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Abstract. Limited dispersal can promote the evolution of cooperation by increasing relatedness be-

tween social partners. However it also intensifies kin competition, potentially cancelling the benefits

of helping. Here, we analyse a model in which individuals evolve both (i) the probability of cooper-

ating within social groups as adults, and (ii) the dispersal probability of juveniles conditional on the

number of adults that have cooperated in the group, leading to a reaction norm for dispersal. We

show that cooperation and socially-mediated dispersal coevolve such that individuals disperse more

from cooperative groups, reducing kin competition and thereby favouring further cooperation. This

evolutionary feedback allows cooperation to evolve even when it would be entirely disfavoured under

unconditional dispersal. In some cases, selection leads to the long-term coexistence of full coopera-

tors and full defectors, each expressing a distinct dispersal reaction norm: cooperators disperse less

on average but are more responsive to the social environment. These outcomes are driven by se-

lection on indirect fitness effects and do not require kin recognition or spatial memory. Our results

show how social behaviour and dispersal plasticity can coevolve through a feedback that enhances

cooperation among relatives and mitigates kin competition.

1 Introduction

From microbes that secrete beneficial compounds (West et al., 2006) to alloparental care in arthro-

pods (Yip and Rayor, 2014; Viera and Agnarsson, 2017), fish (Wisenden, 1999), birds (Skutch, 1961; Ek-
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man, 2006), and mammals (Riedman, 1982; Clutton-Brock, 2002, 2021), cooperative behaviours are

found across the tree of life. One of the key mechanisms that explain how such helping traits evolve

is kin selection, which occurs when individuals are more likely to interact with others that are ge-

netically related to them at the loci underlying the behaviour (Hamilton, 1963, 1964; Maynard Smith,

1964; Lehmann and Keller, 2006; West et al., 2007). This is the case under limited dispersal, which

generates population structure and ensures that the recipients of help are more likely to be relatives

(Hamilton, 1964). But limited dispersal also increases local competition between relatives, which

can reduce or even cancel out the benefits of helping (Queller, 1992; West et al., 2002; Taylor, 1992;

Lehmann and Rousset, 2010).

Because dispersal alleviates local competition, it can itself be favoured by kin selection. When dis-

persing reduces competition among relatives, selection may favour greater dispersal even when it is

individually costly (Hamilton and May, 1977; Comins et al., 1980; Frank, 1986; Taylor, 1988; Gandon

and Rousset, 1999; Gandon and Michalakis, 1999). But dispersal also reduces relatedness, weakening

the kin-selected benefits of cooperation (Lehmann and Rousset, 2010). This trade-off between kin

competition and relatedness can be mitigated when individuals express social behaviour condition-

ally on dispersal status. In such cases, selection tends to favour helping in philopatric individuals

and defection in dispersers (El Mouden and Gardner, 2008). Several models have shown that associ-

ations between social behaviour and dispersal can support the stable coexistence of sessile coopera-

tors and dispersive defectors (Hochberg et al., 2008; Wakano et al., 2009), and that such associations

can emerge through gradual evolution (Purcell et al., 2012; Parvinen, 2013; Mullon et al., 2016, 2018;

Prigent and Mullon, 2023). However, these models typically assume that dispersal does not depend

on an individual’s social environment.

In nature, dispersal is often conditionally expressed. Individuals adjust their dispersal behaviour in

response to a range of internal or external cues, including body condition (Dufty and Belthoff, 2001;

Clobert et al., 2009), local density (Lambin et al., 2001; Matthysen, 2005), and social context such

as aggression from dominant individuals (Lawson Handley and Perrin, 2007; for reviews: Clobert

et al., 2004; Matthysen, 2012). Theoretical models have investigated how such dispersal plasticity can

evolve in response to patch quality (Crespi and Taylor, 1990), parental age (Ronce et al., 1998, 2000), or

local crowding (Poethke and Hovestadt, 2002; Kisdi, 2004). In particular, Kanwal and Gardner (2022)

showed that when individuals have evolved adaptive density-dependent dispersal, kin competition

effects are abolished, which in turn facilitates the evolution of helping. Yet dispersal may depend on

environmental cues other than density (Clobert et al., 2012), and the consequences of such plasticity
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for the evolution of cooperation remain understudied.

Here, we investigate the joint evolution of cooperation, defined as a contribution to a local common

good, and socially-mediated dispersal, whereby individuals adjust dispersal based on the social com-

position of their group (i.e. the number of groupmates who have cooperated versus defected). The

interaction between these traits introduces feedbacks that make the direction of selection difficult to

anticipate. On the one hand, dispersing more in cooperative groups can help export the additional

offspring produced by cooperation, thereby reducing kin competition among relatives (Kanwal and

Gardner, 2022). On the other hand, dispersing away from defectors may protect cooperators from ex-

ploitation and increase assortment between like types (Aktipis, 2004). Additionally, conditional dis-

persal may also benefit defectors, for instance by allowing them to avoid other defectors and disperse

into groups richer in cooperators. Whether such dynamics ultimately favour cooperation, defection,

or their coexistence is the question we address here.

2 Model

We consider a population subdivided into a large number of groups, each of size N , and with the fol-

lowing life-cycle (Fig. 1). First, individuals interact socially within their group. Each individual inde-

pendently contributes to a local common good with probability z at a personal cost C . The resulting

common good is shared equally among all group members, each receiving a benefit Bk /N , where k

denotes the number of cooperators in the group. Individuals then reproduce according to their fe-

cundity: 1+δ(Bk /N −C ) for cooperators, and 1+δ(Bk /N ) for defectors, where δ scales the effect of

cooperation on fecundity. Offspring disperse with probability dk , which depends on the number k of

cooperators in their parental group (i.e. among the adults). Dispersal follows the island model: when

an offspring disperses, it survives with probability 1− cd and settles uniformly at random into one of

the other groups. Finally, offspring compete locally to replace the adults (Wright-Fisher process).

To investigate the joint evolution of cooperation and conditional dispersal, we use an approach in-

spired by quantitative genetics for group-structured populations (Mullon and Lehmann, 2019; see

Appendix A for details). Individuals are characterised by N + 2 evolving traits: the probability z

of cooperating, and N + 1 probabilities dk of dispersal conditional on the number of cooperators

in the group. Assuming that each trait evolves through small-effect mutations at a pleiotropic lo-

cus (continuum-of-alleles model), the change in the vector of population mean trait values, x =
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Figure 1: A model for the co-evolution of common good contribution and socially-mediated dis-
persal. Each adult either contributes to the common good, i.e. cooperates (with probability z, at cost
C ) or defects (with probability 1− z). The group-level benefit Bk is shared equally among N group
members, where k is the number of cooperators. Individuals reproduce based on their fecundity,
and each offspring either stays or disperses with probability dk , depending on k. Dispersal is costly
and surviving migrants settle uniformly at random into other groups (island model). Adults die, and
offspring compete locally for the N breeding spots in each group. See main text for details.

(z,d 0, . . . ,d N ), over one generation is given by

∆x = G s(x), (1)

where G is the additive genetic variance-covariance matrix, and s(x) is the vector of selection gra-

dients. The gradient s(x) points in the direction favoured by selection in multitrait space, while G

determines how this selection translates into evolutionary change (Lande, 1979).

The matrix G itself evolves, but this can be neglected as long as x is still under directional selection

owing to a separation of timescales between changes in G, which are slow, and in x , which are fast,

when mutations are rare with weak effects (Iwasa et al., 1991; Leimar, 2009; Débarre et al., 2014; Mul-

lon and Lehmann, 2019). That is, if one is interested in long-term evolution, the change in G can be

neglected unless the mean in the population is such that directional selection has vanished, i.e. when

x = x∗ such that s(x∗) = 0. We refer to such a trait vector x∗ as a singular strategy.

If additionally, the population converges according to eq. (1) toward x∗ for any G-matrix, x∗ is said

to be “strongly convergence stable” (Leimar, 2009). Here, we will assume that mutations affect each

trait independently of one another such that G can be considered as a diagonal matrix during this

convergence. If the population evolves to a singular strategy x = x∗ in this case, then we will refer to x∗

simply as “convergence stable”. If such convergence occurs, subsequent selection on G when x = x∗

determines whether the trait distribution in the population remains unimodally distributed around
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x (selection is stabilising) or becomes multi-modal such that the population becomes polymorphic

(selection is disruptive; Débarre et al., 2014; Mullon and Lehmann, 2019).

We derive the relevant expressions for the selection gradients s(x) and for changes in G in Appendix C,

based on individual fitness and relatedness coefficients defined in Appendix B. A summary of the

main results is given below.

3 Results

3.1 Socially-mediated dispersal is conducive to the emergence of cooperation

We begin by analysing the emergence of cooperation in a population where dispersal is socially-

mediated but does not evolve. That is, we assume the dispersal probabilities d 0, . . . ,d N are fixed,

although they may differ from one another. We ask when selection favours an increase in the proba-

bility of cooperation, starting from a resident population of pure defectors. This corresponds to a pos-

itive selection gradient on z when the population expresses x (0) = (0,d 0, . . . ,d N ), i.e. when s1(x (0)) > 0.

Assuming weak effects on fecundity (i.e. small δ), this condition becomes:

[
B1

N
−C

]
+κ (N −1)

B1

N
+ A > 0, (2)

where κ and A depend on group size N , dispersal cost cd, and the dispersal strategies in groups with

zero or one cooperator (i.e. d 0 and d 1). Full derivations are given in Appendix C.1 (see in particular

eqs. C-16 and C-18–C-20).

Condition (2) decomposes selection on cooperation into three components: (i) B1/N −C is the direct

effect on the actor’s own fecundity, which increases by B1/N from the common good and decreases

by C from individual cost. (ii) κ(N − 1)B1/N is the effect on the fecundity of neighbours, weighted

by a scaled relatedness coefficient κ. This term reflects the indirect effect of cooperation, accounting

for the fact that local competition reduces the evolutionary benefit of helping kin. κ summarises how

relatedness, which favours the evolution of cooperation, balances against kin competition, which

hinders it (e.g. Lehmann and Rousset, 2010; Van Cleve, 2015). When κ > 0, the benefits of helping

outweigh the costs of competing with kin; when κ < 0, the reverse holds; and when κ = 0, benefits

and costs cancel each other (as in Taylor, 1992). (iii) A captures selection on cooperation via its effect

on dispersal. When d 0 6= d 1, switching from defection to cooperation affects the dispersal behaviour
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of both the actor’s and its neighbours’ offspring. This alters the intensity of kin competition and may

therefore be favoured or disfavoured by selection even when C = 0 and Bk = 0. A positive value of A

means that cooperation reduces local competition through its effect on dispersal and thus tends to

be favoured; a negative value indicates the opposite.

dd d

Figure 2: Socially-mediated dispersal strategies that favour the emergence of cooperation. Param-
eter regions of d 1 and dispersal cost cd for which A > 0 (yellow-striped) and κ > 0 (grey region) in
eq. (2) (drawn from eqs. C-18–C-20). Dispersal in the absence of cooperators is assumed to be at its
evolutionarily stable value, d 0 = d∗ (eq. 3). The red curve indicates d 1 = d 0 = d∗. Panels show dif-
ferent group sizes (N = 2, 4, and 20). Cooperation is favoured when A > 0 or κ > 0, which requires
d 1 > d 0; that is, individuals must disperse more readily in the presence of one cooperator than in its
absence.

In the absence of socially-mediated dispersal (d 0 = d 1), the effect of cooperation on dispersal van-

ishes entirely: A = κ = 0 (eq. C-21, Appendix C.1). In this case, condition (2) reduces to the classical

requirement B1/N −C > 0, meaning that cooperation evolves only if the direct fecundity benefit out-

weighs the cost (for homogeneous groups and non-overlapping generations, e.g. Taylor, 1992).

By contrast, when dispersal is socially-mediated (d 0 6= d 1), cooperation can be favoured even when

this condition fails (i.e. when B1/N −C < 0), provided that κ > 0 and/or A > 0. To explore when

this occurs, let us assume that in a population of pure defectors (z = 0), dispersal in the absence of

cooperation (d 0) is at the evolutionarily stable value,

d∗ = 2

1+2cdN +√
1+4cdN (N −1)

, (3)

which corresponds to the stable strategy for unconditional dispersal in a homogeneous population

(Ajar, 2003). We then find that both A and κ are positive only if d 1 > d 0 (Fig. 2, yellow-striped and grey

regions above the red curve). In other words, cooperation is favoured when individuals disperse more

readily in the presence of a cooperator. This is because such a reaction norm for dispersal reduces kin
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competition. When a focal individual cooperates, it increases the number of offspring produced by

relatives. If these offspring, and the cooperator’s own, disperse more than average, they compete less

with one another, and the benefits of helping are less eroded by local competition. This alleviation of

kin competition promotes the evolution of cooperation. Socially-mediated dispersal can also reduce

kin competition among defectors and therefore favour the invasion of defectors in a population of full

cooperators, although the conditions for this are more restrictive (requiring d N−1 > d N , Appendix C.2

for details).

The above suggests that depending on its nature, socially-mediated dispersal can favour or hinder

cooperation evolution. This raises the question of which dispersal strategy is actually favoured by

selection. To address this, we investigate next the joint evolution of all traits, x = (z,d 0, . . . ,d N ), under

three typical common goods games (i.e. different payoff functions Bk ).

3.2 Linear returns: transitions between no and full cooperation

When the benefits of the common good increase linearly with the number of cooperators, the payoff

function is Bk = b × k for some fixed parameter b > 0 (Fig. 3a). When dispersal among groups is

unconditional, z evolves to one only if b/N −C > 0, and to zero otherwise (Fig. 3b; e.g. Peña et al.,

2015). Meanwhile, unconditional dispersal evolves toward the evolutionarily stable equilibrium d∗

(eq. 3).

To gain insights into the evolution of socially-mediated dispersal and its effect on cooperation, we first

perform a numerical stability analysis (using Mathematica function FindRoot[]) to look for singular

strategies x∗ = (z∗,d∗
0 , . . . ,d∗

N ) with all values between zero and one, such that directional selection

vanishes on all traits (i.e., such that s(x∗) = 0). For all model parameters tested, we could not find

such a strategy (Appendix D.1.1 for details). The absence of singular strategies suggests that evolu-

tionary dynamics also lead to either full or no cooperation when conditional dispersal coevolves with

cooperation.

To determine whether socially-mediated dispersal allows cooperation to fix when initially absent (i.e.

z going from 0 to 1) or to be lost when initially fixed (z going from 1 to 0), we tracked the joint evo-

lutionary dynamics of all traits using eq. (1) (Appendix D.2.1 for procedure). Fig. 3c shows one such

trajectory, in which cooperation evolves to fixation even though direct fecundity effects favour defec-

tion (b/N −C < 0). We repeated this analysis across a wide range of initial dispersal strategies and
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Figure 3: Evolutionary dynamics of cooperation and socially-mediated dispersal under linear ben-
efits. a. Individual payoff function Bk /N increasing linearly with the number of cooperators k
(Bk = b × k). b. Top: evolution of cooperation when dispersal is fixed and unconditional (with
C > b/N , leading to full defection). Bottom: evolutionarily stable unconditional dispersal strategy,
d∗ (from eq. 3). c. Joint evolutionary dynamics of all traits according to eq. (1) with G proportional
to the identity matrix. Initial dispersal strategy: x = (0,d∗,0.5,0.6,0.7,0.9). Other parameters: N = 4,
δ = 1, b = 1, C = 0.3 such that b/N −C = −0.05 < 0. This shows that cooperation can emerge and
fix even if b/N −C < 0 when socially-mediated dispersal coevolves. d. Proportion of initial dispersal
strategies that lead to invasion and fixation of cooperation (colour scale), for each combination of
dispersal cost cd and dispersal probability d 1. Each value is computed from 100 deterministic evolu-
tionary trajectories (as in panel c) starting from z̄ = 0 with d 0 = d∗ and the indicated value of d 1; the
remaining dispersal traits are drawn randomly between 0 and 1 (Appendix D.2.2). Cooperation often
fixes when d1 > d∗, except when cd is small. Other parameters as in panel c. e. Proportion of initial
dispersal strategies that lead to invasion and fixation of defection (grey scale), for each combination
of dispersal cost cd and dispersal probability d N−1 = d 3. Each value is computed from 100 determin-
istic evolutionary trajectories (as in panel c) starting from z̄ = 1 with d 4 = d∗ and the indicated value
of d 3, while the remaining dispersal traits are drawn randomly between 0 and 1 (Appendix D.2.2).
Despite direct fecundity effects favouring defection (b/N −C < 0), the evolution of socially mediated
dispersal often maintains cooperation. Other parameters as in panel c.

dispersal costs. Starting from a population of defectors (z = 0), we fixed dispersal in the absence of

cooperators at its evolutionarily stable value (d 0 = d∗) and varied dispersal in groups with one coop-

erator (d 1), while drawing the remaining dispersal traits randomly between 0 and 1. Fig. 3d shows, for

each combination of cd and d 1, the proportion of initial dispersal strategies that lead to invasion and

fixation of cooperation. This reveals that cooperation often invades and fixes even when b/N −C < 0,
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provided dispersal cost cd is not too small and initial dispersal is such that d 1 > d 0. By contrast, the

other initial dispersal probabilities (d 2 and so on) have little effect.

We then repeated the same analysis starting from a population of full cooperators (z = 1), fixing dis-

persal in the absence of defectors at its evolutionarily stable value d N = d∗ and varying dispersal

in groups with one defector d N−1, while drawing the remaining initial values for the dispersal traits

randomly between 0 and 1. This allowed us to ask whether socially mediated dispersal maintains co-

operation once it has fixed, or instead allows it to be lost. Fig. 3e shows that cooperation is maintained

across most of the parameter space (white space). However, when dispersal costs cd are either very

low or very high and d N−1 > d N , defection can invade and lead to the collapse of cooperation.

0 20 40 60 80

0

0.5

1

4generation (x10

x

0 20 40 60 80

0

0.5

1

x

100100
4generation (x10

Figure 4: Stochastic transitions between cooperation and defection. Individual-based simulations
showing transitions between full defection and full cooperation driven by genetic drift in socially-
mediated dispersal (Appendix E.1 for procedure). Orange: average probability of cooperation z; blue:
average dispersal probabilities d k . a. Low dispersal cost (cd = 0.05): the population remains trapped
in defection. b. High dispersal cost (cd = 0.85): the population switches between defection and co-
operation, but spends longer periods in the cooperative state. Other parameters: N = 4, δ= 1, b = 1,
C = 0.3.

The existence of initial dispersal strategies that lead to the fixation of cooperation when absent

(Fig. 3d) and others that lead to its loss when present (Fig. 3e) suggests that the population may tran-

sition between full cooperation and full defection. This is especially likely when dispersal cost is high,

because both outcomes are then accessible under different initial dispersal strategies (Fig. 3de). Such

switches require conditional dispersal to keep evolving even when cooperation is either absent or

fixed. In these states, all dispersal traits except d 0 (when z = 0) or d N (when z = 1) are selectively neu-

tral. They can therefore change via genetic drift. To test whether such drift in socially-mediated dis-

persal can drive switches between the two social states, we performed individual-based simulations

in a population with few groups (125 groups; Appendix E.1 for procedure). As expected, full cooper-

ation does not evolve when cd is low (Fig. 4a). By contrast, when cd is high, the population switches

between cooperation and defection, while spending longer in the cooperative state (Fig. 4b).
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3.3 Accelerating returns: facilitating the transition to full cooperation
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Figure 5: Evolutionary dynamics under accelerating benefits. a. Individual payoff function Bk /N =
b× (k/N )u , which accelerates with the number of cooperators when u > 1 (here, u = 2). b. Evolution-
ary dynamics of cooperation when dispersal is fixed and unconditional. Cooperation either evolves
to fixation or is lost, depending on whether the initial condition is above or below a critical threshold
z∗. c. Singular values of z∗ as a function of cd. In grey: z∗ under unconditional dispersal. In orange:
z∗ when socially mediated dispersal jointly evolves with cooperation. The evolution of socially me-
diated dispersal lowers the threshold for cooperation, particularly when the cost of dispersal is high
(see Appendix D.1.1 for details). Other parameters: N = 4, b = 1, C = 0.3, u = 2.

We now consider cases in which cooperation yields accelerating benefits for fecundity (Fig. 5a). When

dispersal is fixed and unconditional, such returns generate evolutionary bistability: there exists a

singular strategy z∗ that is not convergence stable, such that the evolutionary outcome depends on

the initial level of cooperation. If the population starts with z < z∗, z evolves to zero; if z > z∗, z

evolves to one (Peña et al., 2015) (Fig. 5b).

To examine whether evolutionary dynamics are similar when socially mediated dispersal also evolves,

we first performed a stability analysis to identify singular strategies x∗ = (z∗,d∗
0 , . . . ,d∗

N ) and to assess

their convergence stability across parameter values (see Appendix D.1.1 for details). We find that sin-

gular strategies x∗ exist but none are convergence stable. For all parameter sets tested, the singular

value of cooperation, z∗, is lower when socially mediated dispersal can evolve than when dispersal

is unconditional, particularly when the cost of dispersal is high (Fig. 5c; Supp. Fig. S3a-c). This sug-

gests that under socially mediated dispersal, cooperation can evolve from a lower threshold, thereby

increasing the basin of attraction of the cooperative outcome.

In addition to lowering this threshold, we next tested whether cooperation could also evolve from

z = 0 when it jointly evolves with socially mediated dispersal as observed under linear payoffs (Sec-

tion 3.2). To do so, we tracked the joint evolutionary dynamics of all traits using eq. (1) (Appendix D.2.2
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for details). We started from a range of randomly chosen initial dispersal strategies and considered

two initial conditions: z = 0, to test whether cooperation can invade, and z = 1, to test whether coop-

eration can be lost. For each initial dispersal strategy, we recorded whether the population evolved

toward fixation of cooperation or defection.

When the cost of dispersal cd is high, the evolutionary outcome depends on the initial dispersal strat-

egy: some strategies allow cooperation to invade and reach fixation when initially absent, whereas

others allow defection to invade and drive cooperation to collapse when it is initially fixed (Fig. 6a).

Strategies in which individuals initially disperse more in the presence of cooperators promote the

evolution of cooperation (Fig. 6b), whereas strategies in which individuals initially disperse more in

the presence of defectors promote defection (Fig. 6c). Moreover, a larger fraction of initial dispersal

strategies leads to the fixation of cooperation than to its loss (Fig. 6a).

These results are consistent with our analyses in Sections 3.1-3.2. They confirm that selection favours

social behaviours that modulate dispersal in response to cooperation – particularly when the cost of

dispersal is high – because such behaviours reduce kin competition and thereby increase the likeli-

hood of evolutionary transitions toward the cooperative state.

3.4 Diminishing returns: dispersal reaction norms and their variation

Finally, we investigate the case in which the benefits of cooperation saturate with the number of co-

operators (Fig. 7a). When dispersal is unconditional, the population gradually evolves towards an in-

termediate probability of cooperation, 0 < z∗ < 1, which is maintained by stabilising selection (Peña

et al., 2015) (Fig. 7b).

We performed numerical analyses to identify singular strategies x∗ = (z∗,d∗
0 , . . . ,d∗

N ) and assess their

convergence stability across parameter values. We find that such strategies can exist and, when they

do, they are convergence stable. In these cases, the population therefore converges to an interme-

diate probability of cooperation z∗, as under unconditional dispersal. However, this value is always

higher than under unconditional dispersal, especially when the cost of dispersal is high and the pay-

off saturates slowly (Fig. 7c; Supp. Fig. S3).

We also tracked the evolutionary dynamics of all traits using eq. (1) to determine the evolutionary out-

come across parameter values, including cases in which no interior singular strategy exists. Fig. 7c-d

shows that the population can converge towards three types of equilibrium. First, when the cost of
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Figure 6: Socially mediated dispersal allows evolution to bypass the cooperation threshold un-
der accelerating benefits. a. Proportion of the space of initial dispersal strategies leading to the
invasion and fixation of cooperation (right-hand side; see example in panel b) and defection (left-
hand side; see example in panel c; Appendix D.2.2 for details). b. Example of evolutionary dy-
namics leading to invasion and fixation of cooperation. Under unconditional dispersal, coopera-
tion cannot invade because the population remains below the cooperation threshold. When disper-
sal is socially mediated, however, cooperation can invade and evolve to fixation (here starting from
x = (0,d∗,0.4,0.6,0.7,0.9), with cd = 0.75 and d∗ given by eq. 3). c. Example of evolutionary dynamics
leading to invasion and fixation of defection. Under unconditional dispersal, defection cannot invade
but when dispersal is socially mediated defection can invade and evolve to fixation (here starting from
x = (1,0.9,0.7,0.55,0.4,d∗), with cd = 0.75). Other parameters: N = 4, δ= 1, b = 1, C = 0.3, u = 2.

dispersal cd is small, the equilibrium corresponds to the interior singular strategy identified above, in

which all traits take intermediate values between 0 and 1 and directional selection has subsided on

all traits (s(x∗) = 0). Second, when the cost of dispersal is intermediate, the equilibrium probability of

cooperation remains intermediate, but some dispersal traits are being continuously pushed against

the boundary of trait space by directional selection (shown here at cd = 0.35, where d 0 and d 1 are

pushed to 0 while 0 < z∗ < 1). Finally, when cd is large, directional selection drives the population to

full cooperation, such that z is pushed to 1.

When selection favours an intermediate probability of cooperation 0 < z∗ < 1, the number of coop-

erators in a group fluctuates owing to sampling effects. Selection can then shape a dispersal reaction

norm with respect to the number of cooperators by modifying the dispersal probabilities d k . We

find that, under this reaction norm, individuals express higher dispersal probabilities in groups with

more cooperators (Fig. 7d; Supp. Fig. S4). As expected, a higher cost of dispersal leads to lower over-

all dispersal, whereas intermediate costs produce steeper reaction norms (Fig. 7d). Further analyses

of the dispersal strategy favoured by directional selection across parameter values (Appendix D.3.2;
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Figure 7: Evolutionary dynamics under saturating benefits. a. Individual payoff function Bk /N =
b × (k/N )u , which saturates with the number of cooperators when u < 1 (here u = 0.75). b. Evolu-
tionary dynamics of cooperation when dispersal is fixed and unconditional. Cooperation converges
to an intermediate singular trait value z∗. c. Equilibrium probability of cooperation z toward which
the population converges under directional selection. In orange: with socially mediated dispersal.
In grey: with unconditional dispersal. Black stars denote singular strategies at which selection is
disruptive (see Appendix D.1.1 for details). d. Equilibrium dispersal probabilities toward which the
population converges under directional selection. Socially mediated dispersal evolves such that dis-
persal increases with the number k of cooperators in the group. Parameters used: N = 4, δ= 3, b = 1,
C = 0.3, u = 0.75.

Supp. Fig. S4) show that the dispersal response to the number of cooperators scales with the effect of

cooperation on fecundity, such that d k −d k−1 scales with Bk −Bk−1. In fact, the number of offspring

that do not disperse remains constant across groups with different numbers of cooperators (Fig. S5).

This pattern is consistent with the “constant non-disperser principle” (Crespi and Taylor, 1990) (or

the “constant philopater hypothesis”, Rodrigues and Gardner, 2016), which states that the evolution

of conditional dispersal leads parents to produce the same number of non-dispersing offspring across

conditions.

Up to this point, we have focused on directional selection, which acts on trait means x . If these means

converge to singular values, genetic (co)variances captured by G then start changing (Débarre et al.,

2014; Mullon and Lehmann, 2019). In particular, analysing the change in G allows us to determine

whether the population will either remain unimodally distributed around the singular strategy owing

to stabilising selection, or instead become polymorphic owing to disruptive selection (Débarre et al.,

2014; Mullon and Lehmann, 2019; Appendix D.1.1 here for method). We find that when the benefits

of the common good saturate rapidly, selection is stabilising (Supp. Fig. S3d). However, when the

benefits of cooperation saturate slowly (denoted by stars in Fig. 7d and Supp. Fig. S3d), selection is

disruptive. Selection may also be disruptive when dispersal is unconditional, but the range of param-

eter values for which selection is disruptive is larger under socially mediated dispersal (compare grey

and orange starred values in Fig. 7c and Fig. S3d).

13



To determine the evolutionary outcome under disruptive selection, we performed individual-based

simulations (Appendix E.1 for the procedure). These simulations show the emergence of two morphs:

full cooperators (expressing z = 1) and full defectors (expressing z = 0), each with distinct dispersal

strategies (Fig. 8). Cooperators are overall less dispersive than defectors, such that they preferen-

tially cooperate with relatives, whereas defectors preferentially defect against non-relatives, consis-

tent with previous studies under unconditional dispersal (Mullon et al., 2018). However, we find here

that the dispersal reaction norms of the two morphs also differ: the response to the number of coop-

erators is steeper for cooperators than for defectors (Fig. 8b). When cooperators are rare in a group,

they produce few related competitors locally, so their offspring benefit from remaining in their natal

group. As the number of cooperators increases, both relatedness and local offspring production in-

crease, intensifying kin competition and favouring greater dispersal. Defectors respond less strongly

because their relatedness to other group members decreases as the number of cooperators increases.

Although higher cooperation increases local productivity, which favours exporting more offspring,

this effect quickly saturates, resulting in a weaker dispersal response (see Fig. S7 for further compar-

isons).

Figure 8: Emergence and coexistence of pure cooperators and pure defectors in individual-based
simulations (Appendix E.1 for the procedure). a. Evolutionary dynamics of the probability of cooper-
ating z. Each dot represents the trait value of a randomly sampled individual every 1,000 generations.
The trait distribution splits into two branches, corresponding to near full cooperators (z ≈ 1) and near
full defectors (z ≈ 0). b. Conditional dispersal strategies dk expressed by full cooperators (filled boxes)
and full defectors (empty boxes). Each boxplot shows the distribution of trait values in the population
at 50 time points separated by 1,000 generations after the emergence of the two types. Cooperators
disperse less than defectors and respond more strongly to their social environment. Note that co-
operators are rarely found in groups with no cooperators (because their parent is very likely to have
cooperated), so selection on trait d0 is very weak in cooperators, which results in large variance in
this trait (the boxplot is therefore greyed out). Conversely, defectors are rarely found in groups com-
posed only of cooperators, so selection on their trait dN is very weak (the boxplot is also greyed out).
Parameters used: N = 4, δ= 3, b = 1, C = 0.3, u = 0.75, cd = 0.15.
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4 Discussion

It may seem intuitive that individuals should leave groups with few cooperators, since social be-

haviour is heritable and poor social environments are likely to persist (Aktipis, 2004). However, this

intuition neglects the effect of kin competition. When cooperation increases local offspring produc-

tion, remaining in a cooperative group intensifies competition among relatives (Taylor, 1992; Frank,

1998; Rousset, 2004). In this case, dispersing more in the presence of cooperators reduces kin com-

petition and increases inclusive fitness (Kanwal and Gardner, 2022). In our analysis, this effect selects

for a counterintuitive reaction norm: individuals evolve to leave when others are cooperative. This

socially-mediated dispersal reduces the inclusive fitness cost of helping by limiting local competi-

tion among kin, thereby allowing cooperation to spread even when its direct benefits are insufficient

to favour it on their own. As cooperation increases, it further strengthens selection for conditional

dispersal, establishing a positive feedback between social behaviour and dispersal strategy.

The evolution of socially-mediated dispersal favours cooperation across a range of social scenarios.

When the benefits of cooperation increase linearly, cooperation can invade and fix even when it is

entirely disfavoured under fixed dispersal (Fig. 3c). When benefits accelerate, as when individuals co-

ordinate or complement each other (Sumpter, 2010), cooperation is typically disfavoured when rare

(Peña et al., 2015). In this case, the evolution of dispersal plasticity lowers the threshold level of co-

operation above which invasion is likely (Fig. 5c) and can even reduce this threshold to zero (Fig. 6b).

When benefits saturate, so that additional cooperators yield diminishing returns (Foster, 2004; Doe-

beli and Hauert, 2005; Sumpter, 2010), socially-mediated dispersal leads to higher equilibrium levels

of cooperation, and in some cases favours full cooperation (Fig. 7c).

The boost for cooperation provided by the evolution of socially-mediated dispersal depends on the

cost of dispersal, with stronger effects on cooperation when the cost is high. This is because high

dispersal cost increases kin competition, so that dispersing more in cooperative groups becomes es-

pecially effective at alleviating competition among kin and increasing the inclusive fitness benefits of

helping. When dispersal is inexpensive, by contrast, kin competition is weaker, and socially-mediated

dispersal may even facilitate the spread of defection. These results are consistent with the idea that

cooperation is more likely to evolve in harsh or unpredictable environments, where successful dis-

persal is rare (Emlen, 1982). However, the mechanism here is different from commonly invoked ex-

planations: cooperation is favoured not because dispersal is blocked and helping is the best avail-
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able option, but because cooperation increases kin competition, which can then be relieved through

socially-mediated dispersal.

The joint evolution of cooperation and socially-mediated dispersal can lead to a stable polymor-

phism, where individuals that always cooperate coexist with individuals that always defect (Fig. 8a).

Full cooperators and full defectors evolve distinct dispersal strategies: cooperators increase disper-

sal sharply in cooperative groups, whereas defectors disperse more on average and respond more

weakly to the social environment (Fig. 8b). Previous models have shown that social polymorphisms

can be stabilised by differences in unconditional dispersal such that cooperators interact more of-

ten with relatives and defectors with non-relatives (Wakano et al., 2009; Purcell et al., 2012; Parvinen,

2013; Mullon et al., 2018). Our results show that conditional dispersal can play the same role, but

here the resulting variation in dispersal arises not solely due to genetic differences but from gene-by-

environment interactions. Such interactions have been documented in several systems, including the

lizard Uta stansburiana (Sinervo et al., 2006), the plant Arabidopsis thaliana (Donohue et al., 2005),

and the ciliate Tetrahymena thermophila (Pennekamp et al., 2014; Matthysen, 2012), though none

involve helping by others as an environmental factor.

Our result that socially mediated dispersal can allow cooperation to evolve under conditions where it

would otherwise be absent raises the question of how such dispersal strategies arise in the first place.

In our model, we showed that this could occur through genetic drift. However, it seems unlikely that

the sensory or regulatory machinery underlying such conditional behaviours would evolve entirely

through neutral processes. A more plausible scenario is that initial plasticity in dispersal evolved in

response to other environmental or ecological cues, such as local density, and was subsequently co-

opted for other cues. Previous models have shown that density-dependent dispersal can evolve to

reduce kin competition under demographic stochasticity (Crespi and Taylor, 1990; Kisdi, 2004), and

such plasticity has been documented in many systems (Matthysen, 2005). If cooperation increases

local density–as it does in our model by increasing offspring production–then dispersal cues based

on density may indirectly correlate with the number of cooperators.

Various other factors may also correlate with the number of cooperators or the level of cooperation

in a group. Examples include the body mass of individuals in the group (because helping increases

the mass of recipients, Hatchwell et al., 2004; Russell et al., 2007; Lloyd et al., 2009; or because larger

individuals help more, Rotics et al., 2025; Siegmann et al., 2021), the amount of public good available

in the group (West and Buckling, 2003; Grinsted and Field, 2018), or the state of shared resources.
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Such external cues can be detected by organisms ranging from bacteria to large vertebrates and can

influence their movement decisions (Daniels et al., 2004; Debeffe et al., 2012; Clobert et al., 2012). In

these cases, conditional dispersal may promote or hinder the evolution of cooperation, depending

on whether dispersal increases or decreases with cues correlated with cooperative behaviour.

More generally, our model assumes that individuals can adjust their dispersal behaviour in response

to social traits expressed by others, in particular to the level of helping in the group. To our knowledge,

direct evidence that the amount of helping in a group affects dispersal decisions remains limited.

However, helping can influence dispersal indirectly, through correlated cues such as group size or

body condition. In meerkats, for example, helping increases group size by boosting reproductive suc-

cess and survival, and subordinates are more likely to disperse from larger groups (Ozgul et al., 2014;

Maag et al., 2018). Helpers also increase pup mass at independence, and heavier pups disperse ear-

lier (Russell et al., 2007). Similar patterns are found in banded mongooses, where helping behaviour

increases group size and is associated with higher rates of eviction and dispersal, especially under

resource limitation (Cant et al., 2001; Nichols et al., 2012; Cant, 2003; Cant et al., 2013). Although it

remains unclear whether dispersal is an adaptive response to the number of helpers per se, these ex-

amples suggest that helping behaviours can influence dispersal indirectly, which could facilitate their

coevolution.

5 Conclusion

In conclusion, kin selection provides a general explanation for the evolution of helping within so-

cial groups across the tree of life, and limited dispersal is often invoked as the ecological condition

that generates the necessary kin structure. But limited dispersal is a double-edged sword: while it

increases relatedness, it can also intensify kin competition. Here, we have shown that when disper-

sal evolves as a socially-mediated trait, this trade-off can be offset–and even reversed–via a feedback

between social and dispersal behaviours, such that more cooperative individuals increase the pro-

duction of related offspring while avoiding competition among them. Counterintuitively, the strategy

that promotes cooperation is one in which individuals disperse more when their social partners are

more cooperative.
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A Method

We are interested in the joint evolution of N +2 traits (where recall N is the number of individuals in

the group): the probability z of cooperating and contributing to the common good and N+1 dispersal

probabilities conditional on the number of cooperators, d0,d1, . . . ,dN . Since all these traits are prob-

abilities, each must be between zero and one. The phenotypic space we are considering is thus the

unit hypercube in (N +2)-dimensions, which we denote by X . We arbitrarily order traits such that z

is on the first axis of X , d0 on the second, d1 on the third and so forth. Starting with a population with

average phenotype x = (z,d 0, . . . ,d N ) ∈X and small phenotypic variance, the coevolution of multiple

traits that experience rare mutations with weak effects can be decomposed in two steps in the island

model of dispersal (Mullon and Lehmann, 2019), which we briefly describe in this section.

A.1 Directional selection

A.1.1 Dynamics of the vector of average trait values

First, the population evolves under directional selection. The change over one generation in the pop-

ulation average phenotype due to directional selection is given by

∆x = G s(x), (A-4)

where G is the variance-covariance matrix (i.e. the (a,b) entry of this matrix, Gab , is the (co)variance

between traits indexed a and b); and s(x) = (s1(x), s2(x), . . . , sN+2(x)) is a vector that collects the se-

lection gradient on each trait (i.e., the ath entry of this vector, s(x)a = sa(x) is the selection gradient

on trait indexed a). The selection gradient vector points in the direction favoured by selection in

phenotypic space when the population mean is x , and the effect of this directional selection on the

mean of each trait is constrained by the available genetic variation, which is captured by G in eq. (1)

(Lande, 1979). The variance-covariance matrix G also evolves under directional selection, but when

mutations have weak effects, this evolution is slow compared to the evolution of mean phenotype x

(Lande, 1979; Débarre et al., 2014; Mullon and Lehmann, 2019). The evolution of G can therefore be

ignored until directional selection has vanished.
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A.1.2 Convergence stability

As the population evolves under directional selection, it may eventually converge to a singular pheno-

type x∗ that sits within the interior of the phenotypic space. Such an interior singular point satisfies

s(x∗) = 0. (A-5)

For the population mean to converge to x∗ whatever the variance-covariance matrix G (under eq. A-

4), it is sufficient that the (N +2)× (N +2) Jacobian matrix J(x∗) with (a,b)-entry

Jab(x∗) = ∂sa(x)

∂xb

∣∣∣∣
x=x∗

, (A-6)

is negative-definite, i.e., such that (J(x∗) + J(x∗)T)/2 has eigenvalues that are all negative (Leimar,

2005). A singular point of this type is commonly referred to as a (strongly) convergence stable strategy

(Leimar, 2009).

A.1.3 Selection gradient under limited dispersal

In the island model of dispersal, the selection gradient on a trait ordered as a ∈ {1, . . . , N +2} (or trait a

for short) is given by

sa(x) = ∂w(xi , x−i , x)

∂xi ,a

∣∣∣∣ xi=x
x−i=x

+ (N −1)r ◦
2 (x)

∂w(xi , x−i , x)

∂x j ,a

∣∣∣∣ xi=x
x−i=x

, (A-7)

where w(xi , x−i , x) is the fitness (i.e., the expected number of successful offspring) produced by a focal

individual arbitrarily indexed as individual i ∈ {1, . . . N } with phenotype xi = (zi ,d0,i ,d1,i , . . . ,dN ,i ),

when the other individuals in the focal group have phenotypes x−i = (x1, x2, . . . , xi−1, xi+1, . . . , xN ) and

the rest of the population is considered to be monomorphic for x (Rousset, 2004). The first fitness

derivative in eq. (A-7) is the effect of an infinitesimal change in trait a in the focal individual on its

own fitness, and the second fitness derivative, the effect of a trait change in a neighbour indexed as j ∈
{1, . . . N } (with j 6= i ) on focal fitness. This latter effect is weighted by the neutral coefficient of pairwise

relatedness, r ◦
2 (x), which in the infinite island model of dispersal is equivalent to the probability that

in a population monomorphic for x and where individuals have the same fecundity, two individuals

sampled without replacement from a group are identical-by-descent (IBD). We detail how to compute

fitness and relatedness for our model in sections B.1 and B.2 below.
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A.2 Stabilising and disruptive selection

A.2.1 Dynamics of the variance-covariance matrix

Once the population average has converged to a singular strategy, x = x∗, the phenotypic distribution

may either remain unimodally distributed around this average under stabilising selection, or become

polymorphic due to disruptive selection (Leimar, 2009; Débarre et al., 2014; Mullon and Lehmann,

2019). These outcomes depend on the evolution of the variance-covariance matrix whose change

over one generation at a convergence stable strategy is

∆G = M+G H(x∗)G, (A-8)

where M is a variance-covariance matrix that captures the effects of mutation (its (a,b)-entry Mab

is the product between the probability that an offspring mutates and the (co)variance between the

effect of a mutation on traits a and b), and H(x∗) is a (N +2)× (N +2) Hessian matrix that captures

whether selection is stabilising or disruptive when the population expresses the average phenotype

x∗. Specifically, when H(x∗) is negative-definite, selection is stabilising. In this case, the dynamics

of G (eq. A-8) reach an equilibrium G∗ where the forces of mutation and stabilising selection are

balanced:

G∗ = M
[

M−1 (−H(x∗)
)−1

]−1/2
, (A-9)

with the operation X −1/2 denoting the square root of X such that all the eigenvalues of X −1/2 are posi-

tive (Bhatia, 2007). The distribution of phenotypes in the population at equilibrium then has mean x∗

and variance-covariance G∗. By contrast, when H(x∗) has at least one positive eigenvalue, selection

is disruptive: G diverges under eq. (A-8), the phenotypic variance between individuals increases and

the population becomes bimodally distributed (Leimar, 2009). In this case, we use individual-based

simulations (described in Appendix E.1) to investigate the nature of the different morphs that evolve.
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A.2.2 Hessian matrix under limited dispersal

In the infinite island model of dispersal, the Hessian matrix H(x∗) has (a,b)-entry given by

hab(x∗) = ∂2w(xi , x−i , x∗)

∂xi ,a xi ,b

∣∣∣∣ xi=x∗
x−i=x∗

+ (N −1)r ◦
2 (x∗)

∂2w(xi , x−i , x∗)

∂x j ,a x j ,b

∣∣∣∣ xi=x∗
x−i=x∗

+ (N −1)r ◦
2 (x∗)

∂2w(xi , x−i , x∗)

∂xi ,a x j ,b

∣∣∣∣ xi=x∗
x−i=x∗

+ ∂2w(xi , x−i , x∗)

∂x j ,a xi ,b

∣∣∣∣ xi=x∗
x−i=x∗


+ (N −1)(N −2)r ◦

3 (x∗)
∂2w(xi , x−i , x∗)

∂x j ,a xk,b

∣∣∣∣ xi=x∗
x−i=x∗

+ (N −1)
∂w(xi , x−i , x∗)

∂x j ,a

∣∣∣∣ xi=x∗
x−i=x∗

∂r2(y , x∗)

∂yb

∣∣∣∣
y=x∗

+ (N −1)
∂w(xi , x−i , x∗)

∂x j ,b

∣∣∣∣ xi=x∗
x−i=x∗

∂r2(y , x∗)

∂ya

∣∣∣∣
y=x∗

,

(A-10)

where r ◦
3 (x∗) is the neutral coefficient of three-way relatedness, i.e. the probability that in a popula-

tion monomorphic for x∗ and where individuals have the same fecundity, three individuals sampled

without replacement from a group have a common ancestor that resided in that same group; and

∂r2(y , x∗)/∂ya is the effect of a change in trait a on pairwise relatedness (Mullon et al., 2016; Mullon

and Lehmann, 2019). The different second-order fitness derivatives in eq. (A-10) measure the effects

on the fitness of a focal individual of joint changes in traits a and b within individuals (first line of

eq. A-10) and between individuals (second and third line of eq. A-10) that belong to the same group.

These effects are weighted by relevant coefficients of relatedness between the focal individual and the

individuals in which trait changes occur. The last line of eq. (A-10) consists of the product between

the indirect effect of one trait with the effect of the other trait on relatedness (Mullon et al., 2016;

Mullon and Lehmann, 2019; Avila and Mullon, 2023 for more details and interpretation).

B Fitness and relatedness

The approach described in Appendix A requires: (i) the individual fitness function, w(xi , x−i , x); (ii)

neutral pairwise and three-way relatedness coefficients, r ◦
2 (x) and r ◦

3 (x); and (iii) the first order effect

of traits on relatedness, ∂r2(y , x∗)/∂ya . We describe these quantities in this appendix.
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B.1 Fitness

B.1.1 Conditional fitness

Suppose that at some generation in a given group, we know how each individual has behaved towards

the common good, i.e., we know whether individual i ∈ {1, . . . , N } has cooperated and contributed to

the common good or not. To describe this outcome, we let ci = 1 if individual i has cooperated,

and 0 if it has not; and collect these indicator variables for all individuals in the focal group into the

vector c = (c1,c2, . . . ,cN ). The number of cooperators in the group is k =∑N
j=1 c j . The fecundity of an

individual in a group with k cooperators, given its own contribution ci , can be written as

f (k,ci ) = 1+δ(Bk /N −C ci ), (B-1)

where δ scales the effect of cooperation on fecundity. With this notation, the fitness of a focal indi-

vidual i conditional on c can then be expressed as the sum,

w(xi , x−i , x |c) = N
(1−dk,i ) f (k,ci )∑N

j=1(1−dk, j ) f (k,c j )+Fd(x)︸ ︷︷ ︸
wp(xi ,x−i ,x |c)

+
N∑

k ′=0
N

dk,i (1− cd) f (k,ci )

Fp(x ,k ′)+Fd(x)
Pr(k ′|N , x)︸ ︷︷ ︸

wd(xi ,x−i ,x |c)

, (B-2)

where the first term, wp(xi , x−i , x |c), is the expected number of offspring that settle locally in the

focal group (i.e., the philopatric component of fitness), and the second, wd(xi , x−i , x |c), the expected

number of offspring that settle in other groups through dispersal (i.e., the dispersal component of

fitness), both of these quantities being conditional on c . We detail both of these quantities in the next

two sections.

B.1.2 Conditional philopatric fitness

The philopatric component of fitness consists of the ratio of the number of offspring of the focal

individual that remain in the focal group, (1−dk,i ) f (k,ci ), to the total number of offspring that enter

competition in the group. This latter term is composed of two terms,
∑N

j=1(1−dk, j ) f (k,c j ), which

is the total number of offspring that are born and remain in the focal group, and Fd(x), which is the

number of offspring that immigrated into the focal group from other groups (and that are considered
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to be monomorphic for x). The number of immigrant offspring can be computed as

Fd(x) =
N∑

k ′=0
d k ′(1− cd)

{
k ′ f (k ′,1)+ (N −k ′) f (k ′,0)

}︸ ︷︷ ︸
offspring coming from

a group with k ′ cooperators

Pr(k ′|N , x), (B-3)

where

Pr(k ′|N , x) =
(

N

k ′

)
zk ′

(1− z)N−k ′
, (B-4)

is the frequency of groups with k ′ cooperators in a population monomorphic for x (or equivalently,

the probability that there are k ′ contributors in a group monomorphic for x).

B.1.3 Conditional dispersal fitness

The dispersal component of fitness, wd(xi , x−i , x |c) (eq. B-2), consists of the expected number of off-

spring of the focal individual that successfully settle in a group with k ′ cooperators:

N
dk,i (1− cd) f (k,ci )

Fp(x ,k ′)+Fd(x)
, (B-5)

averaged over the distribution Pr(k ′|N , x) of groups in a population monomorphic for x (eq. B-4). The

ratio in eq. (B-5) consists of the number of offspring produced by the focal individual that disperse

and survive dispersal, dk,i (1− cd) f (k,ci ), to the total number of offspring that enter competition in a

group with k ′ contributors, which is composed of

Fp(x ,k ′) = (1−d k ′)
{
k ′ f (k ′,1)+ (N −k ′) f (k ′,0)

}
(B-6)

offspring that have remained in their natal group (with k ′ cooperators), and Fd(x) that have emigrated

from other groups (see eq. B-3).

B.1.4 Unconditional fitness

Unconditional fitness is calculated by marginalising conditional fitness, w(xi , x−i , x |c) (eq. B-2), over

the probability mass function of contributions to the common good in the focal group,

w(xi , x−i , x) = ∑
c∈C

w(xi , x−i , x |c)Pr(c |x), (B-7)
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where C = {(c1,c2, . . . ,cN ) : ci ∈ {0,1}, i = 1, . . . , N } is the space of all possible outcomes for contribution

to the common good. Given all the traits expressed in the group, the probability that the realised

contribution to the common good is c is

Pr(c |x) =
N∏

j=1
z

c j

j (1− z j )1−c j . (B-8)

B.2 Relatedness

The analysis of selection described in Appendix A also requires the pairwise and three-way neu-

tral relatedness coefficients, r ◦
2 (x) and r ◦

3 (x), as well as the effect of traits on pairwise relatedness,

∂r2(y , x)/∂ya . We characterise these for our model using standard coalescent arguments (e.g., Karlin,

1968; Rousset, 2004).

B.2.1 Neutral relatedness coefficients

Let r ◦
2,t+1(x) be the probability that two individuals sampled from a group at generation t + 1 are

identical-by-descent (IBD) in a population monomorphic for x . This r ◦
2,t+1(x) can be conditioned on

the number k of individuals that cooperated at generation t as,

r ◦
2,t+1(x) =

N∑
k=0

r ◦
2,k,t+1(x)Pr(k|N , x), (B-9)

where r ◦
2,k,t+1(x) is the probability that two individuals sampled from the group at generation t+1 are

IBD given k. Assuming that the effect of cooperation on fecundity is weak (i.e. that Bk and C are of

the order of a small parameter δ), this r ◦
2,k,t+1(x) can be expressed as

r ◦
2,k,t+1(x) = (1−m◦

k (x))2
(

1

N
+ N −1

N
r ◦

2,t (x)

)
+O (δ) (B-10)

where

m◦
k (x) = Fd(x)

Fp(x ,k)+Fd(x)

∣∣∣∣
δ=0

(B-11)

is the probability that a randomly sampled individual from the group is an immigrant in a population

monomorphic for x and where δ= 0, given that k individuals cooperated in this group at the previous

generation, i.e., m◦
k (x) is the (conditional) backward probability of dispersal (Gandon, 1999). The

parameter δ tunes the effect of cooperation on fecundity (i.e. is of the order of Bk and C ). The right-
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hand side of eq. (B-10) can be read as follows. For two individuals to share a common ancestor, they

must both be philopatric, which occurs with probability (1−m◦
k (x))2. Then, with probability 1/N

these two individuals have the same parent, in which case they are IBD, or with probability (N −1)/N

they have different parents who themselves share a common ancestor with probability r ◦
2,t (x).

Substituting eq. (B-10) into eq. (B-9), we then solve for

r ◦
2,t+1(x) = r ◦

2,t (x) = r ◦
2 (x), (B-12)

obtaining

r ◦
2 (x) = 〈(1−m◦

k (x))2〉
N − (N −1)〈(1−m◦

k (x))2〉 +O (δ), (B-13)

where

〈(1−m◦
k (x))2〉 =

N∑
k=0

(1−m◦
k (x))2 Pr(k|N , x) = (1−m◦(x))2 +σ2

m(x) (B-14)

is the unconditional probability of sampling two philopatric individuals within the same group under

neutrality, with

m◦(x) =
N∑

k=0
m◦

k (x)Pr(k|N , x)

σ2
m(x) =

N∑
k=0

(m◦
k (x)−m◦(x))2 Pr(k|N , x)

(B-15)

as the mean and variance in the proportion of immigrants in a group. Note that when σ2
m(x) = 0,

eq. (B-13) reduces to the classical expression for pairwise relatedness under the Wright-Fisher model

of reproduction and the island model of dispersal (e.g. eq. 12a in Ohtsuki, 2010). Eq.(B-13) shows that

variance in the number of immigrants (here arising from socially-mediated dispersal and variation

in the number of cooperators) increases relatedness. This is because some groups receive (propor-

tionally) very few immigrants, and these groups contribute disproportionately to relatedness due to

terms of the form (1−m◦
k (x))2.

Following a similar argument, the probability r ◦
3,t+1(x) that three individuals sampled from a group at

generation t +1 are IBD in a population monomorphic for x can be expressed as

r ◦
3,t+1(x) =

N∑
k=0

(1−m◦
k (x))3

(
1

N 2 +3
N −1

N 2 r ◦
2,k,t (x)+ (N −1)(N −2)

N 2 r ◦
3,k,t (x)

)
Pr(k|N , x)+O (δ), (B-16)

where r ◦
3,k,t (x) is the probability that three individuals sampled from the group at generation t +1 are
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IBD given k (such that r ◦
3,t (x) =∑N

k=0 r ◦
3,k,t (x)Pr(k|N , x)). Solving the above for

r ◦
3,t+1(x) = r ◦

3,t (x) = r ◦
3 (x), (B-17)

yields

r ◦
3 (x) = 〈(1−m◦

k (x))3〉(1+ (N −1)r ◦
2 (x))

N 2 − (N −1)(N −2)〈(1−m◦
k (x))3〉 +O (δ), (B-18)

where

〈(1−m◦
k (x))3〉 =

N∑
k=0

(1−m◦
k (x))3 Pr(k|N , x) = (1−m◦(x))3 +3(1−m◦(x))σ2

m(x)−γm(x) (B-19)

is the unconditional probability of sampling three philopatric individuals within the same group un-

der neutrality, where

γm(x) =
N∑

k=0
(m◦

k (x)−m◦(x))3 Pr(k|N , x) (B-20)

is the third-order centred moment of the proportion of immigrants in a group. Whenσ2
m(x) = γm(x) =

0, eq. (B-18) reduces to previous expressions for three-way relatedness under the Wright-Fisher model

of reproduction and the island model of dispersal (e.g. eq. 12b in Ohtsuki, 2010). Eq. (B-18) shows that

negative γm(x) increases three-way relatedness. This is because negative skew in the proportion of

immigrants means that extremely high-immigration groups are rare, while low-immigration groups

are relatively common. Groups with very high immigration strongly reduce the probability that three

sampled individuals are all philopatric, because this probability scales with (1−m◦
k (x))3. When the

right tail of the immigration distribution is reduced (negative skew), these patches occur less often,

increasing the average probability that three sampled individuals are all philopatric and therefore

increasing r ◦
3 (x).

B.2.2 Effect of traits on pairwise relatedness

We derive ∂r2(y , x)/∂ya in Appendix F. We show there that it can be computed as

∂r2(y , x)

∂ya
= N r̄ ◦

2 (x)

[
r̄ ◦

2 (x)
∂w (2)

p (xi , x−i , x)

∂xi ,a
+ (N −1)r̃ ◦

3 (x)
∂w (2)

p (xi , x−i , x)

∂x j ,a

]
+O (δ), (B-21)

where:

w (2)
p (xi , x−i , x) = ∑

c∈C

wp(xi , x−i , x |c)2Pr(c |x), (B-22)

9



with Pr(c |x) given by eq. (B-8) and wp(xi , x−i , x |c) by eq. (B-2);

r̄ ◦
2 (x) = 1

N
+ N −1

N
r ◦

2 (x), (B-23)

is the probability that two individuals sampled with replacement from a group are IBD under neu-

trality;

r̃ ◦
3 (x) = 2

N
r ◦

2 (x)+ N −2

N
r ◦

3 (x), (B-24)

is the probability under neutrality that three individuals, the second sampled with replacement of the

first individual and the third without, are all IBD (Ohtsuki, 2010).

C Directional selection

In this section, we derive the results presented in section 2 of the main text, in particular we derive

eq. (2) of the main text.

C.1 Invasion of cooperation

C.1.1 Direct effect of cooperation

The direct fitness effect of trait z is

∂w(xi , x−i , x)

∂zi

∣∣∣∣ xi=x
x−i=x

= ∂

∂zi

( ∑
c∈C

w(xi , x , x |c)Pr(c |x)

)∣∣∣∣ xi=x
x−i=x

= ∑
c∈C

w(xi , x , x |c)
∂Pr(c |x)

∂zi

∣∣∣∣ xi=x
x−i=x

,

(C-1)

where conditional fitness, w(xi , x−i , x |c) (eq. B-2), does not depend on trait z; and ∂Pr(c |x)/∂zi is the

effect of a change in the trait zi of the focal on the probability that contribution c is realised. This

probability (given by eq. B-8) can be decomposed as

Pr(c |x) = zci

i (1− zi )1−ci
N∏

j=1
j 6=i

z
c j

j (1− z j )1−c j

︸ ︷︷ ︸
Pr(c−i |x−i )

, (C-2)
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such that

∂Pr(c |x)

∂zi

∣∣∣∣ xi=x
x−i=x

=


Pr◦(c−i |x) when ci = 1

−Pr◦(c−i |x) when ci = 0.
(C-3)

where Pr◦(c−i |x) =∏
j 6=i zc j (1− z)1−c j = Pr(k|N −1, x) with k =∑

i 6= j ci .

Substituting eq. (C-3) into eq. (C-1) we obtain

∂w(xi , x−i , x)

∂zi

∣∣∣∣ xi=x
x−i=x

=
N−1∑
k=0

(
w◦(ci = 1, x |k +1)−w◦(ci = 0, x |k)

)
Pr(k|N −1, x), (C-4)

where w◦(ci = 1, x |k+1) is the fitness of a cooperator in a group with k+1 cooperators (in a population

of average trait x), and w◦(ci = 0, x |k) the fitness of a defector in a group with k cooperators (in a

population of average trait x). Hence, the direct effect of cooperation (eq. C-4) is the expected fitness

gained by a focal individual from cooperating instead of defecting, marginalised over the probability

of finding k cooperators among its neighbours.

As the direct effect of cooperation depends on the distribution of cooperators and defectors across

groups, it is complicated to compute and to interpret. But in a population entirely made of de-

fectors, all individuals apart from the focal do not contribute to the common good (i.e. x = x (0) =
(0,d 0,d 1, . . . ,d N )), meaning that the probability of there being any cooperator in any group (apart

from the focal individual) is 0. The direct effect of cooperation (eq. C-4) simplifies to

∂w(xi , x−i , x (0))

∂zi

∣∣∣∣ xi=x (0)

x−i=x (0)

= w◦(ci = 1, x (0)|1)−1

= w(xi , x−i , x (0)|ei )−1

(C-5)

where

ei = (0, . . . ,0, 1︸︷︷︸
i−entry

,0, . . . ,0) (C-6)

is a vector of length N whose entries are all zeros, except the i th entry, which is one. Hence, the

direct effect of the probability of cooperation z is simply the difference between the fitness of an

individual who is the sole cooperator in the population, and the fitness of the rest of the individuals

in the population (all defectors), which is one.

Substituting conditional fitness (eq. B-2) evaluated at x (0) into eq. (C-5), the direct fitness effect of
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cooperation reads as

∂w(xi , x−i , x (0))

∂zi

∣∣∣∣ xi=x (0)

x−i=x (0)

=
[

w◦
1(x (0))−1

]
−C

[
w◦

1(x (0))−λ◦
1(x (0))/N

]
+B1/N

[
w◦

1(x (0))−λ◦
1(x (0))

]
+O (δ2).

(C-7)

The quantity w◦
k (x) is the (conditional) fitness of an individual in the absence of selection (i.e., when

C = Bk = 0 for all k), given there are k cooperators in its group in a population monomorphic for x ;

and λ◦
k (x) = (1−m◦

k (x))2 is the probability that two offspring born in a group with k cooperators will

compete in that same group after dispersal in a population monomorphic for x .

The first term within square brackets in eq. (C-7) is the marginal fitness effect of socially-mediated

dispersal. It captures the fitness effect of dispersing owing to there being one cooperator in the group.

This first term reflects that in the presence of socially-mediated dispersal, selection on cooperation

depends on how the effect of cooperation on dispersal influences fitness. This knock-on effect is

positive when

w◦
1(x (0))−1 = 1−d 1

1−d 1 + (1− cd)d 0

+ d 1(1− cd)

1− cdd 0

−1 > 0; (C-8)

or equivalently when

min{d 0,1− cdd 0} < d 1 < max{d 0,1− cdd 0}. (C-9)

This condition shows that for most of the parameter space (when d 0 < 1− cdd 0), greater dispersal

propensity when there is one cooperator than when there is none (d 0 < d 1) increases fitness relative

to one. This is because dispersal typically reduces local competition for breeding spots and thus in-

creases fitness (Hamilton and May, 1977). If, however, the cost to dispersal, cd, and baseline dispersal,

d 0, are high (so that 1− cdd 0 < d0), then greater dispersal propensity when there is one cooperator

than when there is none (d 0 < d 1) decreases fitness due to high mortality during dispersal.

The second term of eq. (C-7), −C [w◦
1(x (0))−λ◦

1(x (0))/N ], captures the marginal effect for the focal in-

dividual of paying a cost to contribute to the common good on its own fitness. By paying this cost and

producing fewer offspring, the focal decreases its fitness by an amount −C w◦
1(x (0)), but also increases

it by a smaller amount Cλ◦
1(x (0))/N . This increase is due to the fact that its offspring reduced local

competition, simply by being fewer (see eq. 70 of Van Cleve, 2015, for example). Conversely, the last

term of eq. (C-7) reflects that by contributing to the common good, the focal individual increases its

fecundity by B1/N , which increases its fitness by an amount (B1/N )w◦
1(x (0)), and decreases it by an

amount (B1/N )λ◦
1(x (0)) due to increased local competition (eq. 70 of Van Cleve, 2015).
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C.1.2 Indirect effect of cooperation

The indirect fitness effect of trait z is given by

∂w(xi , x−i , x)

∂z j

∣∣∣∣ xi=x
x−i=x

= ∂

∂z j

( ∑
c∈C

w(xi , x , x |c)Pr(c |x)

)∣∣∣∣ xi=x
x−i=x

= ∑
c∈C

w(xi , x , x |c)
∂Pr(c |x)

∂z j

∣∣∣∣ xi=x
x−i=x

(C-10)

where

∂Pr(c |x)

∂z j

∣∣∣∣ xi=x
x−i=x

=


Pr◦(c− j ; x) when c j = 1

−Pr◦(c− j ; x) when c j = 0
(C-11)

with Pr◦(c− j ; x) =∏
k 6= j zck (1− z)1−ck with k =∑

i 6= j ci . Using eq. (C-11) into eq. (C-10) we obtain

∂w(xi , x−i , x)

∂z j

∣∣∣∣ xi=x
x−i=x

= (1− z)
N−2∑
k=0

(
w◦(ci = 0, x (0)|k +1)−w◦(ci = 0, x (0)|k)

)
Pr(k|N −2, x)

+ z
N−2∑
k=0

(
w◦(ci = 1, x (0)|k +2)−w◦(ci = 1, x (0)|k +1)

)
Pr(k|N −2, x)

(C-12)

such that the fitness effect of a neighbour increasing its probability of cooperation can be written

as the average fitness gained by a focal (which itself cooperates with probability z) from having one

more cooperator in its group.

Like the direct fitness effect, the indirect fitness effect also depends on the distribution of cooperators

and defectors across groups, but simplifies in a population entirely made of defectors. In such a

population, the indirect fitness effect is given by

∂w(xi , x−i , x (0))

∂z j

∣∣∣∣ xi=x (0)

x−i=x (0)

= w◦(ci = 0, x (0)|1)−1

= w(xi , x−i , x (0)|e j )−1,

(C-13)

i.e., by the difference between the fitness of a non-contributing individual in a group with a single

contributor to the common good and the fitness of the rest of the individuals in the population (all

defectors with fitness one). Substituting eq. (B-2) with c = e j and x = x (0) into eq. (C-13) gives

∂w(xi , x−i , x (0))

∂z j

∣∣∣∣ xi=x (0)

x−i=x (0)

=
[

w◦
1(x (0))−1

]
+Cλ◦

1(x (0))/N +B1/N
[

w◦
1(x (0))−λ◦

1(x (0))
]
+O (δ2) (C-14)
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when cooperation has small effects on fecundity. This equation decomposes the indirect fitness ef-

fect in three terms. The first squared brackets captures the fitness effect of dispersing owing to there

being one cooperator in a group, when cooperation gives no fecundity benefits. The second term

of eq. (C-14) shows that by paying a fecundity cost C , a cooperator increases the fitness of a group-

neighbour by Cλ◦
1(x (0))/N , as a smaller offspring number decreases local competition. Meanwhile,

the last term of eq. (C-14) captures the indirect fitness effect of the benefit generated by the com-

mon good, which depends on the balance between an increase in fecundity and in local competition

(according to B1/N [w◦
1(x (0))−λ◦

1(x (0))]).

C.1.3 The selection gradient

Substituting eqs. (C-7) and (C-14) into eq. (A-7), we obtain the selection gradient on the probabil-

ity of contributing to the common good, z, when the population is monomorphic for x = x (0) =
(0,d0,d1, . . . ,dN ). This is

s1(x (0)) = N r̄ ◦
2 (x (0))

[
w◦

1(x (0))−1
]
−C

[
w◦

1(x (0))− r2;1(x (0))
]
+B1

[
w◦

1(x (0))r̄ ◦
2 (x (0))− r2;1(x (0))

]
+O (δ2),

(C-15)

where recall : r̄ ◦
2 (x) = 1/N + (N − 1)r ◦

2 (x)/N is the probability that in the absence of selection and

in a population monomorphic for x , two offspring sampled in a group before dispersal are related

(i.e., have a common ancestor that resided in that same group); and r2;k (x) = λ◦
k (x)r̄ ◦

2 (x) is the (con-

ditional) probability that in the absence of selection and in a population monomorphic for x , two

related offspring born in a group with k cooperators will compete in that same group after dispersal.

This quantity r2;k (x) can thus be thought of as a measure of the intensity of kin competition, which,

as shown in eq. (C-15), discounts the effects of cooperation.

We can express how the balance between relatedness and kin competition influences the evolution

of cooperation more succinctly by re-arranging eq. (C-15) as

s1(x (0)) = ρ1(x (0))
(

A1(x (0))+ [B1/N −C ]+ (N −1)κ1(x (0))B1/N
)
+O (δ2), (C-16)

where

ρ1(x (0)) = w◦
1(x (0))− r2;1(x (0)) > 0 (C-17)
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is a positive coefficient that scales the magnitude of the selection gradient;

A1(x (0)) = N r̄ ◦
2 (x (0))

w◦
1(x (0))−1

w◦
1(x (0))− r2;1(x (0))

, (C-18)

is the relative fitness effect of socially-mediated dispersal when C = Bk = 0 for all k; and

κ1(x (0)) = w◦
1(x (0))r2(x (0))− r2;1(x (0))

w◦
1(x (0))− r2;1(x (0))

, (C-19)

is the “scaled relatedness coefficient” (Lehmann and Rousset, 2010; eq. 74 of Van Cleve, 2015). The

first term in the parentheses of eq. (C-16), A1(x (0)), captures selection on cooperation solely due to its

effect on dispersal. The second term, [B1/N −C ], is the effect of cooperation by the focal individual on

its own fecundity. The last term within brackets is the effect of cooperation by group members other

than the focal on the fecundity of the focal, weighted by the scaled relatedness coefficient κ1(x (0)).

This coefficient (eq. C-19) is pairwise relatedness (r2(x (0))) reduced by the effect of kin competition,

r2;1(x (0)). Scaled relatedness thus summarises how relatedness, which favours the evolution of coop-

eration, balances against kin competition, which hinders the evolution of cooperation. The selection

gradient (eq. C-16) is positive when the sum between brackets is positive, giving us eq. (2) of the main

text as required (where A1(x (0)) = A and κ1(x (0)) = κ). The quantities ρ1(x (0)), A1(x (0)) and κ1(x (0))

can be expressed in terms of group size (N ), dispersal cost (cd), and dispersal strategies d 0 and d 1, by

substituting

w◦
1(x (0)) = 1−d 1

1−d 1 + (1− cd)d 0

+ d 1(1− cd)

1− cdd 0

(C-20a)

r2(x (0)) = (1−m0)2

N − (N −1)(1−m0)2 , with m0 = (1− cd)d 0

1−d 0 + (1− cd)d 0

(C-20b)

r2;1(x (0)) = (1−m1)2
(

1

N
+ N −1

N
r2(x (0))

)
, with m1 = (1− cd)d 0

1−d 1 + (1− cd)d 0

(C-20c)

into eqs. (C-17) – (C-19).

Eq. (C-16) is consistent with previously derived expressions of the selection gradient on cooperation

in the absence of socially-mediated dispersal (for homogeneous groups and non-overlapping gener-

ations). Indeed, substituting d 1 = d 0 into eq. (C-20) which is in turn substituted into eqs. (C-17) –
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(C-19), we obtain

ρ1(x (0)) = 1− r2(x (0)) (C-21)

A1(x (0)) = 0 (C-22)

κ1(x (0)) = 0 (C-23)

in line with eq. (5) of Taylor (1992), for example.

C.2 Invasion of defection

In this section, we determine the conditions under which defection can invade once cooperation has

fixed, following the same steps as in the previous section. To do so we compute the selection gradient

on z when the population is monomorphic for x = x (1) = (1,d 0,d 1, . . . ,d N ). If this gradient is negative,

then defection can invade.

C.2.1 Direct effect of cooperation

The direct effect (eq. C-4) at x (1) simplifies to

∂w(xi , x−i , x (1))

∂zi

∣∣∣∣ xi=x (1)

x−i=x (1)

= 1−w◦(ci = 0, x (1)|N −1)

= 1−w(xi , x−i , x (1)|e ′
i )

(C-24)

where

e ′
i = (1, . . . ,1, 0︸︷︷︸

i−entry

,1, . . . ,1) (C-25)

is a vector of length N whose entries are all ones, except the i th entry, which is zero. Substituting

conditional fitness (eq. B-2) evaluated at x (1) into eq. (C-24), the direct fitness effect becomes

∂w(xi , x−i , x (1))

∂zi

∣∣∣∣ xi=x (1)

x−i=x (1)

=
[

1−w◦
N−1(x (1))

]
−C

[
w◦

N−1(x (1))−λ◦
N−1(x (1))/N

]

+ (BN −BN−1)/N
[

w◦
N−1(x (1))−λ◦

N−1(x (1))
]
+O (δ2).

(C-26)
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The first term within square brackets of eq. (C-26) is

1−w◦
N−1(x (1)) = 1− 1−d N−1

1−d N−1 − (1− cd)d N

+ d N−1(1− cd)

1− cdd N

, (C-27)

which captures the direct fitness effect of z via its effect on dispersal (ignoring the effects of defection

on fecundity). The rest of eq. (C-26) captures the direct fitness effect of z via its effect on fecundity.

C.2.2 Indirect effect of cooperation

The indirect fitness effect (eq. C-12) at x (1) meanwhile reads as

∂w(xi , x−i , x (1))

∂z j

∣∣∣∣ xi=x (1)

x−i=x (1)

= 1−w◦(ci = 1, x (1)|N −1)

= 1−w(xi , x−i , x (1)|e ′
j ).

(C-28)

Substituting eq. (B-2) with c = e ′
j (eq. C-25) and x = x (1) into eq. (C-28) gives

∂w(xi , x−i , x (1))

∂z j

∣∣∣∣ xi=x (1)

x−i=x (1)

=
[

1−w◦
N−1(x (1))

]
+Cλ◦

N−1(x (1))

+ (BN −BN−1)/N
[

w◦
N−1(x (1))−λ◦

N−1(x (1))
]
+O (δ2),

(C-29)

where the first term captures the indirect fitness effect of z through its effect on dispersal, while the

remaining terms capture its effects through fecundity.

C.2.3 The selection gradient

Substituting eqs. (C-26) and (C-29) into eq. (A-7), we obtain the selection gradient on z in a population

of full cooperators,

s1(x (1)) = ρN−1(x (1))
(

AN−1(x (1))+ [(BN −BN−1)/N −C ]+ (N −1)κN−1(x (1)) (BN −BN−1)/N
)
+O (δ2),

(C-30)

where

ρN−1(x (1)) = w◦
N−1(x (1))− r2;N−1(x (1)) > 0 (C-31)

AN−1(x (1)) = N r̄ ◦
2 (x (1))

1−w◦
N−1(x (1))

w◦
N−1(x (1))− r2;N−1(x (1))

, (C-32)
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is the relative fitness effect of socially-mediated dispersal when C = Bk = 0 for all k; and

κN−1(x (1)) = w◦
N−1(x (1))r2(x (1))− r2;N−1(x (1))

w◦
N−1(x (1))− r2;N−1(x (1))

, (C-33)

is the scaled relatedness coefficient. The quantities ρN−1(x (1)), AN−1(x (1)) and κN−1(x (1)) can be ex-

pressed as

w◦
N−1(x (1)) = 1−d N−1

1−d N−1 + (1− cd)d N

+ d N−1(1− cd)

1− cdd N

(C-34a)

r2(x (1)) = (1−mN )2

N − (N −1)(1−mN )2 , with mN = (1− cd)d N

1−d N + (1− cd)d N

(C-34b)

r2;N−1(x (1)) = (1−mN−1)2
(

1

N
+ N −1

N
r2(x (1))

)
, with mN−1 = (1− cd)d N

1−d N−1 + (1− cd)d N

(C-34c)

in terms of group size (N ), dispersal cost (cd), and dispersal strategies d N−1 and d N .
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Figure S1: Socially-mediated dispersal strategies for which cooperation has positive indirect ef-
fects. Parameter regions of d N−1 and dispersal cost cd for which AN−1(x (1)) > 0 (yellow-striped) and
κN−1(x (1)) > 0 (grey region). The regions are drawn from substituting eq. (C-34) into eqs. (C-32) and
(C-33), assuming that dispersal in the absence of defectors is at its evolutionarily stable value d N = d∗

(eq. 3). The red curve shows d N−1 = d N . The different graphs correspond to different group sizes,
N = 2,4 and 20. This shows that for all values of d N−1, at least one indirect effect of cooperation
favours its maintenance (i.e. AN−1(x (1)) > 0 or κN−1(x (1)) > 0 always).

Substituting eq. (C-34) into eqs. (C-31)–(C-33) and assuming no socially-mediated dispersal (i.e.

d N−1 = d N ), the selection gradient in a population of cooperators (eq. C-30) simplifies to being pro-

portional to (BN −BN−1)/N −C , as expected. Fig. S1 then shows how socially-mediated dispersal

affects selection on z through AN−1(x (1)) and κN−1(x (1)) when the population is fixed for full coop-

eration. The yellow-striped region shows where AN−1(x (1)) > 0, while the grey region shows where

κN−1(x (1)) > 0.
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Fig. S1 shows that socially-mediated dispersal tends to have antagonistic effects on the invasion of

defection. When d N−1 > d N , a rare defector induces greater dispersal from its group than would occur

in a fully cooperative group. This can favour defection through AN−1(x (1)), because fewer offspring

from that group remain to compete locally. However, the same increase in dispersal makes κN−1(x (1))

favour the maintenance of cooperation, because more offspring pay the mortality cost of dispersal.

When d N−1 < d N , the effects are reversed. The overall balance is captured by the net effect of socially-

mediated dispersal on selection for cooperation: AN−1(x (1))+(N−1)κN−1(x (1)) (BN −BN−1)/N . When

this quantity is negative, socially-mediated dispersal favours the invasion of defection. Fig. S2 shows

that this occurs mainly when d N−1 > d N , indicating that the reduction in local competition caused

by increased dispersal often outweighs the other effect.

These antagonistic effects on selection for defection contrast with the invasion of cooperation. In that

case, A1(x (0)) and κ1(x (0)) tend to have the same sign, so the two effects of socially-mediated disper-

sal usually reinforce one another (eq. 2, Fig. 2). This is why socially-mediated dispersal favours the

invasion of defection over a narrower range of conditions than it favours the invasion of cooperation.

B   – B      = 1N – 1NB   – B      = 0.5N – 1N B   – B      = 3N – 1N

Figure S2: Socially-mediated dispersal strategies that favour the invasion of defection. Parameter
regions of dispersal probability d N−1 and dispersal cost, cd, for which the indirect effects of cooper-
ation favour defection, i.e. AN−1(x (1))+ (N −1)κN−1(x (1)) (BN −BN−1)/N < 0. The regions are drawn
assuming that dispersal in the absence of defectors is at its evolutionarily stable value, d N = d∗ (eq. 3).
The red curve shows d N−1 = d N . The different graphs correspond to different effect sizes of coopera-
tion on fecundity (BN −BN−1). Other parameter: N = 4.

D Numerical analyses and results

Here we detail the numerical analyses used to investigate the joint evolution of all traits and derive the

results presented in sections 3.2–3.4 of the main text, in particular Figs. 3c-e, 5c, 6b-c, and 7c-d. All
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analyses were performed in Mathematica (Wolfram Research, Inc., 2016), and we provide the Mathe-

matica notebooks used for these analyses. Our numerical analyses consisted of two main approaches

that we describe in the next two sections (D.1 and D.2). We also extend the analyses presented in the

main text by exploring additional parameter combinations (section D.3).

D.1 Singular strategies and their stability

We first searched for singular strategies and, when they existed, assessed their convergence and evo-

lutionary stability using the methods described in Appendix A.

D.1.1 Computation of singular strategies

We used different numerical procedures depending on the shape of the returns from cooperation.

For linear returns, with payoff function Bk = bk, we searched for interior singular strategies by solving

s(x∗) = 0 for x∗ = (z∗,d∗
0 , . . . ,d∗

N ) ∈X using FindRoot[] in Mathematica. We fixed group size at N = 4

and considered b = 0.75, 1, and 1.25. For each value of b, we tested 5000 randomly chosen parameter

combinations, with cd and C independently drawn from a uniform distribution on [0,1]. We found

no interior singular strategy for any of the 15000 parameter combinations tested.

For non-linear returns, we used the payoff function Bk = N b(k/N )u , where 0 < u < 1 gives saturating

returns and u > 1 gives accelerating returns. We again searched for interior singular strategies by

solving s(x∗) = 0 numerically using FindRoot[] in Mathematica (see figure legends for parameter

values).

Under accelerating returns, this procedure identified interior singular strategies with all trait values

strictly between zero and one for all parameter combinations tested.

Under saturating returns, interior singular strategies with all trait values strictly between zero and one

were not always found. In these cases, we instead followed the deterministic evolutionary dynamics

of the mean trait vector until the population reached an equilibrium at which directional selection

had vanished for all traits not at the boundary of trait space, i.e. sa(x∗) = 0 for all traits satisfying

0 < x∗
a < 1 (see section D.2.1). We initiated these iterations either from x = (0.1,d∗,d∗,d∗,d∗,d∗),

where d∗ is the evolutionarily stable unconditional dispersal probability given by eq. 3, or from an

equilibrium found for a nearby parameter combination. The latter procedure was used only to im-
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prove numerical efficiency by starting the search close to the expected equilibrium.

D.1.2 Convergence stability

We assessed the convergence stability of each interior singular strategy found using FindRoot[] by

computing the eigenvalues of the Jacobian matrix J(x∗), whose elements are given by eq. (A-6). A

singular strategy was classified as convergence unstable when at least one eigenvalue had a positive

real part, and convergence stable when all eigenvalues had negative real parts. Non-interior equilib-

ria obtained by iterating the selection gradient were instead classified directly from the evolutionary

trajectories, as these equilibria acted as attractors of the deterministic dynamics.

Under accelerating returns, the singular strategies we found were convergence unstable (left-hand

side of Fig. S3). Directional selection therefore drives the population away from the singular strategy

towards either full cooperation (z = 1) or no cooperation (z = 0), depending on the initial trait values.

Under saturating returns, the singular strategies were convergence stable (right-hand side of Fig. S3),

so directional selection drives the population towards them.

D.1.3 Evolutionary stability

For convergence stable singular strategies (with all trait values strictly between zero and one), we

assessed evolutionary stability by computing the eigenvalues of the Hessian matrix H(x∗), whose ele-

ments are given by eq. (A-10). For each parameter combination, we evaluated this matrix by substitut-

ing the expressions for unconditional fitness (eq. (B-7)), pairwise relatedness (eq. (B-13)), three-way

relatedness (eq. (B-18)), and the effect of traits on relatedness (eq. (B-21)) into eq. (A-10). Selection

was classified as disruptive when at least one eigenvalue of H(x∗) was positive. In this case, the sin-

gular strategy is not evolutionarily stable and phenotypic variation can increase around it.

As mentioned in section D.1.1, some evolutionary attractors of directional selection under saturating

returns involved an intermediate value of cooperation but one or more dispersal probabilities at the

boundary of trait space, most often d∗
k = 0 for some k. In these cases, we assessed disruptive selection

only along the unconstrained trait dimensions. Specifically, for any boundary trait indexed by a such

that x∗
a = d∗

a−1 = 0 or 1, we removed the corresponding row and column from H(x∗) and computed

the eigenvalues of the reduced matrix. A positive leading eigenvalue of this reduced matrix indicates

21



that selection is disruptive along at least one trait dimension not constrained by the boundary.

D.2 Evolutionary dynamics under directional selection

The second numerical approach was to iterate the recursion for the change in the multidimensional

vector of mean trait values, given by eq. (1) of the main text.

D.2.1 Following the selection gradient

To obtain deterministic evolutionary trajectories under directional selection (Figs. 3c and 6b-c of the

main text), we iterated

x t+1 = x t +∆x t , (D-35)

thereby tracking the vector of mean trait values across generations.

For each parameter set and initial phenotype x0 specified in the figure legends, we computed ∆x t

from eq. (1). We assumed that traits varied independently, so that the additive genetic variance-

covariance matrix G was diagonal, with entries 0.1 on the diagonal and 0 elsewhere. The selection

gradient s(x t ) was computed by substituting the expressions for unconditional fitness (eq. B-7) and

pairwise relatedness (eq. B-13) into eq. A-7. Under these assumptions, each trait xa changed by

∆xa = 0.1 sa(x t ). After each iteration, trait values were truncated to remain within the admissible

trait space: 0 ≤ xa ≤ 1.

We iterated eq. (D-35) until the Euclidean distance between successive mean trait vectors, ‖x t+1 −
x t‖, was smaller than 10−8. The resulting endpoint was either an interior singular strategy, where

directional selection had vanished on all traits, or an evolutionary attractor of directional selection

lying on the boundary of trait space, where one or more traits could no longer change in the direction

favoured by selection.

D.2.2 Basins of attraction for full cooperation and full defection

To obtain Figs. 3d-e and 6a, we repeated the deterministic procedure described in section D.2.1 across

many initial dispersal strategies. For each initial strategy, we recorded whether the trajectory led to

full cooperation (z = 1) or full defection (z = 0). This allowed us to estimate the proportion of sampled
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initial dispersal strategies that led to the invasion and fixation of cooperation from a population of full

defectors, or to the invasion and fixation of defection from a population of full cooperators.

The initial conditions were chosen in the same way across these analyses. When starting from full

defection, we set dispersal in the absence of cooperators to the evolutionarily stable unconditional

dispersal probability, d 0 = d∗ (eq. 3). When starting from full cooperation, we instead set dispersal in

the absence of defectors to d N = d∗. For Fig. 6a, all remaining dispersal probabilities were sampled

independently from a uniform distribution on [0,1], and 5000 initial dispersal strategies were tested

for each value of cd.

For Figs. 3d-e, we fixed one additional dispersal probability to examine its effect on the outcome. In

Fig. 3d, trajectories started from full defection with d 0 = d∗ and a specified value of d 1, while the

remaining dispersal probabilities were sampled uniformly on [0,1]. In Fig. 3e, trajectories started

from full cooperation with d N = d∗ and a specified value of d N−1, while the remaining dispersal

probabilities were sampled uniformly on [0,1]. For each combination of cd and the specified dispersal

probability, we tested 100 randomly chosen initial dispersal strategies.

D.3 Supplementary results

D.3.1 Singular probability of cooperation

Using the method described in section D.1.1, we examined how the singular probability of coopera-

tion changes with payoff and with group size.

The degree of non-linearity u in common-good payoff affects the singular value of cooperation both

under unconditional dispersal and under socially-mediated dispersal (Fig. S3a,d). Under uncondi-

tional dispersal, stronger non-linearity favours cooperation in the expected direction: stronger ac-

celerating returns u > 1 increase the basin of attraction of full cooperation (compare grey circles and

grey triangles in Fig. S3a), whereas stronger saturating returns u < 1 lead to higher equilibrium levels

of cooperation (compare grey circles and grey triangles in Fig. S3d). Under socially-mediated disper-

sal, this pattern holds mainly when dispersal costs are low. When dispersal costs are high, cooperation

is favoured more strongly when the payoff is closer to linearity (compare orange circles and orange

triangles in Fig. S3a,d). This is consistent with the linear-payoff results in section 3.2, where socially-

mediated dispersal can strongly promote cooperation.

23



Accelerating payoff Saturating payoff

𝑢 = 1.5

𝑢 = 2.5

𝑢 = 0.65

𝑢 = 0.35

a. d.

c.

b.

f.

e.

δ

δ

= 1

= 0.1

N = 4, 𝑏 = 1

N = 6, 𝑏 = 1.5N = 4, 𝑏 = 1

N = 6, 𝑏 = 1.5

0 0.5 1
0

0.25

0.5

0.75

z

0 0.5 1
0

0.25

0.5

0.75

z

0 0.5 1
0

0.25

0.5

0.75

z

δ

δ

= 1

= 0.1

Cost of dispersal, 𝑐 Cost of dispersal, 𝑐𝑑d

0 0.5 1
0

0.25

0.5

0.75

1.

☆
☆

☆

☆

☆

☆

☆

0 0.5 1
0

0.25

0.5

0.75

1.

0 0.5 1
0

0.25

0.5

0.75

1.

Figure S3: Singular probability of cooperation in non-linear common-good games. Grey markers
show singular strategy z∗ when cooperation coevolves with unconditional dispersal; orange markers
show results when cooperation coevolves with socially-mediated dispersal. Panels a–c correspond
to accelerating returns (u > 1), whereas panels d–f correspond to saturating returns (u < 1). Un-
der accelerating returns, the singular probability of cooperation is convergence unstable and corre-
sponds to the threshold separating trajectories that evolve towards full cooperation or full defection.
Under saturating returns, it is convergence stable and corresponds to the equilibrium probability
of cooperation. Open markers denote convergence-unstable singular strategies and filled markers
convergence-stable singular strategies. Black stars in panels d–f indicate convergence-stable singular
strategies at which selection is disruptive. a,d. Effect of the non-linearity of the common-good payoff,
controlled by u. b,e. Effect of the strength of selection on cooperation, controlled by δ. c,f. Effect of
group size N , holding b/N constant. Unless otherwise indicated, parameter values are b = 1, C = 0.3,
δ= 1, N = 4, and u = 1.5 for panels a–c and u = 0.65 for panels d–f.

We then varied the strength of selection on cooperation by changing δ, which scales the effect of co-

operation on fecundity. This had little effect on the singular probability of cooperation when disper-
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sal was socially-mediated (orange markers in Fig. S3b,e). By contrast, under unconditional dispersal,

increasing δ affected the singular probability of cooperation in opposite directions for accelerating

u > 1 and saturating u < 1 returns. Under accelerating returns, increasing δ reduced the basin of at-

traction of full cooperation (compare grey circles and grey diamonds in Fig. S3b). Under saturating

returns, it increased the equilibrium level of cooperation (compare grey circles and grey diamonds

in Fig. S3e). This pattern is consistent with bet-hedging: individuals may trade lower mean number

of offspring for lower variance in offspring number (Starrfelt and Kokko, 2012; Schreiber, 2015). Se-

lection for reduced variance becomes stronger when δ is larger, because larger effects of cooperation

on fecundity generate greater differences in reproductive output among groups, and when disper-

sal is limited, because offspring produced within the same group are more likely to compete locally

rather than having these differences averaged across the population (Lehmann and Balloux, 2007).

In our model, this effect favours defection under accelerating returns but favours cooperation under

saturating returns.

Finally, we examined the effect of group size N on the singular probability of cooperation while hold-

ing b/N constant. Larger groups slightly favoured cooperation under both accelerating and satu-

rating returns, but the effect was small (Fig. S3c,f). This is because increasing N while holding b/N

constant increases the total payoff available in fully cooperative groups, BN /N , but leaves the average

marginal effect of an individual cooperator on fecundity broadly comparable across group sizes.

D.3.2 Equilibrium probabilities for socially-mediated dispersal

Under diminishing returns, cooperation can converge to an intermediate value (0 < z∗ < 1). In this

case, groups vary in the number of cooperators they contain, so selection can act on the different dis-

persal probabilities d 0, . . . ,d N . Here, we examine how several parameters affect the socially-mediated

dispersal strategy favoured by directional selection.

We find that the shape of the dispersal reaction norm follows the shape of the common-good payoff.

When benefits saturate rapidly (u ¿ 1), the dispersal response to the number of cooperators also sat-

urates rapidly (Fig. S4a). This is because the marginal gain in fecundity from adding one cooperator

determines the marginal increase in kin competition, and therefore the benefit of increasing disper-

sal. At the evolutionary attractor, the relative number of offspring remaining in their natal group is ap-

proximately constant across social environments, while the number of dispersing offspring increases

with the number of cooperators (Fig. S5).
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Figure S4: Equilibrium dispersal probabilities under diminishing returns. The dispersal strategy dk

for different k favoured by directional selection is shown as a function of the number of cooperators
in the group. In all cases, dispersal increases with the number of cooperators. The steepness of this
response tracks the effect of cooperation on fecundity: dispersal increases more strongly when the
marginal benefit of an additional cooperator is larger. a. Effect of the non-linearity of the common-
good payoff, controlled by u. b. Effect of the cost C and benefit b of cooperation, varied indepen-
dently. c. Effect of the strength of selection on cooperation, controlled by δ. d. Effect of group size, N .
Unless otherwise indicated, parameter values are b = 1, N = 4, C = 0.3, and u = 0.65. Blue markers:
cd = 0.1; orange markers: cd = 0.25.

Increasing the benefit parameter b makes dispersal more sensitive to the number of cooperators

(Fig. S4b), because cooperative groups produce more offspring and therefore generate stronger kin

competition. Increasing the cost C has the opposite effect: by reducing the fecundity of coopera-

tive groups, it weakens the increase in kin competition associated with cooperation and flattens the

dispersal reaction norm. When both costs and benefits are increased together, thereby increasing

the overall strength of selection on cooperation, the dispersal response to the number of cooperators

becomes steeper (Fig. S4c).
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Finally, group size has a small negative effect on dispersal probability (Fig. S4d). Larger groups reduce

kin competition, and therefore weaken selection for dispersal. This negative effect is consistent with

results for unconditional dispersal (Ajar, 2003).

𝑘

Relative number of offspring

0 1 2 3 4

0.5

1.

1.5

Figure S5: Relative number of offspring and philopatric offspring at the equilibrium dispersal
strategy. Black markers show the relative number of offspring produced in groups with different
numbers of cooperators. Coloured markers show the corresponding relative number of offspring that
remain in their natal group (blue: cd = 0.1; orange: cd = 0.25). Although total offspring production in-
creases with the number of cooperators, the number of philopatric offspring remains constant across
social environments. This is consistent with the constant non-disperser principle, whereby condi-
tional dispersal evolves so that increases in local productivity are compensated by greater dispersal.
Parameter values correspond to those used in Fig. S4a (b = 1, N = 4, C = 0.3; triangular markers:
u = 0.35; circular markers: u = 0.65).

E Individual-based simulations

E.1 Simulation procedure

Here we describe the individual-based simulations used to obtain Figs. 4b-c and 8 of the main text.

Simulations were implemented in Julia. We simulated a finite population subdivided into Np groups,

with Np = 125 for Fig. 4 and Np = 4000 for Fig. 8. Each group l ∈ {1, . . . , Np} contained N = 4 individ-

uals. Each individual i in group l was characterised by a phenotype xi ,l = (zi ,l ,d0,i ,l , . . . ,dN ,i ,l ), where

zi ,l is its probability of cooperating and dk,i ,l is its dispersal probability when k individuals cooperate

in its group. All trait values were constrained to lie between 0 and 1.

Each simulation started from a monomorphic population of defectors, with z = 0 for all individuals.
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All dispersal traits were initially set to the evolutionarily stable unconditional dispersal probability,

dk = d∗ = 2/[1+2cdN +√
1+4cdN (N −1)] for all k ∈ {0, . . . , N } (Ajar, 2003).

Each generation followed the life cycle described in Fig. 1. First, each individual cooperated with

probability zi ,l . We denote the realised action of individual i in group l by ci ,l , with ci ,l = 1 for coop-

eration and ci ,l = 0 for defection, and write k = ∑N
j=1 c j ,l for the number of cooperators in the group.

The fecundity of individual i in group l was then

fl (k,ci ) = 1+δ(Bk,l /N −C ci ,l ), (E-36)

where

Bk,l = bN

(
1

N

N∑
j=1

c j ,l

)u

(E-37)

is the group-level benefit from the common good.

We then formed the next generation by sampling parents for each breeding position in each group

(weighted sampling). When filling group l ′, each individual i from group l was assigned weight

ωi ,l =


fl (k,ci )(1−dk,i ,l ), if l = l ′,

fl (k,ci )dk,i ,l (1− cd)

Np −1
, if l 6= l ′.

(E-38)

These weights account for fecundity, dispersal, dispersal mortality, and the probability that a dispers-

ing offspring reaches the focal group. Parents were sampled in proportion to these weights until all

breeding positions in all groups were filled.

Each offspring mutated with probability µ= 0.01. When mutation occurred, each trait was perturbed

independently by adding a normally distributed deviate with mean 0 and standard deviation 0.01.

Trait values after mutation were truncated to remain within [0,1].

We ran each simulation for 150000 generations. We recorded the population mean phenotype every

generation and the phenotype of every individual every 1000 generations.

E.2 Supplementary results

Here, we present supplementary results from the individual-based simulations.
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Figure S6: Results from stochastic individual-based simulations under stabilising selection. a.
Evolutionary dynamics of the probability of cooperation z. Each dot corresponds to a randomly sam-
pled individual, recorded every 1 000 generations. The population first evolves towards the singular
strategy under directional selection. Once the singular probability of cooperation z∗ is reached (hori-
zontal line), the population remains centred around this value and no social polymorphism emerges.
b. Distribution of dispersal probabilities after convergence to the singular strategy. Boxplots show the
distribution of trait values in the final generation. Trait values remain centred around the correspond-
ing singular dispersal probabilities (black dots), consistent with stabilising selection maintaining a
unimodal phenotypic distribution. Parameters: N = 4, δ= 3, b = 1, C = 0.3, u = 0.45.

Fig. S6 illustrates the outcome when selection is stabilising at the singular strategy. The popula-

tion first evolves towards the singular strategy under directional selection and then remains centred

around it. Accordingly, the distribution of trait values remains unimodal, with individuals fluctuating

around the singular values calculated analytically for cooperation and dispersal (horizontal line in

Fig. S6a; black dots in Fig. S6b).

Fig. S7 provides additional details on the dispersal strategies expressed by cooperators and defec-

tors when disruptive selection leads to the emergence of a social polymorphism. Across all parame-

ter combinations considered, cooperators disperse less on average than defectors. Cooperators also

show a stronger dispersal response to the social environment, with dispersal increasing more steeply

with the number of cooperators in the group. This difference is particularly pronounced when dis-

persal isn’t too costly. As expected, both morphs evolve higher dispersal probabilities when the cost

of dispersal is lower.

F Trait effect on relatedness

Here we derive ∂r2(y , x)/∂ya , the effect of a change in trait a on relatedness for our model. To do so,

we use a similar construction as Mullon et al. (2021) (see their Appendix A for details).
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Figure S7: Dispersal strategies expressed by cooperators and defectors under disruptive selection.
Boxplots show the distribution of dispersal probabilities in the final generation for cooperators (filled)
and defectors (empty), for different values of u and cd (see figure). Across all parameter combinations
shown, cooperators disperse less on average than defectors but exhibit a steeper dispersal response
to the number of cooperators in the group. Greyed distributions correspond to dispersal traits that
are rarely expressed by a given morph and therefore experience very weak selection. Specifically,
cooperators are rarely found in groups containing only defectors, whereas defectors are rarely found
in groups containing only cooperators, causing the corresponding dispersal probabilities to evolve
approximately neutrally.

F.1 Preliminaries

Consider a mutant lineage, initiated by a single individual expressing a phenotype y =
(zy,d0,y, . . . ,dN ,y), while the rest of the population is monomorphic for x . Consider now a focal mu-

tant group, that is a representative group with at least one mutant. Let us write Mt ∈ {1, ..., N } for the

random variable for the number of mutants at generation t in such a mutant group, and Pr(Mt ) be

the probability that Mt is realised.

Pairwise relatedness between mutants is the expected probability that one individual randomly sam-
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pled among the neighbours of a mutant is also a mutant. This can be expressed as,

r2(y , x) =
∞∑

t=0

N∑
Mt=1

Mt −1

N −1
ψ(Mt ) (F-39)

where

ψ(Mt ) = [Mt /N ]Pr(Mt )
∞∑

t=0

N∑
Mt=1

[Mt /N ]Pr(Mt )︸ ︷︷ ︸
=nM

(F-40)

is the probability that an individual sampled randomly from the mutant local lineage lives at genera-

tion t (eq. A4 in Mullon et al., 2021). We can condition this probability as

ψ(Mt ) =
N∑

Mt−1=1

Mt

N
Pr(Mt |Mt−1)

Pr(Mt−1)

nM
, (F-41)

where Pr(Mt |Mt−1) is the probability that there are Mt mutants in the group at generation t given

there were Mt−1 at generation t −1. Substituting eq. (F-41) into eq. (F-39), we obtain

r2(y , x) =
∞∑

t=0

N∑
Mt−1=1

Pr(Mt−1)

nM

N∑
Mt=1

Mt −1

N −1

Mt

N
Pr(Mt |Mt−1). (F-42)

The innermost sum is the conditional probability that two individuals sampled at generation t are

mutants, given Mt−1.

To go further and use notation previously introduced, let us write

xt−1 =
(

y , . . . , y︸ ︷︷ ︸
Mt−1

, x , . . . , x︸ ︷︷ ︸
N−Mt−1

)
(F-43)

for the vector collecting the phenotypes of individuals in the mutant group at generation t −1, and

recall that c = (c1,c2, . . . ,cN ) (with ci ∈ {0,1}) collects the actions of these individuals (in the same

order as xt−1). With this notation, we can condition the probability that two individuals sampled at

generation t are mutants given Mt−1 as

N∑
Mt=1

Mt −1

N −1

Mt

N
Pr(Mt |Mt−1) = ∑

c∈C

[
N∑

Mt=1

Mt −1

N −1

Mt

N
Pr(Mt |c , Mt−1)

]
Pr(c |xt−1), (F-44)

where

Pr(c |xt ) =
N∏

j=1
z

c j

j (1− z j )1−c j =
Mt∏
j=1

z
c j
y (1− zy)1−c j

N∏
l=Mt+1

z̄cl (1− z̄)1−cl (F-45)
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is the probability of observing c given xt (eq. B-8).

Now, the innermost sum in eq. (F-44) can be expanded into

N∑
Mt=1

Mt −1

N −1

Mt

N
Pr(Mt |c , Mt−1) = 1

N (N −1)

(
N∑

Mt=1
M 2

t Pr(Mt |c , Mt−1)−
N∑

Mt=1
Mt Pr(Mt |c , Mt−1)

)
,

(F-46)

revealing that it depends on the first two moments of Mt , given the number of mutants at generation

t −1 (Mt−1) and their realised contribution to the common good (c). As the life-cycle considered is

Wright-Fisher, the number of mutants at generation t follows a binomial distribution with N trials

and a probability of success of Mt−1wp(y , x |c , Mt−1)/N , where

wp(y , x |c , Mt−1) = 1

Mt−1

Mt−1∑
i=1

wp(xi , x−i , x |c) (F-47)

is the expected number of mutant offspring that successfully settle in their natal group given c and

Mt−1. This is the average philopatric fitness of a mutant in a group with Mt−1 mutants and c the

contributions to the common good, as defined in eq. (B-2) (first under-braced term) with xi = y and

x−i as a vector made of (Mt −1) entries y and (N −Mt ) entries x .

Using the properties of the binomial distribution, we have

N∑
Mt=1

Mt Pr(Mt |c , Mt−1) = Mt−1wp(y , x |c , Mt−1)

N∑
Mt=1

M 2
t Pr(Mt |c , Mt−1) = Mt−1wp(y , x |c , Mt−1)

(
1−wp(y , x |c , Mt−1)

Mt−1

N

)
+ (

Mt−1wp(y , x |c , Mt−1)
)2 .

(F-48)

Substituting these into eq. (F-46), we obtain

N∑
Mt=1

Mt −1

N −1

Mt

N
Pr(Mt |c , Mt−1) = M 2

t−1

N 2 wp(y , x |c , Mt−1)2. (F-49)

In turn, we plug the above into eq. (F-44) to get

N∑
Mt=1

Mt −1

N −1

Mt

N
Pr(Mt |Mt−1) = M 2

t−1

N 2

∑
c∈C

wp(y , x |c , Mt−1)2 Pr(c |xt−1)︸ ︷︷ ︸
=w (2)

p (y ,x |Mt−1)

=
(

1

N
+ N −1

N

Mt−1 −1

N −1

)
Mt−1

N
w (2)

p (y , x |Mt−1),

(F-50)
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which is then substituted into eq. (F-42) to obtain

r2(y , x) =
∞∑

t=0

N∑
Mt−1=1

w (2)
p (y , x |Mt−1)

(
1

N
+ N −1

N

Mt−1 −1

N −1

)
ψ(Mt−1)

=
∞∑

t=0

N∑
Mt=1

w (2)
p (y , x |Mt )

(
1

N
+ N −1

N

Mt −1

N −1

)
ψ(Mt ).

(F-51)

F.2 Derivative

F.2.1 Total derivative

To obtain the effect of trait ya on relatedness, we take the derivative of eq. (F-51) and evaluate it at x ,

which using the product rule gives

∂r2(y , x)

∂ya

∣∣∣∣
y=x

= 〈(1−m◦
k (x))2〉


∂

∂ya

[ ∞∑
t=0

N∑
Mt=0

ψ(Mt )

N

]
+ N −1

N

∂

∂ya

[ ∞∑
t=0

N∑
Mt=0

Mt −1

N −1
ψ(Mt )

]
︸ ︷︷ ︸

=∂r2(y ,x)/∂ya


+

∞∑
t=0

N∑
Mt=0

(
∂

∂ya
w (2)

p (y , x |Mt )

)
Mt

N
ψ(Mt )◦+O (δ),

(F-52)

where k =∑
i ci is the number of cooperators (see eq. B-11 for definition of m◦

k (x)) and all derivatives

are evaluated at y = x (here and thereafter we drop this notation for readability); and where 〈(1−
m◦

k (x))2〉+O (δ) = w (2)
p (x , x |Mt ) is given by eq. (B-14) andψ(Mt )◦ denotesψ(Mt ) under neutrality (i.e.

in the absence of trait variation and when δ= 0).

Now sinceψ(Mt ) is a probability mass function over t and Mt (eq. F-40),
∑∞

t=0
∑N

Mt=0ψ(Mt ) = 1 holds,

such that
∂

∂ya

[ ∞∑
t=0

N∑
Mt=0

ψ(Mt )

N

]
= 0, (F-53)

which substituted into eq. (F-52) gives us

∂r2(y , x)

∂ya
= 〈(1−m◦

k (x))2〉N −1

N

∂r2(y , x)

∂ya
+

∞∑
t=0

N∑
Mt=0

(
∂

∂ya
w (2)

p (y , x |Mt )

)
Mt

N
ψ(Mt )◦+O (δ). (F-54)

Solving the above for ∂r2(y , x)/ya , we obtain

∂r2(y , x)

∂ya
= N r̄ ◦

2 (x)
∞∑

t=0

N∑
Mt=0

(
∂

∂ya
w (2)

p (y , x |Mt )

)
Mt

N
ψ(Mt )◦, (F-55)
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where

r̄ ◦
2 (x) = 1

N
+ N −1

N
r ◦

2 (x) = 1

N − (N −1)〈(1−m◦
k (x))2〉 +O (δ) (F-56)

is the probability that two individuals sampled with replacement from a group are IBD under neu-

trality.

F.2.2 Derivative of philopatric fitness effects

Let us now derive ∂w (2)
p (y , x |Mt )/∂ya . We first use the product rule to obtain

∂

∂ya
w (2)

p (y , x |Mt ) = ∂

∂ya

∑
c∈C

wp(y , x |c , Mt )2 Pr(c |x)

= 2
∑

c∈C

∂wp(y , x |c , Mt )

∂ya
(1−m◦

k (x))Pr◦(c |x)+ ∑
c∈C

(1−m◦
k (x))

∂Pr(c |x)

∂ya
+O (δ),

(F-57)

where (1−m◦
k (x))+O (δ) = wp(x , x |c , Mt ). Using the chain rule, we then differentiate wp(y , x |c , Mt )

(given by eq. F-47) to obtain

∂wp(y , x |c , Mt )

∂ya
= 1

Mt

∂

∂ya

[
Mt∑
i=1

wp(xi , x−i , x |c)

]

= 1

Mt

∂wp(xi , x−i , x |c)

∂xi ,a

∂xi ,a

∂ya
+

N∑
j=1
j 6=i

(
∂wp(xi , x−i , x |c)

∂x j ,a

∂x j ,a

∂ya

)
+

Mt∑
j=1
j 6=i

(
∂wp(x j , x− j , x |c)

∂xi ,a

∂xi ,a

∂ya

)

+
Mt∑
j=1
j 6=i

(
∂wp(x j , x− j , x |c)

∂x j ,a

∂x j ,a

∂ya

)
+

Mt∑
j=1
j 6=i

N∑
h=1
h 6=i
h 6= j

(
∂wp(x j , x− j , x |c)

∂xh,a

∂xh,a

∂ya

) .

(F-58)

Recall that xi = y , and x−i is a vector made of (Mt − 1) entries y and (N − Mt ) entries x . Thus,

∂xi ,a/∂ya = ∂x j ,a/∂ya = 1 for any 1 < j ≤ Mt and ∂x j ,a/∂ya = 0 otherwise. Furthermore, all mutants

are equivalent (there is neither age nor class structure in the population), such that the marginal effect

of a trait change in a focal individual on its own fitness is

∂wp(x j , x− j , x |c)

∂x j ,a
= ∂wp(xi , x−i , x |c)

∂xi ,a
(F-59)
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and the marginal effect of a trait change in a neighbour of a focal individual on the fitness of that focal

is
∂wp(xi , x− j , x |c)

∂x j ,a
= ∂wp(x j , x−i , x |c)

∂xi ,a
= ∂wp(x j , x− j , x |c)

∂xh,a
. (F-60)

Using eq. (F-59) and eq. (F-60), eq. (F-58) readily simplifies to

∂wp(y , x |c , Mt )

∂ya
= 1

Mt

[
∂wp(xi , x−i , x |c)

∂xi ,a
+ (Mt −1)

∂wp(xi , x−i , x |c)

∂x j ,a
+ (Mt −1)

∂wp(xi , x−i , x |c)

∂x j ,a

+ (Mt −1)
∂wp(xi , x−i , x |c)

∂xi ,a
+ (Mt −1)(Mt −2)

∂wp(xi , x−i , x |c)

∂x j ,a

]
= ∂wp(xi , x−i , x |c)

∂xi ,a
+ (Mt −1)

∂wp(xi , x−i , x |c)

∂x j ,a
.

(F-61)

F.2.3 Derivative of distribution of cooperators

Let us now differentiate Pr(c |xt ) using similar reasoning. First, we use the chain rule to write

∂Pr(c |x)

∂ya
=

N∑
i=1

∂Pr(c |x)

∂xi ,a

∂xi ,a

∂ya

= ∂Pr(c |x)

∂xi ,a
+

Mt∑
j=1
j 6=i

∂Pr(c |x)

∂x j ,a
.

(F-62)

Here, all mutants are not equivalent, as some may have cooperated and not others (∂Pr(c |xt )/∂xi ,a =
∂Pr(c |xt )/∂x j ,a if and only if ci = c j ). Substituting eq. (F-62) into the second term of eq. (F-57), we

obtain

∑
c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂ya
= ∑

c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂xi ,a
+

Mt∑
j=1
j 6=i

∑
c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂x j ,a
. (F-63)

As all mutants cooperate with the same probability zy, the effect of a change in trait a in one mutant

summed over all possible contributions to the common good is the same for all mutants, i.e., for j 6= j ′

∑
c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂x j ,a
= ∑

c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂xa, j ′
, (F-64)
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meaning that eq. (F-63) simplifies to

(1−m◦
k (x))2 ∂Pr(c |x)

∂ya
= ∑

c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂xi ,a
+ (Mt −1)

∑
c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂x j ,a
. (F-65)

F.2.4 Putting it all together

Substituting eq. (F-61) and eq. (F-65) into eq. (F-57), we obtain

∂

∂ya
w (2)

p (y , x |Mt ) = 2
∑

c∈C

∂wp(xi , x−i , x |c)

∂xi ,a
(1−m◦

k (x))Pr◦(c |x)+ ∑
c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂xi ,a

+ (Mt −1)

[
2

∑
c∈C

∂wp(xi , x−i , x |c)

∂x j ,a
(1−m◦

k (x))Pr◦(c |x)+ ∑
c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂x j ,a

]

+O (δ)

= ∂w (2)
p (xi , x−i , x)

∂xi ,a
+ (Mt −1)

∂w (2)
p (xi , x−i , x)

∂x j ,a
+O (δ),

(F-66)

where

w (2)
p (xi , x−i , x) = ∑

c∈C

(
wp(xi , x−i , x |c)

)2 Pr(c |x). (F-67)

We then substitute eq. (F-66) into eq. (F-55) and obtain

∂r2(y , x)

∂ya
= N r̄ ◦

2 (x)

[
∂w (2)

p (xi , x−i , x)

∂xi ,a

∞∑
t=0

N∑
Mt=0

Mt

N
ψ(Mt )◦+ ∂w (2)

p (xi , x−i , x)

∂x j ,a

∞∑
t=0

N∑
Mt=0

(Mt −1)
Mt

N
ψ(Mt )◦

]

+O (δ)

= N r̄ ◦
2 (x)

[
r̄ ◦

2 (x)
∂w (2)

p (xi , x−i , x)

∂xi ,a
+ (N −1)r̃ ◦

3 (x)
∂w (2)

p (xi , x−i , x)

∂x j ,a

]
+O (δ).

(F-68)

where

r̄ ◦
2 (x) =

∞∑
t=0

N∑
Mt=0

Mt

N
ψ(Mt )◦ (F-69)

is the probability under neutrality that two individuals sampled with replacement from the same

group are IBD (given by eq. B-23); and

r̃ ◦
3 (x) =

∞∑
t=0

N∑
Mt=0

Mt

N

Mt −1

N −1
ψ(Mt )◦ (F-70)
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is the probability under neutrality that three individuals, the second sampled with replacement of the

first individual and the third without, are all IBD. In the Wright-Fisher island model, this is

r̃ ◦
3 (x) = 2

N
r ◦

2 (x)+ N −2

N
r ◦

3 (x) (F-71)

(Ohtsuki, 2010). Eq. (F-68) is eq. (B-21), as required.

F.3 Connection to previous results

We can connect eq. (F-68) to previous results concerning the effects of trait on relatedness when dis-

persal is unconditional (e.g. Wakano and Lehmann, 2014). Using the product rule, eq. (F-68) gives

us

∂r2(y , x)

∂ya
= N r̄ ◦

2 (x)

[
r̄ ◦

2 (x)
∑

c∈C

(1−m◦
k (x))

∂wp(xi , x−i , x |c)

∂xi ,a
Pr◦(c |x)

+ (N −1)r̃ ◦
3 (x)

∑
c∈C

(1−m◦
k (x))

∂wp(xi , x−i , x |c)

∂x j ,a
Pr◦(c |x)

]
+N r̄ ◦

2 (x)

[
r̄ ◦

2 (x)
∑

c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂xi ,a
+ (N −1)r̃ ◦

3 (x)
∑

c∈C

(1−m◦
k (x))2 ∂Pr(c |x)

∂x j ,a

]
+O (δ).

(F-72)

Assuming that dispersal is unconditional (d0 = ... = dk = ... = dN ), we have 1−m◦
k (x) = 1−m for all k,

such that eq. (F-72) simplifies to

∂r2(y , x)

∂ya
= N r̄ ◦

2 (x)(1−m)

[
r̄ ◦

2 (x)
∑

c∈C

∂wp(xi , x−i , x |c)

∂xi ,a
Pr◦(c |x)

+ (N −1)r̃ ◦
3 (x)

∑
c∈C

∂wp(xi , x−i , x |c)

∂x j ,a
Pr◦(c |x)

]
+O (δ).

= N r̄ ◦
2 (x)(1−m)

[
r̄ ◦

2 (x)
∂wp(xi , x−i , x)

∂xi ,a
+ (N −1)r̃ ◦

3 (x)
∂wp(xi , x−i , x

∂x j ,a

]
+O (δ).

(F-73)

where wp(xi , x−i , x) = ∑
c∈C wp(xi , x−i , x |c)Pr◦(c |x) here. It is straightforward then to see that

eq. (F-73) using the definition of r̄ ◦
2 (x) (eq. B-23) and r̃ ◦

3 (x) (eq. F-70) under unconditional disper-

sal is equal to eq. (28) in Wakano and Lehmann (2014) or eq. (15) in Mullon et al. (2018).
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