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Cooperatively breeding vertebrates typically live in family groups in which
some offspring delay breeding and remain on the natal territory to help
rear younger siblings. However, field studies find that helpers can have a
neutral or even negative effect on the survival of their relatives. Why, then,
do helpers remain, and why do parents tolerate them? Here, we use a kin
selection approach to model the conditions under which tolerating helpers
is adaptive to parents. Unlike previous models, we consider scenarios in
which relatives compete for breeding opportunities in a saturated habitat.
We show that kin competition is sufficient to favour tolerance of helpers,
even when helpers decrease parental survival or fecundity. Helping is
additionally favoured when delaying dispersal benefits the helper (either
by decreasing the costs of dispersal or by increasing the chance of territory
inheritance). This suggests that the division of reproduction in cooperative
family groups can emerge for reasons unrelated to the effects of help itself,
but the resulting society sets the stage for more elaborate forms of division
of labour. Kin-based helping may therefore be adaptive not only because
helpers are related to the brood whom they help, but also because delayed
breeding reduces reproductive conflict among siblings.

This article is part of the theme issue ‘Division of labour as a key driver
of social evolution’.

1. Introduction
Cooperatively breeding vertebrates, including birds, mammals and some
fish, typically live in small family groups in which some adult offspring—
helpers—delay dispersal and remain on the natal territory to help rear
younger relatives. These societies have long been used to explore the fitness
trade-offs that influence the evolution of cooperative behaviours, since the
reproductive division of labour between breeders and helpers is thought to
represent a key transition in the evolution of social complexity [1,2]. Unlike
eusocial species, in which non-reproductive group members remain perma-
nently sterile, helpers in cooperative breeding groups retain the ability to
reproduce themselves. Delayed reproduction therefore reflects a trade-off
between the helper’s current and future reproductive prospects, and between
direct and indirect components of their inclusive fitness [3]. Understanding
the selective pressures that influence these trade-offs, and hence, the division
of labour into reproduction and offspring care, remains a central challenge in
the study of both cooperative breeding and eusociality.

Studies of cooperatively breeding birds provided some of the earliest
empirical tests of Hamilton’s [4] formulation of kin selection, finding that,
under some circumstances, the indirect fitness benefits of rearing younger
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relatives could partly compensate for the direct fitness costs of delayed reproduction [5,6]. These studies emphasized the
indirect fitness benefits of helping, which required a positive effect of helpers on the survival or condition of the brood that they
helped [7,8] and on high relatedness between the helper and the brood [9,10]. The subsequent several decades of field studies
have largely affirmed the importance of kin selection in the evolution of cooperative breeding (reviewed in [11,12], as well as the
importance of ecological constraints on independent breeding that favour delayed dispersal (e.g. shortages of mates or breeding
sites [13].

However, evidence that helpers increase the reproductive output of breeders remains puzzlingly inconsistent. In some
species, helpers have an obvious positive effect on the survival of the brood [14–16], whereas in others the effect of helpers
appears to be neutral [17,18] or even negative [19,20]. Many long-term studies find that the effect of helpers varies in magnitude
and even direction across years [21,22]. In acorn woodpeckers (Melanerpes formicivorus), male helpers have positive effects on
brood survival only in resource-rich years, suggesting that in times of scarcity, helpers decrease their contributions to the brood
or even compete with the brood for limited food on the territory [23]. Similarly, removal experiments in Seychelles warblers
(Acrocephalus seychellensis) demonstrated that while the presence of one helper increased the reproductive success of its parents,
more than one helper had the opposite effect, apparently due to competition between helpers and the brood (and/or the
breeders [24]. A recent meta-analysis of studies that controlled for potential confounds (for example, territory quality and the
prior reproductive success of the pair) found that helpers significantly increased breeder fitness in only 7 of 19 species, although
the direction of the effect was positive in all but three species [25].

Several non-mutually exclusive hypotheses have been proposed to explain the adaptive benefits of cooperative breeding in
these societies, despite the apparent unhelpfulness of helpers. One well-supported possibility is that helpers increase breeder
fitness by allowing breeders to reduce their own workload and therefore divert those resources to self-maintenance or future
reproduction (‘’ [26–29]). Second, helping may be favoured by direct fitness benefits that accrue to the helper, such as increased
survival or likelihood of inheriting a breeding territory, relative to an individual who disperses [13,30,31]. If the direct fitness
benefits of helping are sufficiently high (or, equivalently, the prospects of dispersing to breed are sufficiently low), then helpers
could benefit from remaining on the natal territory even if their effects on the fitness of the brood are neutral or negative.
Allowing a helper to delay dispersal and remain at home may therefore be viewed as a form of extended parental care by the
breeder towards the helper [32,33]. Tolerance of helpers might additionally increase the parent’s inclusive fitness if it reduces
competition among siblings over breeding opportunities that arise on neighbouring territories, although this possibility has
not been explicitly modelled [34–36]. From the inclusive-fitness perspective of the parent, the key questions are (i) to what
extent does delayed dispersal increase the lifetime reproductive output of the helper, and (ii) does this positive fitness effect
compensate for potentially negative effects on the brood that is helped?

In this article, we present a model to explore the conditions under which parents should tolerate helpers on the natal
territory. We assume a situation in which the breeding habitat is fully saturated, territories become available only when parents
die, and offspring from broods compete with one another for these breeding territories (through either territory inheritance or
dispersal into neighbouring sites). We explore scenarios in which delayed dispersal has positive effects on helper fitness (for
example, by increasing their body condition and therefore reducing the eventual costs of dispersal to a breeding site), and/or
negative effects on the survival or reproductive output of breeders; and we compare these to a baseline scenario in which
helping affects neither the dispersal costs to helpers nor the survival or fecundity of breeders.

2. Methods
(a) Life cycle
We assume a population divided into breeding groups, with each group comprising n asexually reproducing haploid breeding
females, each occupying its own breeding territory. Within these breeding groups, mothers produce broods containing f(z)
offspring, where z is a vector representing the phenotype of mothers within the group, as elaborated below. After reproducing,
mothers survive with probability s(z), where z is the mean phenotype among the local mothers in the current breeding season.
Offspring develop into 1-year-olds, with a fraction 1 – z of these young adults attempting breeding in the current season and a
fraction z delaying their breeding attempt by one season and acting as helpers. For a focal mother in the local breeding area, z
denotes the ratio of offspring who delay breeding (helpers) to those who attempt to breed. Among the 1 – z fraction of offspring
attempting breeding in the current season, they can either attempt breeding in one of the n local territories, with probability 1
– d, or disperse and attempt breeding elsewhere, with probability d. The probability that these individuals successfully reach
a new breeding area is determined by 1 – ke, where ke represents the cost of dispersal for offspring who attempt to breed in
their first season as adults. As previously described, a fraction z of the f(z) offspring born in the current season delay breeding
by one season, remaining in the natal territory as helpers. They then attempt breeding in their second season as adults. Like
their early-breeding siblings, they can either attempt breeding locally, with probability 1 – d, or opt to disperse, with probability
d. However, we assume that delayed breeding reduces the eventual costs of dispersal when they do disperse, either because
their body condition improves during the time spent on the natal territory, or for other reasons (e.g. the ability to survive
dispersal may increase with age or experience). Specifically, we consider that delayed-breeders (helpers) survive dispersal with
probability 1 – kh, where kh represents their cost of dispersal. This cost may be equal to or lower than the cost of dispersal
for early-breeders, i.e. kh ≤ ke. Following the dispersal stage, all offspring, including those born in the current and previous
seasons, compete for available breeding territories in different areas. These breeding territories become available when resident
mothers die, which occurs with probability 1 – s(z). At this stage, the life cycle resumes. A schematic depiction of the life cycle is
presented in figure 1 and parameters are summarized in table 1.
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(b) Analysis
To analyse the model, we employ the neighbour-modulated approach to kin selection within a class-structure framework
[37–39]. Our objective is to identify the optimal brood composition, denoted as z*, from the inclusive-fitness perspective of the
mother. This represents the strategy where the selection gradient is null, at which point there is no selection for higher or
lower values of z*. In the first step, we apply the neighbour-modulated approach to find the selection gradient, which we then
interpret in terms of the inclusive-fitness effect of the behaviour [38,40,41]. Below, we summarize the steps necessary to derive
the selection gradient. A comprehensive explanation of the methods is provided in the electronic supplementary material,
appendices A–G. Within the class-structure framework, individuals in a breeding area are categorized into two classes: breeders
and helpers (offspring that delay breeding). Total fitness is described by w(x,y) = vA(x,y)u, where v is a row vector containing
the reproductive values of breeders and helpers; u is a column vector containing the stable class-frequencies of the two classes
and A(x,y) is the full (gametic) fitness matrix, where x is a vector representing the phenotypes of focal recipients and y is a
vector representing the phenotype of a set of actors within the focal group (explained in more detail below). The vector v is
determined by the dominant left-eigenvector of the normal fitness matrix A*, while the vector u is determined by the dominant
right-eigenvector of the normal fitness matrix A*, where the normal fitness matrix assumes a neutral population, where x = y = z
and A* = A(z,z), with z representing the population’s average phenotypic values. The full fitness matrix can be written as:

(2.1)

A x,y =
wh h

ϕ x,y wb h
ϕ x,ywh b

ϕ x,y wb b
ϕ x,y

Aϕ x,y
+

wh h
δ x,y wb h

δ x,ywh b
δ x,y wb b

δ x,y
Aδ x,y,

where Aϕ(x,y) is the ‘philopatric’ fitness matrix containing all the fitness components (including adult survival and production
of offspring) generated through individuals that remain in the local patch, and Aδ(x,y) is the ‘dispersed-offspring’ fitness matrix
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Figure 1. Conceptual schematic representation of the model’s life cycle. We depict two seasons, each comprising a reproductive and a survival stage. Offspring face
two key decisions over the course of their lifespan: (i) to become a helper (x) or an early breeder (1 – x); and (ii) to attempt breeding locally (1 – d) or elsewhere
(d). Early breeders experience equal or higher costs of dispersal relative to helpers (ke≥ kh). During the survival stage, maternal mortality may occur, leading to
available territories for offspring. The four types of offspring compete for those territories. Production of helpers (illustrated by the average phenotype y) may influence
the survival and/or fecundity of breeders.

Table 1. Summary of key model parameters.

symbol meaning

cs (cf) maternal mortality (fecundity) cost owing to the presence of helpers

d long-distance dispersal

f brood size

ke (kh) cost of long-distance dispersal for early-breeding offspring (helpers)

n number of breeding females and territories in the focal patch

s survival rate of breeding females

ωe fitness of early-breeding offspring

ωh fitness of delayed-breeding offspring (i.e. helpers)
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containing all the fitness components generated through dispersed offspring [41]. In both fitness matrices, the columns describe
the recipients of each class. The first column represents a focal helper (subscript ‘h’) and the second column represents a focal
breeder (subscript ‘b’). On the other hand, the rows of the fitness matrices represent the genetic contributions of each recipient
to the different classes. The first row corresponds to contributions to the class of helpers, and the second row corresponds to
contributions to the class of breeders.

We use ℊ to denote the breeding value at the locus responsible for the trait of interest. The selection gradient is then given by
the derivative of total fitness with respect to the breeding value:

(2.2)dw x,y
dℊ = v ∂A x,y

∂x0
+ ∂A x,y

∂y0
∘ R0 + ∂A x,y

∂y1
∘ R1 + ∂A x,y

∂y2
∘ R2 u,

where x0 represents the phenotype of the current-season focal mother; y0 represents the ‘whole-class’ average phenotype among
current-season mothers; y1 represents the average phenotype among prior-season mothers and y2 is the average phenotype
among two-prior-season mothers (see figure 1 for a schematic representation of the phenotypes). The operator ‘∘’ describes
the entrywise binary operation between two matrices [41]. The matrices R share the dimensions of A, and they include the
different coefficients of relatedness between actors and recipients. The matrix R0 contains the coefficients of relatedness between
the current-season breeders and a focal current-season breeder (first column), as well as a focal helper (second column). The
matrix R1 contains the coefficients of relatedness between the prior-season breeders and a focal helper (first column) and a focal
helper (second column). The matrix R2 contains the coefficients of relatedness between the two-prior-season breeders and a
focal current-season breeder (first column) and a focal helper (second column).

We express the selection gradient in terms of the inclusive-fitness effect of the behaviour [37,38,41]. Specifically, we find that
the inclusive-fitness effect is given by

(2.3)wIF = wIF
ℎ + wIF

s + wIF
f ,

where wIF
ℎ  describes the inclusive-fitness effect of an additional number of helpers when helpers do not impact the survival or

fecundity of breeders; wIF
s  describes the inclusive-fitness effects arising from the impact of helpers on the survival of breeders

and wIF
f  describes the effects arising from the impact of helpers on the fecundity of breeders. In the absence of survival and

fecundity effects, the inclusive-fitness effect of producing additional helpers is given by

(2.4)wIF
ℎ = f −ωe + ωh + fφ2 1 − z Rω + zrβ − fφ2 1 − z r1 + zRω ,

The first term describes the direct fitness effect when a mother produces more helpers instead of early-breeding offspring,
where ωe represents the success of an early-breeding offspring and ωh the success of helpers (delayed-breeding offspring). The
second and third terms represent the reduction in kin competition in the current season and the corresponding increase in
the next season owing to the focal mother’s additional production of helpers, who delay breeding for one season. Specifically,
the focal mother produces fewer offspring competing in the current season, who would have acquired local resources with
probability φ, but produces more offspring competing in the next season, who acquire resources with probability φ. This frees
up resources in the current season, which are acquired by philopatric offspring with probability φ. With a probability 1 – z,
these philopatric offspring are early-breeding offspring, related to the actor by Rω. Conversely, with probability z, they are
delayed-breeding offspring, related to the actor by rβ. The additional helpers displace philopatric offspring competing in the
next season, who would have otherwise obtained breeding territories with a probability φ. With probability 1 – z, the displaced
philopatric offspring are early-breeding offspring born in the next season, related to the focal mother by r1. With probability z,
the displaced offspring are delayed-breeding offspring (helpers) born in the current season, related to the focal mother by Rω.

When helpers at the nest influence the survival of mothers, the inclusive-fitness effect resulting from the increased produc-
tion of helpers through their effect on survival is given by:

(2.5)wIF
s = f

1 − scs −Rω + φ 1 − z Rω + zrβ
When a mother produces more helpers, she increases the mortality of local females (including herself) by cs, whose relatedness
to the focal mother is Rω. These affected mothers would have otherwise generated a reproductive value f/(1 – s). Simultaneously,
increased maternal mortality releases breeding territories that are subsequently acquired by philopatric offspring with a
probability φ. With probability 1 – z, these offspring are early-breeding offspring whose relatedness to the actor is Rω, while
with probability z, they are delayed-breeding offspring whose relatedness to the actor is rβ. Once offspring secure territories and
transition into breeders, their reproductive value becomes f/(1 – s).

When helpers at the nest affect the fecundity of breeders, there are three inclusive-fitness effects to consider:

(2.6)wIF
f = cf − ωo r1 + φ2 1 − z 1 − z rβ + zRω + z 1 − z r2 + zr1

First, when the focal mother produces more helpers, next-season females produce cf fewer offspring, who would have contrib-
uted ωo to fitness. This fitness cost must be depreciated by the relatedness between the mother and next-season breeders,
denoted as r1. The production of fewer offspring by next-season females reduces the intensity of kin competition in subsequent
seasons. With a probability of φ, these offspring would have secured breeding resources that now become available for other
offspring, either in the next season, with probability 1 – z, or the season after, with probability z. With a probability of 1 – z, the
resources that become available in the next season are acquired by the philopatric early-breeding offspring produced in the next
season, whose relatedness to the actor is rβ, or, with probability z, by philopatric delayed-breeding offspring produced in the
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current season, whose relatedness to the actor is Rω. The resources that become available the season after next are acquired by
philopatric early-breeding offspring produced two seasons into the future, with probability 1 – z, whose relatedness to the actor
is r1, or by philopatric delayed-breeding offspring born one season into the future, with probability z, whose relatedness to the
actor is r2.

3. Results
(a) An invariance result: selection for helpers that do not help
In this scenario, we assume that delaying reproduction does not reduce the costs of dispersal. Consequently, both early- and
delayed-breeding offspring incur the same dispersal cost, denoted as ke = kh = k. Additionally, we assume that the presence of
delayed-breeding individuals (helpers) at the nest has no effect on the survival of mothers (i.e. s(z) = s) or their fecundity (i.e. f(z)
= f).

Our findings show that mothers are selected to produce broods with precisely half delaying-breeding offspring (helpers) and
half early-breeding offspring (figure 2, Box 1). Moreover, our model demonstrates that this ‘offspring-ratio’ strategy remains
independent of multiple ecological and demographic factors. These factors include the fecundity (f ) and survival (s) of mothers,
the number of mothers in the breeding group (n), the degree of dispersal (d) and the associated cost of dispersal (k). We refer
to this invariance as the ‘constant helper hypothesis’ (CHH), drawing parallels with the ‘constant male hypothesis’ of the sex
allocation theory [38,42–44], and the ‘constant philopater hypothesis’ of the dispersal evolution theory [45].

Why are mothers favoured to produce broods with equal proportions of delaying- and early-breeding offspring? First, when
delaying breeding does not affect dispersal costs (ke = kh), the lifetime direct fitness of delayed- and early-breeding offspring are
exactly the same (ωe = ωh in equation (2.4)). This baseline model assumes that delayed breeders and early breeders are equally
likely to survive to reproduce. This includes scenarios where helpers experience some mortality during their additional ‘waiting
season’ as long as the lifetime direct fitness of delayed- and early-breeding offspring remains equal (ωe = ωh). Specifically, if the
survival of helpers during the ‘waiting season’ is denoted by sw and their survival outside the ‘waiting season’ by so,h, then, as
long as so,e = swso,h (where so,e is the survival of early-breeding offspring), we have ωe = ωh, and the baseline is recovered. In
cases where offspring delay breeding because their natal patch provides a ‘safe haven’ with little mortality or no mortality, sw
= 1, and as long as so,e = so,h, we gain recover the baseline model with ωe = ωh. More generally, this is true when so,e = swso,h,
swso,h/so,e = 1, regardless of the value of sw, providing the general condition for our baseline model.

However, we find that the production of delayed-breeding offspring influences the indirect component of fitness (second and
third terms in equation (2.4)). Specifically, it reduces the intensity of competition for philopatric early-breeding offspring. This
decoupling of competition among related offspring generates indirect fitness benefits for mothers that are partially offset by the
costs of additional competition imposed on offspring attempting to breed in the next season. Because the average relatedness
between the focal mother and the offspring attempting to breed in the current season and between the focal mother and those
attempting to breed in the next season is exactly the same, the equilibrium offspring-ratio strategy depends on the balance
between the costs and benefits of decoupling kin competition, rather than relatedness.

We find that the benefit of delayed-breeding offspring is proportional to the fraction of philopatric offspring attempting
to breed in the current season, given by 1 – z, while the cost is proportional to the fraction of philopatric offspring delaying
breeding, given by z. Thus, the balance of these benefits and costs occurs when mothers produce broods comprising half
early-breeding offspring and half delayed-breeding offspring (i.e. zI = ½), which is independent of ecology and demography.
This invariance result provides a fundamental baseline for the subsequent results presented below.

(b) Dispersal benefits favour higher production of helpers
In this scenario, we assume that delaying reproduction improves the likelihood that offspring will eventually survive dispersal,
resulting in kh< ke. Our findings reveal a departure from the 50 : 50 brood invariance result when delayed breeding reduces
the eventual costs of dispersal (for example, when helpers are able to improve their body condition by remaining on the
natal territory for an additional year, relative to offspring who disperse in their first year). In this context, mothers are now

Figure 2. Optimal brood composition as a function of different traits and ecological variables when delaying breeding does not impact dispersal costs, i.e. ke = kh.
Mothers are favoured to produce broods with precisely half early- and half delayed-breeding offspring (zI = 0.5 or 50 : 50 broods) irrespective of the dispersal rate, d,
the cost of dispersal, k, group size, n, and maternal survival, s. This invariance result also holds for variation in the fecundity rate, f.
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favoured to produce more than half delayed-breeding offspring (figure 3a–c). This deviation from the 50 : 50 strategy is directly
proportional to the reduction in dispersal costs. When the benefits are marginal, the deviation is modest; however, in cases of
substantial benefits, mothers may even be favoured to produce broods exclusively composed of delayed-breeding offspring.

The excess of delayed-breeding offspring is driven by direct fitness effects. As discussed above, when delayed breeding
has no impact on dispersal, the fitness of early- and delayed-breeding offspring is the same. However, if delaying breeding
results in reduced dispersal costs, delayed-breeding offspring exhibit enhanced fitness, prompting mothers to produce an excess
of delayed-breeding offspring, where ‘excess’ means a positive deviation from the 50 : 50 brood composition invariance result
established above (z*> zI).

(c) Mothers produce fewer helpers when helpers reduce breeder fecundity
We now consider a scenario where the presence of offspring (helpers) at the nest imposes a cost on the fecundity of breeders
(i.e. helpers reduce the survival of the brood that they help). In this context, when mothers adjust their brood composition
by producing more helpers, the fecundity of mothers within the breeding group decreases, with f0(y1) = fo(1 – ay1) and cf(z)
= ∂f0(y1)/∂y1|y₁ = z, where fo is the baseline fecundity, a (≪1) a scaling factor, and y1 is the local average investment in helpers
among prior-season breeding females.

When helpers reduce brood survival, mothers are favoured to produce fewer helpers, with the proportion of these offspring
increasing as dispersal decreases (figure 3d–f). As noted earlier, reduced fecundity has both a direct negative impact on the
reproductive output of breeders of breeders and a positive effect by decreasing kin competition. However, in cases of full
dispersal, the kin competition benefit vanishes, leaving only the negative impact of helpers at the nest. Consequently, when
dispersal rates are higher, mothers tend to reduce investment in delayed-breeding offspring. Conversely, when dispersal rates
are extremely low, the benefits of reduced kin competition can be sufficient to offset the fecundity costs associated with the
presence of helpers. As a result, mothers tend to produce broods that are closer to the 50 : 50 brood invariance.

Maternal survival significantly influences the extent to which mothers produce delayed-breeding offspring. When survival rates
are low, the relatedness between breeders in consecutive seasons decreases. This consequently reduces the fecundity costs to mothers
arising from the production of helpers. Thus, in situations with lower maternal survival rates, mothers tend to produce broods that
are closer to the 50 : 50 broods invariance result. Additionally, we observe another important invariance in the strategy of mothers: the
optimal brood composition of mothers is independent of the number of breeders residing in each patch (figure 3d–f).

Box 1. An invariance result for cooperative breeding.

Here, we consider a baseline scenario where delaying breeding does not affect offspring body condition (ke = kh) and
we focus on the inclusive-fitness implications of producing helpers, as described by equation (2.4) in the main text. In
this scenario, the focal mother produces more delayed-breeding offspring while producing fewer early-breeding offspring.
Since delaying breeding does not impact offspring body condition (ke = kh), both kinds of offspring exhibit identical fitness
(ωe = ωh), resulting in a neutral net effect on the mother’s direct fitness. However, the production of helpers impacts the
indirect fitness component that describes the level of kin competition experienced by the different offspring. Under this
scenario, the inclusive-fitness effect becomes

(3.1)wIF, I = φ2 1 − z Rω + zrβ − 1 − z r1 + zRω

Note that the relatedness between the focal actor and the delayed-breeding offspring born in the previous season (rβ)
is identical to that between the focal actor and the early-breeding offspring born in the next season (r1). Hence, r1 = rβ
(electronic supplementary material, appendix E). Thus, the inclusive-fitness effect becomes

(3.2)wIF, I = φ2 1 − z Rω − rβ − z Rω − rβ = φ2 1 − 2z Rω − rβ .

The optimal strategy leading to a null selection gradient is therefore z* = ½. Note that this strategy remains invariant
across most of the model parameters. Specifically, mothers are selected to produce broods comprising half early-breeding
offspring and half delayed-breeding offspring regardless of the number of breeding territories in the local patch (n),
offspring dispersal rate (d), maternal survival (s), fecundity of breeders (f ) and the cost of dispersal (k). This invariance
result has two significant implications. First, it highlights that selection for ‘helpers’ at the nest exists even in the absence
of any actual help. Second, it establishes a baseline to aid in analysing and explaining variation in the number of helpers at
the nest. For instance, as illustrated in §3, our model predicts the presence of helpers at the nest even when they negatively
impact maternal survival. Observing helpers at the nest could prompt two potential explanations: first, an (erroneous)
assumption that helpers do not adversely impact the survival of mothers; and second, a search for benefits for mothers
or offspring justifying the presence of these helpers at the nest. However, by basing our analysis on deviations from the
baseline scenario, it becomes clear that there are indeed costs for mothers (or offspring) and an absence of benefits (either
for mother or offspring), as mothers are producing fewer helpers than those predicted by the baseline scenario.
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(d) Production of helpers is favoured even when helpers reduce maternal survival
So far, we have explored cases in which the presence of offspring (helpers) at the nest imposes no costs on the survival of
breeders. Here, we consider cases where helpers influence the survival of breeding females. To study these cases, we revisit
our baseline model, introducing a crucial modification. Specifically, we consider that the presence of delayed-breeding offspring
(helpers) at the nest has a negative impact on the survival of breeders, with s(y0) = so + σ(1 – y0)ε, and cs(z) = ∂s(y0)/∂y0|y₀ = z,
where s0 is the baseline survival, and σ and ε are scaling factors.

Our findings show that the optimal offspring-ratio strategy of mothers strongly depends on the dispersal rate (figure 3g–i).
When the dispersal of offspring is relatively low, the effects of maternal mortality on the optimal brood composition are
marginal. Mothers tend to produce broods with approximately half delayed- and half early-breeding offspring, mirroring the
baseline model. This weak influence of mortality effects on the invariance result stems from two distinct fitness consequences
from mortality effects. On the one hand, the production of delayed-breeding offspring negatively impacts the survival of
mothers, contributing negatively to their direct fitness. On the other hand, the increased mortality of mothers has a secondary
effect impacting the indirect component of a mother’s fitness. As mothers die, they release resources, and when offspring
display a tendency to remain philopatric, these resources are likely to be acquired by their own or closely related offspring.
These two direct and indirect effects acting in opposite directions nearly cancel each other out, such that survival effects result
in minimal deviations from the established invariance result (z*≈ zI).

In contrast, under conditions of relatively high dispersal, these results change dramatically and survival effects can substan-
tially influence the invariance result. This shift occurs because the second indirect effect of increased maternal mortality nearly
vanishes when dispersal is high. The first direct effect persists: the presence of helpers at the nest has a negative impact
on the direct fitness of local mothers. However, the second indirect effect is notably reduced: a high dispersal rate means
that the resources released by mothers upon their demise are likely to be acquired by dispersed unrelated offspring, rather
than philopatric-related offspring. Consequently, the secondary positive indirect fitness effect of increased maternal mortality

Figure 3. Optimal brood composition as a function of dispersal for different numbers of breeding females in a given area (i.e. local density of breeding females,
n) assuming that: (a–c) delayed breeding improves offspring body condition α (with kh = ke – α); (d–f) helpers reduce the fecundity of breeders; (g–i) and helpers
increase maternal mortality. (a–c) Mothers are selected to increase the production of delayed-breeding offspring compared with the 50 : 50 brood composition
baseline scenario (zI). A larger number of breeders per breeding area (high n) promotes investment in delayed-breeding offspring. (d–i) When dispersal is low, mothers
are favoured to produce broods close to the 50 : 50 baseline scenario. By contrast, when dispersal is high, mothers are favoured to produce a larger majority of
early-breeding offspring. When baseline survival is lower, mothers tend to produce broods closer to the 50 : 50 baseline scenario. Optimal brood composition remains
independent of group size. Parameter values: (a–i) s0 = 0.5; (a–c) ke = 0.5; (d–f) ke = kh = 0.5; (g–i) ke = kh = 0.5, σ = 0.01.
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vanishes, and the negative direct fitness effects become the dominant factor in the selection gradient. This prompts mothers to
reduce the proportion of offspring that delay breeding and remain at the nest (z*< zI).

Our findings also reveal an invariance that still holds when survival effects are considered. Specifically, we find that the
optimal composition of broods is independent of the number of breeders in each patch (figure 3g–i). More generally, delaying
breeding may be simultaneously beneficial (e.g. lower cost of dispersal) for offspring but detrimental for mothers (e.g. increased
mortality). In such cases, mothers may produce more or fewer helpers depending on the magnitude of these two opposing
selective pressures (figure 4).

(e) Co-evolution between breeding strategy and dispersal
As we have seen above, when delaying breeding affects the ability of offspring to survive dispersal, their tendency to delay
breeding depends on the level of dispersal in the population, which we have treated as a fixed model parameter. In natural
populations, by contrast, dispersal will likely be an evolving trait and therefore, optimal offspring breeding strategies may
depend on how they co-evolve with dispersal. In this section, we explore the consequences of letting dispersal co-evolve with
the breeding strategy of offspring (electronic supplementary material, appendix F).

We find two primary forces driving the evolution of dispersal. First, dispersal is favoured when the body condition of
helpers increases (electronic supplementary material, figure F1). This is because improved body condition reduces the cost of
dispersal, thereby reducing the direct fitness costs of dispersal. In addition, indirect fitness effects also drive the evolution of
dispersal. In particular, dispersal improves the fitness of kin that remain in the local group, both early- and delayed-breeding
offspring. When the number of breeders is relatively small, this leads to higher relatedness among offspring, which favours
the evolution of dispersal. In such cases, we find intermediate levels of optimal dispersal, favouring the evolution of delayed
breeding.

(f) Territory inheritance promotes the evolution of helping
We have assumed that one major advantage of delayed dispersal is that it reduces the eventual costs of dispersal when helpers
do leave the natal territory. In many cooperatively breeding species, though, delayed dispersal may also increase the likelihood
that a helper inherits a breeding position on the natal territory when the parent(s) die. We next extended the model to include
this ‘home-field advantage’ for philopatric offspring by considering a scenario in which, if a vacancy opens, the helper is more
likely to inherit it than a newcomer [41]. We find that incorporating this additional advantage leads to increased selection for
delayed breeding, compared with the baseline scenario (electronic supplementary material, appendix G). In particular, we find
that the production of delayed-breeding offspring increases with the level of dispersal in the population (electronic supplemen-
tary material, figure G1). Thus, this mirrors the patterns obtained for the dispersal advantage scenario in §3. However, there are
some differences. At lower levels of dispersal, there is a stronger selection for delayed-breeding strategies under the home-field
advantage scenario than under the dispersal advantage scenario. By contrast, at higher levels of dispersal, there is a stronger
selection for delayed-breeding strategies under the dispersal advantage scenario than under the home-field advantage scenario.
These contrasting patterns occur because of the nature of the benefits. Under the dispersal advantage scenario, the magnitude of
the advantage increases with dispersal. By contrast, under the home-field advantage scenario, the magnitude of the advantage
decreases with dispersal.

Figure 4. Optimal brood composition as a function of dispersal and the benefit of delaying breeding, α (with kh = ke – α), for varying maternal survival costs owing
to the presence of helpers. In the absence of benefits (α = 0, and kh = ke), mothers produce 50 : 50 broods. However, as the benefit of delaying breeding (α) and the
rate of dispersal (d) increase, mothers are selected to gradually produce more delayed-breeding offspring. If helpers reduce maternal survival, this offsets some of the
benefits of delaying offspring and mothers may produce broods in which less than half of their offspring become helpers. Parameter values: ke = 0.5, n = 2, s0 = 0.5, σ
= 0.01.
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4. Discussion
Although ecological constraints on independent breeding, particularly competition for breeding vacancies in a saturated
habitat, have long been proposed as a major driver of cooperative breeding, the costs of kin competition among siblings across
breeding seasons for these vacancies have not been included in quantitative models (e.g. [34–36]). By explicitly including these
costs, we find that, in theory, cooperative breeding can be favoured even when the helper gains neither direct fitness through
increased survival, nor indirect fitness through helping the brood or their parents. More specifically, mothers are consistently
selected to produce a fixed number of helpers regardless of various ecological and demographic parameters, an invariance that
we term the ‘constant helper hypothesis’. From this viewpoint, the presence of helpers does not appear to require a special
explanation; rather, it emerges naturally from the local demographic dynamics of groups and competition for territories. These
results are useful as a null model, highlighting the potential significance of kin competition among siblings (both within and
between broods) over breeding opportunities across breeding seasons, which has previously received little theoretical attention
(in contrast to, for example, competition among family members for resources on the breeding territory [46–48]). Recent studies
have identified other evolutionary explanations for the tolerance of apparently ‘unhelpful’ helpers, which may act in concert
with the effects of kin competition that we explore here. In stochastic environments, for example, the presence of helpers
may reduce variance in reproductive success over time (bet-hedging), which, under some conditions, can increase inclusive
fitness despite reductions in average reproductive output [49]. Although our model assumes stable conditions, environmental
fluctuations may play an important role in favouring helping behaviour in natural systems.

More generally, kin competition drives a range of other behavioural strategies—namely, dispersal over longer distances away
from the natal territory—that have similarly evolved to minimize kin competition over breeding as well as other negative
consequences of local kin structuring (i.e. inbreeding [50]). Crucially, our model shows that the proportion of offspring that
delay breeding and become helpers remains independent of the level of long-distance dispersal; hence, it is decoupled from
the intensity of kin competition emerging from philopatry. Consequently, our model does not predict a specific correlation
between the number of helpers and the level of dispersal. By contrast, in real systems, empirical observations often reveal a
lower proportion of helpers compared with dispersers. This contrast between predictions and observations could stem from
various factors. For instance, cooperative breeding may be associated with a factor driving high dispersal but not the proportion
of helpers. In our model, we find that the number of helpers remains independent of the number of breeders within a group.
Theoretical studies have consistently indicated that fewer breeders correlate with increased dispersal rates (e.g. [51]. Therefore,
if cooperative breeding involves fewer breeders per group, it could explain the elevated ratio between dispersers and helpers.

Conceptually, these results are consistent with recent theoretical work showing that competition over reproductive opportu-
nities can favour the evolution of a suite of life-history traits that affect the scheduling of breeding across an animal’s lifespan,
including the onset and cessation of reproduction [52,53]. In long-lived species that experience reproductive senescence, such
as humans and some cetaceans, empirical studies have generally found that the indirect fitness benefits of help by post-repro-
ductive females (‘grandmothering’ benefits) are insufficient to explain the evolution of menopause because they fail to fully
compensate for the potential benefits of continued reproduction [54,55]. Models incorporating both the costs of reproductive
competition and the benefits of kin-directed help have been notably more successful at explaining the timing and evolutionary
stability of reproductive senescence in these societies [56,57].

Finally, our model results emphasize that kin selection is still a crucial driver in the evolution of family-based cooperative
breeding (through the inclusive fitness benefits that accrue to parents who tolerate helpers on the natal territory), regardless
of the fitness effects of the help itself. This result can help to explain not only field studies of societies in which offspring care
provided by helpers has no measurable effect on brood survival, but also family-living societies in which retained offspring
do not help at all [58,59]. These societies are of particular interest in understanding the evolutionary origins of cooperative
breeding, since phylogenetic comparative analyses support the hypothesis that family living has preceded helping behaviour
across avian lineages [60,61]. Of course, when helping behaviour does increase the fitness of the brood—as is undoubtedly true,
in many cases—such benefits should only strengthen selection for cooperative breeding. We show that the division of reproduc-
tion between breeders and non-breeders—the most common form of division of labour in cooperative vertebrates—can arise
without the fitness benefits of labour itself. However, once these groups are established, non-breeders should be under selection
to increase the fitness of their relatives by providing help. More elaborate forms of division of labour could subsequently evolve
if (for example) breeders and non-breeders vary in the types of tasks that they can most efficiently provide (e.g. [62]) or if
breeders actively prevent non-breeders from participating in certain tasks (e.g. [19,63]; reviewed in [64]). Therefore, these results
complement other hypotheses for the evolution of family societies and suggest unifying connections between societies in which
‘helpers’ do not help and those in which they do. Inclusive-fitness models that incorporate both the benefits of helping as
well as the costs of kin competition over reproductive opportunities may offer an improved understanding of the evolution of
delayed dispersal, helping behaviour and the reproductive division of labour in cooperative societies.
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