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Appendix A. Ecology

Given the life-cycle outline in the main text, the ecological dynamics can be described by a

transition matrix (Rodrigues and Gardner 2012) that is given by

- (b o
The right-eigenvector of matrix E gives the fraction of each patch type at ecological
equilibrium, which is given by

Pr = 5= . and (A2)
Pp=1-pp=j ot (A3)

2—(pr-r+PP-P)’

for resource-rich and resource-poor patches, respectively. If we define a random variable T;,
denoting the state of a focal patch in season ¢, then the coefficient of correlation between two

successive seasons, denoted by 7, is defined as 7 = cov(T},Ti+1)y (var(Ty)var(Ti1)). Expanding

the right-hand side of this equation, the coefficient of correlation becomes

T = pror — (1 — ppop), (A4)

where —1 <7 <1 (Rodrigues and Gardner 2012).
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Appendix B. Reproductive success

Here I define the expressions for the class-specific reproductive success of breeders, i.e.

Wprony- Let us denote the probability that a patch in state 7 becomes a patch in state y in the
next generation by py_,,. The reproductive success of a mother in condition p in a patch of

quality 7 through her offspring that become breeders in condition # in patches of quality y is

then given by
Woromy = Sor (thm X17) (w;b (%t X1 ) Prisy
+ (Zy’e{R,P} Py'Py'_,ny, (ZHy',ZLy’))> reRPY (B1)
where
e (Xpm Xin) = 1-d )

- (Zpe{H,L} fpﬂ(xHﬂ'xLﬂ))(l_d) +(Zye{R,P} Py ZpE{H,L} fpy (ZHy-ZLy))d(l_C)’

is the reproductive success of a single philopatric offspring competing for a breeding site in a

type-x patch, and

d(1-c)
ZpenL) foy! (ZHY’.ZLV’))(1_d)+(2v€{R.P} Py LoeuL) foy (Zry2Ly))d(1—c)’

Wy 20) = (B3)

is the reproductive success of a single dispersed offspring competing for a breeding site in a

type-y’ patch.
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Appendix C. Marginal fitness

As we have seen in the main text, the average fitness of a random recipient is given by

dw dw,
s Yme(r P} Zpei,L) Upn Vpr Kz: (C1)
From equation (3) in the main text, expanding the right-hand side of equation (C1), and
because social interactions occur within the local patch only, we get
W OWpp—my d¥ac 492
dgac B ZpE{H,L} up‘r[ (ZYE{R,P} ZT]E{H’L} ZAE{H,L} 0x)6  dY9ic dgaz T'IY)’ (Cz)

where: the partial derivatives represent the effect of the phenotype on the class-specific
reproductive success; the derivatives of the phenotype with respect to the breeding value,
denoted by g, represent the phenotype-to-genotype mapping, which, without loss of
generality can be set to one; and the derivatives of breeding values with respect to breeding
values represent the coefficient of consanguinity, g.. s, between the actor a and the recipient A
(Bulmer 1994; Rodrigues and Gardner 2016). If we expand the right-hand side of equation
(C2) and if we normalise it with respect to the coefficient of consanguinity between the actor

and herself, we obtain Hamilton’s rule given by equation (6) in the main text.

Appendix D. Stable-class frequencies and reproductive value

From the expressions for the reproductive success of breeding females, as derived above in

section B, we define a matrix of expected fitness, which is given by



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

WHrR—HR WLR—HR WHP—HR WLP—HR

W= WHR—LR WLR—LR WHP—LR WLP—LR (D1)
WHrR—HP WLR—HP Wup—HP Wip—HP |

WHR—LP WiLR—LP WHp—LP WLp—SLP

The stable-class frequencies (u) are given by the elements of the right-eigenvector
corresponding to the leading eigenvector of this matrix. The reproductive value of a breeding
adult (v) is given by the elements of the left-eigenvector corresponding to the leading
eigenvalue of the fitness matrix w, where we assume a neutral population (i.e. x = z; Fisher
1930; Taylor 1990; Taylor and Frank 1996). Note that the reproductive value of a quality-a
breeder in a type-o patch, vy, 1S given by the total number of offspring she has, f,s, times the
reproductive value of each offspring, denoted by V.. Therefore, the reproductive value of an

offspring of a quality-a individual in a type-o patch is simply given by

Vis = f— (D2)

The reproductive success of a focal quality-a breeder in a type-o patch via offspring that

remain in the native patch is then given by

Wo?c—my = fac (ZHO" ZLG)Wc(;bpo—np (D3)

This is simply the total number of offspring produced by a focal breeder multiplied by the
probability that the offspring obtains a breeding site, which must be also multiplied by the
probability that the patch becomes a type-y patch. Finally, the philopatric component of a

breeder’s reproductive value is given by
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vo(cbc = ZyE{R,P} Zne{H,L} W(?:c—myvny- (D4)

This is the reproductive success of each breeder times the reproductive value of each

successful offspring according to their class.

Appendix E. Relatedness

To determine the relatedness coefficient between the high- and low-quality individuals I
define recursion equations that describe how the genetic structure of the population change
from one generation to the next (Bulmer 1994; Rodrigues and Gardner 2013a,b). The
probability that a resource-rich patch (or a resource-poor patch) was a resource-rich patch in
the previous generation is pr_,r (or pp_r), While the probability that it was a low-quality
patch in the previous generation is pr_p (or pp_p). The probability that two adults sampled at

random are both born in a resource-rich patch (or in a resource-poor patch) is

0o = < o+ 10) (A=) )2 ED
° (Fao+fLe)A-d)+(pfur+fLR)+(1-P) Fup+fLp))(1-¢))

The probability that a philopatric juvenile is offspring of the high-quality breeder in a
resource-rich patch (or in a resource-poor patch) is Unr = fur/(furtfLp) (or Unp =
Jur/(furtfir)), and the probability that a philopatric juvenile is offspring of the low-quality
breeder in a resource-rich patch (or in a resource-poor patch) is Urr = fLr/(furtfLr) (or Urp =
fio/(firHfip)). In resource-rich patches (or in resource-poor patches), with probability Ung” (or
Unp’) and with probability Urg” (or Urp®) two juveniles sampled at random are siblings, in

which case their relatedness is 1. In resource-rich patches (or in resource-poor patches), with
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probability 2UnrUrr (or 2UnpULp) two juveniles sampled at random are not siblings, in

which case their relatedness is 7r (or 7p). The recursion equations are the given by

r0" = ZyE{R,P} Pylo (py(UHyz + UL]/2 + ZUHyULyry) ,0 € {R; P} (E2)

At equilibrium, the relatedness coefficients among breeders will not change between
successive generations, in which case rr” = rr, and rp” = rp. We can then solve this system of

equation to find the relatedness coefficients among breeders.

Appendix F. Optimal behaviour and convergence stability

Here I determine the convergence stability (Christiansen 1991; Eshel 1996; Taylor 1996) of

the optimal competitive effort strategies. To determine if a set of optimal competitive effort

strategies is convergence stable we define the matrix:

0(SuRrlx=z) O0(SHRlx=z) 09(SHRlx=z) O9(SHRlx=2)
0ZHR 0z1r dzyp 0zLp
a(SLR|x=z) 0 (SLR|x=z) 0 (SLR|x=z) 2 (SLR|x=z)
OZHR aZLR asz 6sz (Fl)
a(SHP|x=z) a(SHP|x=z) a(SHP|x=z) a(SHP|x=z)
OZHR aZLR asz 6sz
O(SLplx=z) O(SLplx=2z) O0(SLpPlx=2z) 9(SLplx=2)
0ZHR 0Z1R dzyp dzLp *

Z=Z

where S, represents the left-hand side of Hamilton’s rule for the expression of the behaviour

of each individual depending on its status and patch type. The set of optimal strategies (z..,
Zw'» Zw , and z,,) are convergence stable if the eigenvalues of matrix (F1) have negative real

parts (Otto and Day 2007).
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Appendix G. Fecundity and social interactions

G1. General behavioural function

In general, the fecundity of a focal individual depends on the resources available in the local
patch, denoted by x5, on its personal quality, denoted by g,s, and on social interactions,

denoted by s,. Thus, the fecundity of a focal class-p individual in a type-o patch is given by

fpc = ,uc(on + Spc)- (GI.1)

As described in the main text, I assume that the behavioural function for social interactions

depends on a personal component, denoted by ¥, and on a group component, denoted by ©.
The personal component depends on the phenotype x,; of the focal individual, whereas the
group component depends on the phenotype of all individuals in the group, which I represent
by the vector of phenotypes x,. Thus, the social interactions term take the following

functional form:

Spo = P (%p5)0 (x5). (G1.2)

The fecundity cost of the behaviour is then given by the effect of the focal’s phenotype on the

personal component of the social interactions. Thus

Co=—2Poo _ _ 2Coa) gy (G1.3)

po 0xpg 0xpg

The fecundity benefit of the behaviour is given by the effect of the actor’s phenotype on the

group component of the social interactions. Thus
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_ afpo‘ 6@(x6)

Boo = 5pe = 1e¥ (2p5) o~ (G1.4)

In the main text, I consider that the behavioural functions give form to a competitive effort
game between group mates. Below, I explore different functional forms for the social

interactions among group mates.

(2. Investment in a public good

Let us consider the evolution of investment in a public good. I assume that investment in a
public good is costly to the actor, but increases the pool of publically available resources. The
pool of available resources is assumed to be fairly distributed among all social partners,
including the contributor. Investment in the public good is costly, in the sense that the actor’s
ability to access the pool of publically available resources is impaired by the expression of
the behaviour. Given these assumptions, the behavioural function of the social interactions

takes the form

1
Spo = (1 - xpa) ZZUE{H'L} Xnos (G2.1)

where: W(xpc) = (1 - xpa); O(x,) = %ZHE{H,L} Xng; and n, = 2 is the number of

individuals in the patch. From equations (G1.3) and (G2.1), the cost of the investment in the

public good is given by

1
Coo = ;Zne{H,L} Xnos (G2.2)
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which means that the cost paid by the actor is given by the amount of public good available
to the focal recipient. From equations (G1.4) and (G2.1), we find that the benefit provided by

the focal individual to social partners is given by

Bono = (1= %n0) 7 (G2.3)

In Fig. G2.1 and Fig. G2.2 I present the results for this behavioural function. We find that the
results are qualitatively similar to those obtained in the main text for a different behavioural

function. In particular, we find a patch productivity and inequality are negatively correlated.

10
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Figure G2.1. Optimal investment in public good (z') and fecundity (f) of high- (solid lines)
and low-quality (dashed lines) individuals as a function of the temporal correlation (7). [A,C]
In resource-rich patches, average investment in the public good increases as the environment
becomes more stable. [B,D] In resource-poor patches, average investment in the public good
decreases as the environment become more stable. Environmental stability leads to higher
average fecundity in resource-rich patches, while it leads to lower average fecundity in
resource-poor patches. Parameter values: ¢ = 0.9, d=0.1, p = 0.5, gur = qup = 1.0, gLr = qrp

=0.1, ur = 1.0, p = 0.1.
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Figure G2.2. Relative group productivity (), within-group inequality (G,,), and between-
group inequality (Gg) as a function of the temporal correlation (7). Group productivity is
plotted relative to the baseline group productivity in each patch. Baseline group productivity
is given by group productivity in a stable environment (i.e. Fo = F(z = 1)). Thus, F = F(t)/F.
[A] Environmental stability in resource-availability leads to higher productivity in resource-
rich patches, but to lower productivity in resource-poor patches. [B] In resource-rich patches,
inequality decreases as the environment becomes more stable. In resource-poor patches,
inequality increases as the environment becomes more stable. [C] Productivity in resource-
rich patches increases, relative to that of resource-poor patches, as the environment becomes
more stable. Parameter values: ¢ =0.9,d=0.1,p=0.5, gur = gqupr = 1.0, grr = qrp = 0.1, ur =

1.0, yip = 0.1.
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G3. Simple competitive effort

In the main text, I considered a competitive effort behavioural function. In this section, I
consider a variation of this behavioural function. More specifically, I consider a case in
which the fraction of resources obtained by the focal individual is not relative to the average
competitive effort in the local group, as in the main text (cf Frank 1994). Thus, I assume that
competitive effort, denoted by x,,, directly increases the fraction of resources obtained by
the focal individual, but it reduces the focal’s contribution to the common pool of resources.

The fecundity of a focal individual through social interactions is then given by
1
Spo = Xpo (1 = 7= Eneqrry ¥no - (G3.1)

where: W(xpc) = Xpe and O(x,) = (1 — n_lgzne{H,L} xna). From equations (G1.3) and

(G3.1), the cost of competitive effort becomes
1
Cor = = (1= 2= Znca, *no). (G3.2)

Note that the cost is negative. That is the investment in competitive effort confers a direct
benefit to the recipient that is proportional to the pool of resources available to the recipient.
From equations (G1.4) and (G3.1), the benefit provided by the focal actor to a group mate is
given by

Baps = —Zpo n—lg (G3.3)

13
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Note that the benefit is negative. That is an additional investment in competitive effort
reduces the amount of resources publically available to each of the social partners. In Fig.
G3.1 and Fig. G3.2, I present the results for this behavioural function. We find that the results
are qualitatively similar to those obtained in the main text for a different behavioural

function. In particular, we find a patch productivity and inequality are negatively correlated.
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Figure G3.1. Competitive effort (z) and fecundity (f) of high- (solid lines) and low-quality
(dashed lines) individuals as a function of the temporal correlation (7). [A,C] In resource-rich
patches, temporal stability in resource-availability decreases average investment in
competitive effort. [C,D] In resource-poor patches, temporal stability in resource-availability
increases average investment in competitive effort. Temporal stability leads to higher average
fecundity in resource-rich patches, while it leads to lower average fecundity in resource-poor
patches. Parameter values: ¢ =0.9,d=0.1,p =0.5, gur = gqup = 1.0, gtr = q1p = 0.1, ur = 1.0,

,up=0.l.
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Figure G3.2. Relative group productivity (), within-group inequality (G,,), and between-
group inequality (Gg) as a function of the temporal correlation (7). Group productivity is
plotted relative to the baseline group productivity for each patch. Baseline group productivity
is given by group productivity in a stable environment (i.e. Fo = F(z = 1)). Thus, F = F(t)/F.
[A] Temporal stability in resource-availability leads to lower productivity in resource-rich
patches, while it leads to higher productivity in resource-poor patches. [B] In resource-rich
patches, inequality decreases as the environment becomes more stable. In resource-poor
patches, inequality increases as the environment becomes more stable. [C] Productivity in
resource-rich patches increases, relative to that of resource-poor patches, as the environment
becomes more stable such that inequality between patch types increases. Parameter values: ¢

=0.9, d=0.1,p=0.5, dHR — dHP = 1.0, qLR=qu=0.1,,uR= 1.0,,UP=0.1.
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Appendix H. Early-life acquisition of individual quality

Reproductive success and reproductive value

We assume that mothers produce a fraction Q of high-quality offspring, and a fraction 1 — QO
of low-quality offspring, irrespective of a mother’s quality. As a result, the total proportion of
high-quality offspring competing for breeding sites in any focal patch is given by Q while the
proportion of low-quality offspring competing for breeding sites is given by 1 — Q. Thus, the

probability that the focal patch becomes a type-kA patch is given by

P = (,1:1) Q"1 -, (HI)

where k and A are the quality of each breeder, m is the number of high-quality breeders in the

patch, and # is the patch size, which we set to 2.

Given the state of the patch, we can now define the number of breeding spots for each type of

offspring quality. Let us denote the number of quality-i breeding spots in a type-ij patch by

oij.Thus,
2 i=Hj=H
)1 i=nj=L
%=1 ,i=Lj=H (H2)
2 Ji=Lj=L

Let us define the set Q = {HH, HL, LL}, which includes the set of all patch types, noting that

the type-HL patch is the same as the type-LH patch. The reproductive success of a quality-p

17
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mothers with a quality-u mother as social partner in a type-m patch (where 7 denotes the
resources available in the patch, i.e. either ‘R’ or ‘P’) through offspring that remain

philopatric is given by

Wq) (x X ): foun(1-d)
PRIATHIL LT ™ (ot fup ) 1= D)+ (Zyer py Py Zupea Pup (fupy +upy))d(1-0)

(H3)
The reproductive success of a quality-p mothers with a quality-y mother as social partner in a
type-m patch through offspring that disperse away from the natal patch and arrive at a type-w

patch with a quality-¢ and a quality-p individual is given by

s _ fpp,nd(l—c)
pr.Tt—>£ u)(xHTr xLT[) - .
TR ’ (feow+foe,w) (1= +(Zyerr p} Py Znpea Pup (fup,y +fup,y))d(1-0)

(H4)

That is, the focal quality-p mother produces f,,, x, a fraction d of which disperse, and where

only a fraction 1 — ¢ survive dispersal.

The reproductive success of a quality-p mother with a quality-u mother as a social partner in
a type-m patch through offspring that become quality-kx mothers with quality-A1 mothers as

social partners in a type- patch is given by

¢
Wy s = w 5 o
PU,TKA Y pu,‘rtp‘r[ YPiA Ok (HS)

+(Zye{R,P} PyPy-y ngeﬂ Psqwgu,msg,v)l’mom

That is, a quality-p focal mother with a quality-u social partner in a type-z patch wins a

¢

breeding spot in the local patch with probability wy, ..

With probability py_,, the type-r

18
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patch becomes a type-y patch. The probability that the patch becomes a patch with a quality-
k and a quality-4 breeder is given by p,, in which case there are o,; quality-x breeding spots

available.

The focal quality-p breeder also derives fitness from offspring that disperse from the local

patch. With probability p, the dispersed offspring arrive at a type-y patch, which becomes a
type-y patch with probability p,_,y,. With probability pg, the type-y patch has a quality-¢
breeder and a quality-o breeder, in which case the probability that the focal quality-p breeder
wins a breeding spot through the dispersed offspring is given by Wgulnﬁgg’y. Finally, the type-

y patches accommodate a quality-x and a quality-4 breeder with probability p,,, in which

case there are o, quality-x breeding spots.

From equations (A2-A4), we can then define the 8x8 fitness matrix, denoted by w, as

w= (Wp P-'T[_"c}\rw)gxg . (H6)

From the fitness matrix, we find the reproductive value of each mother by calculating the left

eigenvector associated with the eigenvalue one.
Relatedness
The relatedness coefficient depends on the previous state of the patch. The probability that a

type-x patch was a type-m patch is given by p,_. The probability that the type-m patch was a

type-up is given by p,,,. The probability that two random offspring are both offspring of the

19
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¢

2
quality-p breeder is given by (Wp u.ﬂ) and the probability that two random offspring are both

¢

2
up’ﬁ) , in both cases the relatedness

offspring of the quality-u breeder is given by (W

coefficient is 1. The probability that both juveniles are offspring of different parents is given

¢

up,m> 1N Which case the relatedness coefficient is 7;

Lp,m- The recursion equation that

¢
by 2W5 oW
gives the relatedness coefficient between a quality-i and a quality-j breeder in a type-x patch

is given by

2 2
rij,K = Z‘I‘[E{R,L} Pr-k (Zp.peﬂ pup ((Wg)p.,n) + (Wpclbp,n) + ng)u,nwfp,nrup,ﬂ))‘ (H7)

This gives a system of recursion equations that can be solved for the relatedness coefficients

in each patch.

Hamilton’s rule

To define Hamilton’s rule, it is useful to define reproductive value of a breeder through

offspring that remain in the local patch (i.e. the philopatric component of reproductive value).

¢

With probability pr_,, the focal type-m patch becomes a type-w patch. With probability wy, «

an offspring of the focal breeder wins a breeding site. Finally, with probability p,, the focal
patch accommodates a quality-x and a quality-4 breeder, in which case there are o, quality-x
breeding sites available, and in which case the focal breeder derives a reproductive value

Viae- Collecting all these terms together, we obtain

vSL,n = Ywe®p) Prow (Xxeri L) ZacHL) W;b A0k ) - (H8)
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It is also useful to define the probability that a single offspring remains in the local patch and

wins a breeding site, which is given by

1-a)
Xy X H9
le.‘lT( Hm, LT[) (fpp.rt"’fup‘rt)(l d)"’(Zye{RP}pyzupeﬂpup)d(l c)’ ( )
Hamilton’s rule, is then given by
—CijacVise + BijuVijucTie — (B W2 (v +v? 7 ) >0 (H10)
ij,xVijx ij,x Vij,x'ijx ijx = l]K ij,k 1]K jik 1)K :

Appendix 1. Patch size

In the main text, I assumed that each patch has exactly two breeders, one high- and one low-
quality breeder. Here, I consider that patch size can be greater than two, but I keep the
proportion of high- and low-quality breeders in each patch constant, such that the number of
high-quality and low-quality breeders is given by a, with a = n/2. This extension of the model
does not change the calculation of reproductive values, as the increase in competition for
breeder sites, owing to the increase in the number of breeders, is exactly compensated by the
increase in the number of breeding sites available. However, this extension of the model does

change the calculation of relatedness.

The probability that a type-«x patch was a type-m patch is given by p,_. The probability that
two random offspring are both philopatric offspring is given by ¢,. The probability that two
random offspring are both offspring of a focal quality-p breeder is given by

forn/ (@fun + (1 — a)fiy). If the two random philopatric offspring do not share the same
mother, then the coefficient of relatedness is given by 7;;. The recursion equation that gives

the relatedness coefficient in a type-« patch is then given by
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TK’ = ZnE{R,L} PrisxPn <Zpe{H,L} a (

afuntafin

for

)2 + <1 - ZpE{H,L}a(

afuntafin

for

)2>rn>. (1)

This gives a system of recursion equations that can be solved for the relatedness coefficients

in each patch.
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Figure I1. A. Competitive effort of high-quality and low-quality individuals as a function of

the temporal correlation in resource-rich patches. B. Competitive effort of high-quality and

low-quality individuals as a function of the temporal correlation in resource-poor patches. C.

Coefficient of within-group inequality in resource-rich and resource-poor patches as a

function of the temporal correlation. Parameter values: n =4, d=0.1,¢c=0.5,p=0.5, qur =

gup = 1.0, gtr = qrp = 0.1, ur = 1.0, up = 0.1.
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