fig. 4).

The CPH underpins a family of invariance results

To the extent that any trait may be coincident with

an individual’s dispersal status, the CPH underpins a

whole family of invariance results. For example, if dis-

persing individuals engage in aggressive behaviour

whilst nondispersing individuals are more docile (e.g.

El Mouden & Gardner, 2008), then the present CPH

result could be reframed as a ‘constant nonaggressor

hypothesis’. The important caveat here is that such

derivative invariants are only expected to hold insofar

as the focal trait is tightly coupled to dispersal status,

and the fact that incomplete coupling leads to a failure

of these invariants whereas the CPH continues to hold

confirms that the CPH is the more fundamental

invariant.

One such derivative invariant that has been previ-

ously described is the ‘constant female hypothesis’

(CFH; Frank, 1987c, 1998). This is concerned with

‘local resource competition’ (Clark, 1978) scenarios in

which females (denoted by f ) are philopatric and males

(denoted by m) are the dispersing sex, and the CFH

predicts that more fecund mothers will invest relatively

less into daughters than will less fecund mothers, such

that all mothers will produce the same number of

daughters, irrespective of their fecundity. This is

because the selection gradient acting on the sex alloca-

tion strategy shows properties that are identical to those

of the selection gradient acting on dispersal; namely, if

we assume that the sex ratio of a mother (i.e. rit) is

now an evolving trait, rather than a parameter, the

condition for natural selection to favour an increase in

the sex allocation (i.e. investment into sons) is

�xf rif þ xmrim þ xf

X
j2IðUjqijÞ[0: (4)

As in the CPH, the relatedness coefficients are inde-

pendent of the mother’s rank. Thus, ri = r and qii = q
for all i 2 I; qij = P for all i 2 I, and all j 2 I, j 6¼ i.

Thus, mothers adjust their sex ratio such that each and

every mother converges upon the same number of

daughters (i.e. Ni = N* and Ui = U*).

However, this invariant result only holds when all

daughters are philopatric. If females exhibit at least

(a) (b)

(c) (d)

Fig. 4 Allomaternal control of dispersal.

The CS dispersal strategies of offspring

and the number of philopatric offspring

as a function of rank-1 high-fecundity

and rank-2 low-fecundity mothers

degree of control. When mothers

control the dispersal of their own

offspring (i.e. a = 0 and b = 0), the CPH

holds. (a,c) When high-fecundity

mothers increase their control over the

dispersal of low-fecundity mothers’

offspring, the dispersal of low-fecundity

mothers’ offspring rises whereas the

dispersal of their own offspring falls. (b,

d) When low-fecundity mothers

increase their control over the dispersal

of high-fecundity mothers’ offspring,

the dispersal of high-fecundity mothers’

offspring rises whereas the dispersal of

their own offspring falls. (c,d) The CPH

breaks down when mothers do not

control the dispersal of their own

offspring or when offspring do not

control their own dispersal. The

number of philopatric offspring is in

arbitrary units. Parameter values:

c = 0.25, s = 0.5.
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some propensity to disperse, the condition for natural

selection to favour an increase in the sex allocation (i.e.

investment into sons) is

�ðxf ð1� ziÞ þ xf zið1� cÞÞrf þ xmrm

þ xf ð1� ziÞh
X

j2IðUjqijÞ[ 0
(5)

This means that the first term of the selection gradi-

ent now depends on the fecundity of the focal mother,

and therefore, the CFH no longer holds. The CPH, by

contrast, does hold, irrespective of the sex ratio pro-

duced by each mother. Of course, certain changes to

model assumptions may cause the CPH result to break

down (see Discussion), but our expectation is that the

CFH result will also tend to break down in such scenar-

ios as well. In summary, it is the CPH that underpins

the CFH, and not the reverse, meaning that the CPH is

the more fundamental of the two results.

Relation to previous work

Here we put the CPH in the context of past literature

on the evolution of dispersal, and in particular, we con-

trast the CPH with Crespi & Taylor’s (1990) ‘constant

non-disperser’ (CND) principle. The CND principle con-

cerns the evolution of dispersal conditional on patch

density, in which patch density is understood as the

number of juveniles per unit resource in each patch.

This principle states that all patches should produce

exactly the same number of nondispersers irrespective

of their initial density of juveniles. How can the CND

principle be understood in the context of our model?

As the dispersal rates are conditional only upon patch

density, all offspring within each patch exhibit exactly

the same probability of dispersal. Thus, zit = zt, with

i 2 I = {1, 2, . . ., n}. Recalling Crespi & Taylor’s (1990)

notation, we define average relatedness within each

patch as Rt = Êið
P

j2IðUjtqijtÞÞ=ÊiðritÞ. As in Crespi & Tay-

lor (1990), we next write the expected reproductive

value of a disperser as ÊtðVtÞ ¼ ð1� cÞPq2T pqxqtq,
which, as noted by Crespi & Taylor, is independent of

the type of patch where a disperser is born. Thus,

ÊtðVtÞ ¼ ÊðV Þ, with t 2 T = {1, 2, . . ., np}. We can now

rewrite inequality (1) as

ÊðVÞ[xtttð1� htRtÞ: (6)

If the CND principle is to hold true, relatedness

within each patch (Rt) has to be identical across patches

as well as the expected reproductive of a focal juvenile

(υt). In the context of our model, average relatedness

within patches (Rt) and the expected reproductive value

of a juvenile (υt) are independent of patch type when

the environment is temporally uncorrelated (i.e. when

s = 0). In other words, when the environment is tem-

porally uncorrelated, Rt = R and υt = υ for all t 2 T = {1,
2, . . ., np}. We can then rewrite inequality (6) as

ÊðV Þ[xttð1� htRÞ, for all t 2 T = {1, 2, . . ., np}. At

evolutionary equilibrium, the left-hand side of this

inequality must be identical to the right-hand side

across all patch types (i.e. ÊðVÞ ¼ xttð1� htRÞ, and

therefore, all patches should leave exactly the same

number of offspring (i.e. ht = h, for all t 2 T = {1, 2, . . .,
np}). This is CND principle as stated by Crespi & Taylor

(1990; see also Poethke & Hovestadt, 2002 and Kisdi,

2004).

Although the CND principle and CPH results both

concern a constancy in the number of offspring that do

not disperse, they differ with respect to the dimension

across which the invariant obtains: the CND principle

concerns variation in density between patches, and the

CPH concerns reproductive skew within patches. More-

over, whereas the CND principle concerns the produc-

tion of nondispersers at the level of the whole patch,

the CPH concerns the production of nondispersers at

the individual level (the exception being for n = 1, in

which there is no distinction between the number of

nondispersers produced by a patch versus the sole bree-

der in that patch; Kisdi, 2004). This gives the two

results rather different mathematical flavours. The CND

principle concerns the equalization of the density of

philopatric offspring across different patches in the pop-

ulation and, in our model, this is described by the vari-

able ht, the probability of philopatry, which is expected

to be independent of the patch type t when the CND

principle applies (i.e. ht = h). By contrast, the CPH con-

cerns the equalization of a mother’s philopatric off-

spring within each patch, and this is described by the

variable Ujt, the probability that as philopatric individ-

ual was produced by the rank-j mother in a type-t

patch, which is expected to be independent of a

mother’s rank-j when the CPH applies (i.e. Ujt = Ut).

Consequently, whereas both positively and negatively

temporally correlated environments violate the assump-

tions of Crespi & Taylor’s (1990) CND principle, such

that it fails to hold except for in temporally uncorre-

lated environments, the CPH applies across all range of

temporally correlated environments, and therefore, we

expect an equalization of the number of a mother’s

philopatric offspring within each patch irrespective of a

mother’s rank irrespective of the temporal correlation

in habitat quality.

An idea arising from the CND principle is that

patches should retain a fixed number of juveniles (or a

fixed number per unit of reproductive resource avail-

able within the patch) and that all juveniles beyond

this quota are to be dispersed. Specifically, as the direct

fitness of dispersers is independent of their native

patch, the number of nondispersers in each patch is

expected to correspond to the point at which the fitness

of nondispersers is equal to that of dispersers (Kisdi,

2004; see also Crespi & Taylor, 1990). This has been

observed in several other models of patch-dependent

dispersal evolution (e.g. Ozaki 1995; Ezoe & Iwasa,
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1997; Gyllenberg & Metz, 2001; Metz & Gyllenberg,

2001; Poethke & Hovestadt, 2002; Kisdi, 2004). How-

ever, this logic makes no mention of the possibility that

the indirect fitness (i.e. kin selection) consequences of

not dispersing may vary across different individuals

within the same patch, according to the extent to

which they are related to their patch mates; the CND

principle yields no prediction as to how the threshold

number of nondispersers is to be constituted, in terms

of how many of the patch’s nondispersers are to be

contributed by each mother. Accordingly, the logic of

the CPH, which is driven by the fact that nondispersers

from larger broods experience stronger kin competition

(all else being equal) than do nondispersers from smal-

ler broods within the same patch, and which results in

offspring from larger broods having a proportionally

greater probability of dispersing at evolutionary equilib-

rium, is distinct from that of the previously described

CND principle.

Discussion

We have described a new life history invariant result

for dispersal evolution. Specifically, we have found that

natural selection favours all mothers to produce the

same number of philopatric offspring, irrespective of

variation between mothers in the total number of off-

spring that they produce. This is because kin competi-

tion, arising from a failure to disperse, is related to the

number, rather than the proportion, of a mother’s phi-

lopatric offspring. In analogy with the similar ‘constant

male hypothesis’ (CMH) of the sex allocation literature

(Frank, 1987c, 1998), we term this result the ‘constant

philopater hypothesis’ (CPH).

Such invariance results provide testable predictions

in their own right and also promote the interplay of

theory and empirical testing by reducing the extent to

which extraneous genetic, ecological and demographic

parameters are confounding in comparative analyses

(e.g. West et al., 2001; Rodrigues & Gardner, 2015).

Moreover, they also facilitate the development and

conceptualization of theory. For example, the invariant

relationship between helping and harming, on the one

hand, and degree of population viscosity, on the other

hand (Taylor, 1992; El Mouden & Gardner, 2008), has

been used to demonstrate that heterogeneity in

resource availability per se – and not any conflating

effect of viscosity itself – modulates the evolution of

helping and harming in viscous populations (Rodrigues

& Gardner, 2012, 2013a). The CPH invariance predic-

tion is readily amenable to empirical testing, as it is

robust to variation in difficult-to-measure quantities

such as the mortality risk associated with dispersal.

Social groups in different species often comprise multi-

ple breeders that vary in their fecundity (reproductive

skew), and in some cases, there is variation in the pro-

portion/number of dispersers produced by each breeder

(e.g. Crespi & Taylor, 1990; Innocent et al., 2010). Our

theory predicts that dispersal rates (or the fraction of

dispersal morphs) should be higher for more productive

breeders and that at the same time, the number of phi-

lopatric offspring should be equal for each breeder.

In terms of reaction norms, the CPH means that

mothers with fecundity below a certain threshold

should produce no dispersing offspring, whereas moth-

ers with fecundity above that threshold should exhibit

a positive correlation between their fecundity and the

dispersal rate of their offspring. Similar reaction norms

with a critical threshold have also been observed in the

context of the evolution of dispersal conditional on the

overall number of individuals in a patch (Crespi & Tay-

lor, 1990; Ezoe & Iwasa, 1997; Kisdi, 2004; Rodrigues &

Johnstone, 2014; see the previous section for details).

Under certain conditions, this means that differences in

density between patches before dispersal are eroded

after dispersal (Crespi & Taylor’s (1990) CND principle).

Specifically, we have shown that the CPH holds both

irrespective of the temporal variation, whereas the CND

principle, in the context of our model, requires tempo-

rally unpredictable environments. This implies that

there are two forces mediating the evolution of disper-

sal: one acting between patches that tends to equalize

or enhance differences in density between them and

one acting within patches that tends to equalize differ-

ences in number of philopatric offspring among group

members. These two forces may be operating simulta-

neously in natural population, and future empirical

studies should take both into consideration.

We have shown that the adaptive adjustment of off-

spring dispersal conditional on maternal fecundity may

have a dramatic impact on the amount of kin competi-

tion that each offspring experiences. More specifically,

this means that variation in fecundity among breeders is

not translated into an equivalent variation in kin compe-

tition among offspring. Indeed, owing to the CPH, the

amount of kin competition may be precisely the same,

irrespective of a mother’s fecundity. This has wide-reach-

ing implications for the evolution of social behaviour

within groups. We have shown how the CPH underlies

the ‘constant female hypothesis’, an invariant result that

has been previously described in the sex allocation litera-

ture (Frank, 1987c, 1998). Another topic for which the

CPH may have important implications is reproductive

skew, which has been shown to promote the evolution

of harming by high-fecundity mothers and helping by

low-fecundity mothers (Johnstone, 2008). Crucially,

that result has been derived under the assumption that

whereas helping and harming are conditional on a

mother’s fecundity, dispersal of offspring is not. An

immediate consequence of the CPH is that, if offspring

disperse conditionally, according to maternal fecundity,

the asymmetry in the level of kin competition between

high- and low-fecundity mothers vanishes, such that

helping and harming are no longer favoured. This
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suggests a promising avenue for future theoretical and

empirical study.

We have also shown that there will typically be a

conflict of interest between parent and offspring with

respect to the latter’s probability of dispersing and that

the intensity of such conflict is modulated by hetero-

geneity in parental condition and hence is liable to vary

between families. We find that if inequality in fecun-

dity is sufficiently low, the intensity of parent–offspring
conflict is greater in resource-poor families but, by con-

trast, if the inequality is sufficiently high, the conflict

within resource-poor families may vanish, with parents

and offspring agreeing that there should be no disper-

sal. To the extent that within-family conflict has a neg-

ative impact on a mother’s fecundity, this result

suggests that parent–offspring conflict may either rein-

force inequality between families (when inequality is

relatively low) or attenuate inequality between families

(when inequality is relatively high).

On account of our finding that parent and offspring

dispersal optima depend upon the degree of hetero-

geneity in fecundity across families, we have uncovered

a new informational battleground over dispersal, with

high-fecundity mothers being favoured to disclose full

information about their status to all the offspring in the

group, and low-fecundity mothers being favoured to

withhold this information. The resolution of this infor-

mational conflict will depend upon the specific biology

of particular species (e.g. Godfray, 1995; Kilner &

Hinde, 2008; Uller & Pen, 2011). There are many

examples of mothers disclosing contextual information

to their offspring: in daphnia, for instance, mothers pro-

vide accurate information about the presence of preda-

tors in the local environment, and offspring respond to

this information by developing a protective helmet

(Tollrian & Dodson, 1999). Conversely, there are exam-

ples of mothers withholding information or actively

deceiving their offspring with regard to the circum-

stances in which they find themselves: in black-headed

gulls, Larus ridibundus, for instance, mothers appear to

adjust yolk androgen concentration in eggs in order to

manipulate the offspring’s perception of their birth

order in the brood (Eising et al., 2001).

More generally, we suggest that the resolution of this

informational conflict will depend on whether mothers

are (i) constrained to either honestly communicate

their rank to their offspring or else withhold this infor-

mation or (ii) able to honestly communicate, withhold

the information or deceive their offspring with regard

to their rank. If deception is not an option, then in this

simple binary scenario an offspring will always be able

to correctly determine her mother’s rank, either

because her mother honestly communicates the fact

that she is of rank-1 or else because her mother com-

municates no information, which enables the offspring

to infer that she is of rank-2, and this system of sig-

nalling will be stably maintained by the coincidence of

interests of the rank-1 mother and her offspring. How-

ever, if unconstrained deception is an option, then all

mothers are expected to communicate that they are of

rank-1, which provides no useful information to their

offspring, and hence, this system of communication is

expected to collapse. The resolution of this conflict rep-

resents a further avenue for future research.

Our model provides an explanation for different pat-

terns of dispersal within social groups depending on the

degree of control by each group member, which can

change the sign of rank-dependent dispersal. If each

mother controls the dispersal of its own offspring or if

offspring control their own dispersal, then we should

expect a positive correlation between mother’s fecun-

dity and offspring propensity to disperse – that is posi-

tive rank-dependent dispersal. Under allomaternal

control of offspring dispersal, the mother with a higher

degree of control is expected to force offspring of other

mothers to disperse, and therefore, their own offspring

are less likely to disperse. If, for instance, the dominant

mother controls the dispersal of offspring in the social

group, then we should expect negative rank-dependent

dispersal. For example, in meerkats the dominant is

more likely to force distantly related offspring to dis-

perse than their close relatives, and therefore, offspring

of lower-rank mothers are more likely to disperse than

offspring of higher-rank mothers (i.e. negative rank-

dependent dispersal rates; Clutton-Brock et al., 2010).

By contrast, in the red-fronted lemurs, there is no cor-

relation between dispersal and kinship, and therefore,

we should not expect negative rank-dependent disper-

sal rates (Kappeler & Fichtel, 2012; reviewed in Clut-

ton-Brock & Huchard, 2013). More generally, whilst in

our model we have considered a simple control param-

eter, more species-specific resolution models can be

adopted (e.g. Godfray, 1995; Kilner & Hinde, 2008).

These possibilities also represent avenues for future the-

oretical and empirical exploration.

The CPH result emerges from key symmetries in

relatedness, for instance the independence of the relat-

edness between two mothers breeding in the same

patch with respect to their rank and hence their share

of the group’s total fecundity. This situation obtains in

the present model owing to our assumption that rank is

not inherited. However, more generally, rank may be

heritable, to some extent, such that high-ranking

females tend to be the daughters of highly fecund

mothers (e.g. Holekamp & Smale, 1991), in which case

they may be more likely to breed alongside sisters than

are females of lower rank, which could lead to a posi-

tive correlation between rank/fecundity and relatedness

to group mates. Alternatively, whilst we have consid-

ered the cost of dispersal to be paid in terms of mortal-

ity, dispersal may also incur fecundity costs (e.g.

Weigang & Kisdi, 2015), which again could lead to a

positive correlation between fecundity and relatedness,

owing to low-fecundity dispersers being unrelated to
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their group mates. In both cases, the associated increase

in kin competition for high-ranking mothers means

that we would expect an increase in the dispersal

propensity of their offspring. This is analogous to the

breakdown of Crespi & Taylor’s (1990) CND principle

in the context of a positive correlation between patch

productivity and within-patch relatedness.

In addition to symmetries in relatedness, the CPH

also requires the direct fitness of dispersers be indepen-

dent of their mother’s rank. However, we can imagine

cases in which this condition would not hold. For

example, offspring of high-fecundity mothers might

have additional resources that they could use to reduce

the mortality cost of dispersal, which would tend to

increase the dispersal propensity of their offspring. A

further requirement of the CPH result is that mating

occurs after dispersal and that competition for breeding

opportunities occurs only among mated females: this

means that the reproductive success of females does

not depend on the reproductive success of males, or

vice versa. More generally, females and males might

compete with each other for breeding sites prior to

mating (e.g. Leturque & Rousset, 2004), and the com-

plexities introduced by such intersexual competition

are difficult to anticipate. This therefore represents an

interesting avenue for future research.

Finally, although our results hold under a wide range

of model assumptions, we have not studied the effects

of many other potentially relevant factors. It is likely

that, in several of these cases – some of which we have

highlighted above – our model predictions will fail to

conform to empirical data. However, by highlighting

those scenarios in which our model’s key assumptions

are not met, such a mismatch between theoretical pre-

diction and empirical observation may be used to illu-

minate otherwise obscured biological details,

concerning a species’ ecology, demography, phenotypic

plasticity or cognition. In this respect, the model also

establishes a baseline scenario, which may help to

understand and interpret new empirical data and future

mathematical results.

Acknowledgments

We thank Rebecca Kilner for encouragement and sup-

port, and the Behavioural Ecology Group, Cambridge,

for helpful discussion. We thank two anonymous

reviewers for helpful comments. This research was sup-

ported by Wolfson College Cambridge (A.M.M.R.) and

the Natural Environment Research Council (grant no.

NE/K009524/1) (A.G.).

References

Akimoto, S.-I. & Murakami, T. 2012. Condition-dependent sex

allocation by clones of a galling aphid. Behav. Ecol. Sociobiol.

66: 1475–1484.

Akimoto, S.-I., Mitsuhashi, R. & Yoshino, T. 2012. Female-

biased sex allocation in wild populations of the eriosomatine

aphid Prociphilus oriens: local mate competition or transgen-

erational effects of maternal investment? Popul. Ecol. 54:

411–419.
Alizon, S. & Taylor, P.D. 2008. Empty sites can promote altru-

istic behavior. Evolution 62: 1335–1344.
Baguette, M., Clobert, J. & Schtickzelle, N. 2011. Metapopula-

tion dynamics of the bog fritillary butterfly: experimental

changes in habitat quality induced negative density-depen-

dent dispersal. Ecography 34: 170–176.
Bao, M. & Wild, G. 2012. Reproductive skew can provide a

net advantage in both conditional and unconditional social

interactions. Theor. Popul. Biol. 82: 200–208.
Bulmer, M.G. 1986. Sex ratio theory in geographically struc-

tured populations. Heredity 56: 69–73.
Clark, A.B. 1978. Sex ratio and local resource competition in a

prosimian primate. Science 201: 163–165.
Clutton-Brock, T. & Huchard, E. 2013. Social competition and

its consequences in female mammals. J. Zool. 289: 151–171.
Clutton-Brock, T.H., Hodge, S.J., Flower, T.P., Spong, G.F. &

Young, A.J. 2010. Adaptive suppression of subordinate repro-

duction in cooperative mammals. Am. Nat. 176: 664–673.
Cohen, D. & Levin, S.A. 1991. Dispersal in patchy environ-

ments: the effects of temporal and spatial structure. Theor.

Popul. Biol. 39: 63–99.
Comins, H.N., Hamilton, W.D. & May, R.M. 1980. Evolution-

arily stable dispersal strategies. J. Theor. Biol. 82: 205–230.
Crespi, B.J. & Taylor, P.D. 1990. Dispersal rates under variable

patch density. Am. Nat. 135: 48–62.
Dagg, J.L. & Vidal, S. 2004. Sex ratio adjustment and maternal con-

dition in two aphid species. Behav. Ecol. Sociobiol. 55: 231–235.
De Meester, N. & Bonte, D. 2010. Information use and den-

sity-dependent emigration in an agrobiont spider. Behav.

Ecol. 21: 992–998.
Eising, C.M., Eikenaar, C., Schwabl, H. & Groothuis, T.G.

2001. Maternal androgens in black-headed gull (Larus ridi-

bundus) eggs: consequences for chick development. Proc. Biol.

Sci. 268: 839–846.
El Mouden, C. & Gardner, A. 2008. Nice natives and mean

migrants: the evolution of dispersal-dependent social beha-

viour in viscous populations. J. Evol. Biol. 21: 1480–1491.
Ezoe, H. & Iwasa, Y. 1997. Evolution of condition-dependent

dispersal: a genetic-algorithm search for the ESS reaction

norm. Res. Popul. Ecol. 39: 127–137.
Farrell, E.J., �Ubeda, F. & Gardner, A. 2015. Intragenomic con-

flict over dispersal. Am. Nat. 186: E61–E71.
Flanagan, K.E., West, S.A. & Godfray, H.C.J. 1998. Local mate

competition, variable fecundity and information use in a

parasitoid. Anim. Behav. 56: 191–198.
Foster, W.A. & Benton, T.G. 1992. Sex ratio, local mate com-

petition and mating behaviour in the aphid Pemphigus spy-

rothecae. Behav. Ecol. Sociobiol. 30: 297–307.
Frank, S.A. 1985. Hierarchical selection theory and sex ratios.

II. On applying the theory, and a test with fig wasps. Evolu-

tion 39: 949–964.
Frank, S.A. 1986a. Dispersal polymorphisms in subdivided

populations. J. Theor. Biol. 122: 303–309.
Frank, S.A. 1986b. The genetic value of sons and daughters.

Heredity 56: 351–354.
Frank, S.A. 1987a. Demography and sex ratio in social spiders.

Evolution 41: 1267–1281.

ª 2 0 1 5 T H E A U T HO R S . J . E V O L . B I O L . 2 9 ( 2 0 1 6 ) 1 5 3 – 1 6 6

J O U RN A L O F E V O L U T I O N A R Y B I O L OG Y P U B L I S H E D B Y JO HN W I L E Y & SON S L T D ON B E H A L F O F E U RO P E A N SOC I E T Y F OR E V O L U T I O N A R Y B I O L OG Y .

164 A. M. M. RODRIGUES AND A. GARDNER



Frank, S.A. 1987b. Individual and population sex allocation

patterns. Theor. Popul. Biol. 31: 47–74.
Frank, S.A. 1987c. Variable sex ratio among colonies of ants.

Behav. Ecol. Sociobiol. 20: 195–201.
Frank, S.A. 1996. Policing and group cohesion when resources

vary. Anim. Behav. 52: 1163–1169.
Frank, S.A. 1997. Multivariate analysis of correlated selection

and kin selection, with an ESS maximization method. J. The-

or. Biol. 189: 307–316.
Frank, S.A. 1998. Foundations of Social Evolution. Princeton

University Press, Princeton, NJ, USA.

Gandon, S. 1999. Kin competition, the cost of inbreeding and

the evolution of dispersal. J. Theor. Biol. 200: 345–364.
Gandon, S. & Michalakis, Y. 1999. Evolutionary stable disper-

sal rate in a metapopulation with extinctions and kin com-

petition. J. Theor. Biol. 199: 275–290.
Gardner, A. 2010. Sex-biased dispersal of adults mediates the

evolution of altruism among juveniles. J. Theor. Biol. 262:

339–345.
Gardner, A. & West, S.A. 2006. Demography, altruism, and

the benefits of budding. J. Evol. Biol. 19: 1707–1716.
Godfray, H.C.J. 1995. Evolutionary theory of parent-offspring

conflict. Nature 376: 133–138.
Grafen, A. & Archetti, M. 2008. Natural selection of altruism

in inelastic viscous homogeneous populations. J. Theor. Biol.

252: 694–710.
Gyllenberg, M. & Metz, J.A.J. 2001. On fitness in structured

metapopulations. J. Math. Biol. 43: 545–560.
Gyllenberg, M., Kisdi, �E. & Utz, M. 2011a. Variability within

families and the evolution of body-condition-dependent dis-

persal. J. Biol. Dyn. 5: 191–211.
Gyllenberg, M., Kisdi, �E. & Utz, M. 2011b. Body condition

dependent dispersal in a heterogeneous environment. Theor.

Popul. Biol. 79: 139–154.
Hager, R. & Jones, C.B. 2009. Reproductive Skew in Vertebrates:

Proximate and Ultimate Causes. Cambridge University Press,

Cambridge, UK.

Hamilton, W.D. 1964. The genetical evolution of social beha-

viour. I & II. J. Theor. Biol. 7: 1–52.
Hamilton, W.D. 1967. Extraordinary sex ratios. A sex-ratio

theory for sex linkage and inbreeding has new implications

in cytogenetics and entomology. Science 156: 477–488.
Hamilton, W.D. & May, R.M. 1977. Dispersal in stable habitats.

Nature 269: 578–581.
Hasegawa, E. & Yamaguchi, T. 1995. Population structure,

local mate competition, and sex-allocation pattern in the ant

Messor aciculatus. Evolution 49: 260–265.
Hastings, A. 1983. Can spatial variation alone lead to selection

for dispersal? Theor. Popul. Biol. 24: 244–251.
Holekamp, K.E. & Smale, L. 1991. Dominance acquisition dur-

ing mammalian social development: the “inheritance” of

maternal rank. Am. Zool. 31: 306–317.
Holt, R.D. 1985. Population dynamics in two-patch environ-

ments: some anomalous consequences of an optimal habitat

distribution. Theor. Popul. Biol. 28: 181–208.
Innocent, T.M., Abe, J., West, S.A. & Reece, S.E. 2010. Com-

petition between relatives and the evolution of dispersal in a

parasitoid wasp. J. Evol. Biol. 23: 1374–1385.
Irwin, A.J. & Taylor, P.D. 2001. Evolution of altruism in step-

ping-stone populations with overlapping generations. Theor.

Popul. Biol. 60: 315–325.

Johnstone, R.A. 2008. Kin selection, local competition, and

reproductive skew. Evolution 62: 2592–2599.
Johnstone, R.A. & Cant, M.A. 2008. Sex differences in disper-

sal and the evolution of helping and harming. Am. Nat. 172:

318–330.
Kappeler, P.M. & Fichtel, C. 2012. Female reproductive com-

petition in Eulemur rufifrons: eviction and reproductive

restraint in a plurally breeding Malagasy primate. Mol. Ecol.

21: 685–698.
Kilner, R.M. & Hinde, C.A. 2008. Information warfare and par-

ent-offspring conflict. Avd. Stud. Behav. 28: 283–336.
Kisdi, �E. 2004. Conditional dispersal under kin competition:

extension of the Hamilton–May model to brood size-depen-

dent dispersal. Theor. Popul. Biol. 66: 369–380.
K€ummerli, R., Gardner, A., West, S.A. & Griffin, A.S. 2009.

Limited dispersal, budding dispersal, and cooperation: an

experimental study. Evolution 63: 939–949.
Lehmann, L., Perrin, N. & Rousset, F. 2006. Population

demography and the evolution of helping behaviors. Evolu-

tion 60: 1137–1151.
L�ena, J.-P., Clobert, J., de Fraipont, M., Lecomte, J. &

Guyot, G. 1998. The relative influence of density and kin-

ship on dispersal in the common lizard. Behav. Ecol. 9:

500–507.
Leturque, H. & Rousset, F. 2002. Dispersal, kin competition,

and the ideal free distribution in a spatially heterogeneous

population. Theor. Popul. Biol. 62: 169–180.
Leturque, H. & Rousset, F. 2003. Joint evolution of sex ratio

and dispersal: conditions for higher dispersal rates from good

habitats. Evol. Ecol. 17: 67–84.
Leturque, H. & Rousset, F. 2004. Intersexual competition as an

explanation for sex-ratio and dispersal biases in polygynous

species. Evolution 58: 2398–2408.
Massol, F., Duputie, A., David, P. & Jarne, P. 2010. Asymmet-

ric patch size distribution leads to disruptive selection on dis-

persal. Evolution 65: 490–500.
May, R.M. & Seger, J. 1985. Sex ratios in wasps and aphids.

Nature 318: 408–409.
McPeek, M.A. & Holt, R.D. 1992. The evolution of dispersal in

spatially and temporally varying environments. Am. Nat.

140: 1010–1027.
Metz, J.A.J. & Gyllenberg, M. 2001. How should we define

fitness in structured metapopulation models? Including an

application to the calculation of evolutionarily stable dis-

persal strategies. Proc. Biol. Sci. 268: 499–508.
Motro, U. 1983. Optimal rates of dispersal. III. Parent-offspring

conflict. Theor. Popul. Biol. 23: 159–168.
Ode, P.J. & Rissing, S.W. 2002. Resource abundance and sex

allocation by queen and workers in the harvester ant, Messor

pergandei. Behav. Ecol. Sociobiol. 51: 548–556.
Ozaki, K. 1995. Intergall migration in aphids; a model and a

test of ESS dispersal rate. Evol. Ecol. 9: 542–549.

Perrin, N. & Lehmann, L. 2001. Is sociality driven by the costs

of dispersal or the benefits of philopatry? A role for kin-dis-

crimination mechanisms. Am. Nat. 158: 471–483.
Petersen, C.W. & Fischer, E.A. 1996. Intraspecific variation in

sex allocation in a simultaneous hermaphrodite: the effect of

individual size. Evolution 50: 636–645.
Poethke, H.J. & Hovestadt, T. 2002. Evolution of density- and

patch-size-dependent dispersal rates. Proc. Biol. Sci. 269: 637–
645.

ª 2 0 1 5 T H E A U T HO R S . J . E V O L . B I O L . 2 9 ( 2 0 1 6 ) 1 5 3 – 1 6 6

J O U RN A L O F E V O L U T I O N A R Y B I O L OG Y PU B L I S H E D B Y J O HN W I L E Y & S ON S L T D ON B E H A L F O F E U RO P E A N SOC I E T Y F O R E V O L U T I O N AR Y B I O L OG Y .

Dispersal and fecundity 165



Rodrigues, A.M.M. & Gardner, A. 2012. Evolution of helping

and harming in heterogeneous populations. Evolution 66:

2065–2079.
Rodrigues, A.M.M. & Gardner, A. 2013a. Evolution of helping

and harming in heterogeneous groups. Evolution 67: 2284–
2298.

Rodrigues, A.M.M. & Gardner, A. 2013b. Evolution of helping

and harming in viscous populations when group size varies.

Am. Nat. 181: 609–622.
Rodrigues, A.M.M. & Gardner, A. 2015. Simultaneous failure

of two sex-allocation invariants: implications for sex-ratio

variation within and between populations. Proc. Biol. Sci.

282: 20150570.

Rodrigues, A.M.M. & Johnstone, R.A. 2014. Evolution of posi-

tive and negative density-dependent dispersal. Proc. Biol. Sci.

281: 20141226.

Ronce, O., Clobert, J. & Massot, M. 1998. Natal dispersal and

senescence. Proc. Natl. Acad. Sci. USA 95: 600–605.
Ronce, O., Gandon, S. & Rousset, F. 2000. Kin selection and

natal dispersal in an age-structured population. Theor. Popul.

Biol. 58: 143–159.
Rousset, F. 2004. Genetic Structure and Selection in Subdivided

Populations. Princeton University Press, Princeton, NJ.

Starrfelt, J. & Kokko, H. 2010. Parent-offspring conflict and

the evolution of dispersal distance. Am. Nat. 175: 38–49.
Stubblefield, J.W. & Seger, J. 1990. Local mate competition

with variable fecundity: dependence of offspring sex ratios

on information utilization and mode of male production.

Behav. Ecol. 1: 68–80.
Taylor, P.D. 1988a. Inclusive fitness models with two sexes.

Theor. Popul. Biol. 34: 145–168.
Taylor, P.D. 1988b. An inclusive fitness model for dispersal of

offspring. J. Theor. Biol. 130: 363–378.
Taylor, P.D. 1992. Altruism in viscous populations - an inclu-

sive fitness model. Evol. Ecol. 6: 352–356.
Taylor, P.D. & Irwin, A. 2000. Overlapping generations can

promote altruistic behavior. Evolution 54: 1135–1141.
Taylor, P.D., Wild, G. & Gardner, A. 2007. Direct fitness or

inclusive fitness: how shall we model kin selection? J. Evol.

Biol. 20: 301–309.
Taylor, T.B., Rodrigues, A.M.M., Gardner, A. & Buckling, A.

2013. The social evolution of dispersal with public goods

cooperation. J. Evol. Biol. 26: 2644–2653.
Tollrian, R. & Dodson, S.I. 1999. Inducible defenses in cladocera:

constraints, costs, and multipredator environments. In: The Ecol-

ogy and Evolution of Inducible Defenses (R. Tollrian & C.D. Harvell,

eds), pp. 177–202. Princeton University Press, Princeton, NJ.

Travis, J.M., Murrell, D.J. & Dytham, C. 1999. The evolution of

density-dependent dispersal. Proc. Biol. Sci. 266: 1837–1842.

Uller, T. & Pen, I. 2011. A theoretical model of the evolution

of maternal effects under parent–offspring conflict. Evolution

65: 2075–2084.
Vehrencamp, S.L. 1983. A model for the evolution of despotic

versus egalitarian societies. Anim. Behav. 31: 667–682.
Weigang, H.C. & Kisdi, �E. 2015. Evolution of dispersal under a

fecundity-dispersal trade-off. J. Theor. Biol. 371: 145–153.
West, S.A., Murray, M.G., Machado, C.A., Griffin, A.S. &

Herre, E.A. 2001. Testing Hamilton’s rule with competition

between relatives. Nature 409: 510–513.
Wilson, D.S., Pollock, G.B. & Dugatkin, L.A. 1992. Can altru-

ism evolve in purely viscous populations. Evol. Ecol. 6: 331–
341.

Wool, D. & Sulami, Z. 2001. Induction of alate sexuparae in

root-cage colonies, and female-biased sex ratios in the gal-

ling aphid, Aploneura lentisci. Entomol. Exp. Appl. 101: 299–
303.

Wright, S. 1931. Evolution in Mendelian populations. Genetics

16: 97–159.
Yamaguchi, Y. 1985. Sex ratios of an aphid subject to local

mate competition with variable maternal condition. Nature

385: 460–462.
Yeh, A.Y.-C. & Gardner, A. 2012. A general ploidy model for

the evolution of helping in viscous populations. J. Theor.

Biol. 304: 297–303.

Supporting information

Additional Supporting Information may be found in the

online version of this article:

Appendix S1 Ecological dynamics.

Appendix S2 Reproductive success.

Appendix S3 Stable class frequencies and reproductive

values.

Appendix S4 Fitness.

Appendix S5 Selection gradient.

Appendix S6 Relatedness.

Appendix S7 Convergence stability.

Appendix S8 Tables S1 & S2.

Table S1 Recursion equations and coefficients of con-

sanguinity under maternal control.

Table S2 Coefficient of consanguinity under offspring

control.

Received 31 July 2015; revised 25 September 2015; accepted 28

September 2015

ª 2 0 1 5 T H E A U T HO R S . J . E V O L . B I O L . 2 9 ( 2 0 1 6 ) 1 5 3 – 1 6 6

J O U RN A L O F E V O L U T I O N A R Y B I O L OG Y P U B L I S H E D B Y JO HN W I L E Y & SON S L T D ON B E H A L F O F E U RO P E A N SOC I E T Y F OR E V O L U T I O N A R Y B I O L OG Y .

166 A. M. M. RODRIGUES AND A. GARDNER


