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Much of the theory on offspring size variation within a brood relies on unequal maternal allocation of resources to each 
embryo. However, maternal allocation strategies are subject to an inherent conflict between mothers and offspring: 
individual offspring, being more closely related to themselves than to their siblings, should always prefer a larger share 
of the available resources than that which is optimal from their mother’s perspective. Thus, in species where mothers 
cannot unilaterally impose a resource allocation strategy, offspring can respond to this conflict by competing for more 
resources than is maternally optimal. Here we show that variation in offspring size within a brood can arise as a by-product 
of competition between siblings over a common resource, even when 1) there are no competitive inequalities within 
families, and 2) maternal investment per brood is fixed. Moreover, we show that size variance among offspring increases 
with increasing levels of competition, brought about by decreasing relatedness among siblings. Conflict thus offers a 
simple, testable and, potentially general, explanation for the wide variability in offspring size seen in nature. This extends 
explanatory hypotheses for offspring size variation beyond those of maternal effects, under which most explanations have 
been subsumed to date. 

The number of surviving offspring is the fundamental 
currency of evolutionary ecology, and offspring size is often 
the fundamental determinant of offspring fitness (Stanton 
1984, Bernardo 1996, Fox and Czesak 2000). Conventional 
models for the evolution of offspring size assume that parents 
have a finite amount of resources to allocate to offspring and 
that larger offspring are fitter. Parents therefore face a tradeoff 
between the number of offspring they can produce and the 
size of those offspring (Lack 1947, Smith and Fretwell 1974, 
Roff 1992). Consequently, if there is an optimum offspring 
size in a given environment, then variation in the resources 
available to a parent should lead to variation in clutch, not 
offspring, size (reviewed by Guinnee et al. 2007).

Over the last decade it has become increasingly clear 
that there is substantial intraspecific variation for offspring 
size not only within and among populations, but within 
and among broods, clutches, and fruits of the same parent 
(Shaanker et al. 1988, Marshall and Keough 2008, Guinnee 
et al. 2007, Sadras and Denison 2009). Explanations for 
variation within and among conspecific populations usu-
ally focus on the environmental factors influencing parental 
investment (Bernardo 1996, Marshall and Keough 2008). 
For example, variation among females or among different 
broods of the same female can be explained by changes in 
optimal levels of offspring provisioning, brought about by 
changes in environmental quality or maternal condition 
(reviewed by Rollinson and Rowe 2016). In contrast, the 

causes of intra-brood variation are largely unexplored. The 
most common explanations ascribe such variation to either 
non-adaptive, stochastic variation in provisioning (Rivest 
1983, Moran and Emlet 2001), or as an adaptive maternal 
bet-hedging strategy in varying environments (Geritz 1995, 
Leishman et al. 2000, Marshall et al. 2008).

However, maternal allocation strategies are subject to 
an inherent conflict between mothers and offspring: since 
mothers typically divide their resources among many 
offspring at the expense of each individual’s fitness, each 
individual offspring would prefer a greater share of paren-
tal resources than parents have been selected to give (Trivers 
1974, Parker et al. 2002). That is, from the offspring’s per-
spective, its optimal size is greater than that of the maternally 
determined optimum, and the conflict between parents and 
offspring over parental investment will occur to the extent 
that the genetic interests of the parents and offspring diverge 
(Hamilton 1964, Trivers 1974). These conflicts arise from 
the relatedness asymmetries that are a simple consequence of 
sexual reproduction. Mates, for instance, are often unrelated 
and often have differing optimal levels of parental care and 
offspring provisioning (Arnqvist and Rowe 2005). Mothers 
are equally related to all of their offspring, but each offspring 
is more closely related to itself than to either its siblings 
or parents (Trivers 1974). Finally, offspring can compete 
directly with siblings who may or may not share the same 
father (Mock and Parker 1997).
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Importantly, the mating system – through its effects on 
the relatedness of interacting individuals – can be a critical 
determinant of the intensity of family conflict (Mock and 
Parker 1997, Haig 1999, 2000, Hardling et al. 2003, 
Schrader and Travis 2008). All else being equal, multiple 
mating by females (polyandry) increases the likelihood that 
broodmates will be half-, rather than full, -sibs, so that 
the taking of parental resources at the expense of a sibling 
therefore entails diminishing inclusive fitness costs as the 
degree of polyandry rises (Elgar and Crespi 1992, Kamel 
et al. 2010a). These calculations can often be complicated 
by other factors that are likely to affect the magnitude  
and resolution of conflicts among family members (Mock 
and Forbes 1992, Rollinson and Hutchings 2013), but 
the least ambiguous cases are likely to involve taxa where 
offspring can exert some degree of control over resource 
acquisition.

Much of the work on parental investment has been 
undertaken in species where parents control the resources 
available to offspring (Ahnesjö 1996, reviewed by Mock and 
Parker 1997). In some species, females tend to enforce an 
egalitarian distribution of food items to offspring; in others, 
parents skew their investment in favor of particular offspring 
(Smiseth et al. 2007). However, it is critical to acknowledge 
that there are many instances where mothers are not able to 
unilaterally impose an allocation strategy on their offspring, 
thus making it possible for offspring to influence the distri-
bution of resources. In species that internally brood develop-
ing offspring, or package embryos in nurseries such as brood 
chambers, egg masses, or capsules, offspring can influence 
parental investment after fertilization via sibling competi-
tion over resources. Offspring packaging is widespread across 
taxa (amphibians: Brown et al. 2008, fish: Wourms 1977, 
molluscs: Shaw and Sauer 2004, and plants: Shaanker et al. 
1988); for example, many gastropod molluscs package their 
eggs in capsules and developing embryos compete with one 
another for extraembryonic yolk in the form of nurse eggs 
(Thorson 1950, Lloyd and Gosselin 2007). Moreover, levels 
of parental investment to a brood, once encapsulated, are 
fixed, epitomizing a system with pure intrabrood conflict 
(sensu MacNair and Parker 1979), unaffected by offspring 
begging and other complex forms of parental manipulation 
and counter-response (Lessells and Parker 1999, Parker et al. 
2002). When conflict among offspring is asymmetric, such 
as when a subset of the strongest and/or largest offspring 
receive greater than average amounts of resources due to 
being physically superior to their siblings, unequal resource 
distributions and size differences among offspring will occur 
(Aikio and Pakkasmaa 2003, Forbes and Wiebe 2010). How-
ever, the question of what to expect in terms of the variance 
in resource distributions, when all offspring are more or less 
competitively equal, remains unanswered.

Here we present a numerical model that explores how 
the distribution of resources among offspring within a brood 
changes as a function of the degree of competitiveness exhib-
ited by all offspring in that brood. Specifically, we consider 
the question of how variance in offspring resource acquisi-
tion changes as a function of a given fixed exploitation strat-
egy, and thus acts to generate offspring size variation. We 
also demonstrate how decreases in the average relatedness 
among broodmates influence the evolution of selfish resource 

exploitation strategies. Our results indicate that size variance 
within-broods should covary negatively with average related-
ness among offspring, and hence, covary positively with the 
degree of polyandry in a population. We suggest that conflict 
offers a simple, testable and, potentially general, explanation 
for the wide variability in within-brood offspring size seen 
in nature. 

Model description

We present a numerical model in which offspring can 
directly compete with each other for a maternally provi-
sioned resource, where all offspring possess a fixed, non-
plastic resource exploitation strategy, y, that is shaped 
evolutionarily by the expected degree of within-brood 
relatedness (Frank 1995, Taylor and Frank 1996). That is, 
as a given individual’s relatedness to a randomly chosen 
brood mate decreases, the optimal strategy of offspring is to  
utilize the maternally-provided resource more selfishly. 
Therefore, the expression of competition does not depend 
on a perception of an individual’s relatedness to one’s brood 
mates.

To concretely examine the evolutionary effect of com-
petition on the distribution of discrete resources amongst 
offspring, we model the level of competition as a satiation 
level; that is, the point at which a given offspring, having 
acquired a certain number of resources, will stop compet-
ing with its siblings over the remaining resources. Mothers 
are assumed to allocate T total resources to n offspring in 
a fixed environment, so that the optimal maternal alloca-
tion strategy is T/n number of resources per offspring. When 
offspring and maternal strategies coincide (i.e. offspring are 
clones), each offspring will satiate after consuming y*  T/n 
resources. In this case, satiation at the mean number of 
resources per offspring results in no variance (s2  0) in 
offspring resource acquisition.

At the other extreme, offspring will continue to compete 
for resources regardless of the amount they have already 
acquired. Under this scenario, and with the additional 
assumption that handling times are small (i.e. the consump-
tion time of a resource unit is negligible), each individual 
will compete equally for every resource unit, so that y*  T. 
In this case, the distribution of resources amongst offspring 
will therefore be approximately binomial, with the probabil-
ity of a given individual obtaining k resources being given  

by T
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1 , where 1/n is the probability of 

successfully obtaining a resource unit at any given time. In 
this case, the variance among offspring in resource acquisi-
tion is given by s2  T(1/n)(1–1/n).

Analytical variance expressions for the cases lying between 
these two extremes, in which the competition level varies 
from high to low, are difficult to obtain, and so we examine 
this distributional change numerically. In all simulations, 
total resources are chosen to be T  100, and total offspring 
numbers, n  20, so that the mean number of resources  
per offspring is T/n  5. Exploitation levels progressively 
greater than this imply ever greater among-sibling competi-
tion for resources, reflecting reduced within-brood related-
ness. For each simulation, following resource competition, 
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offspring were ordered from lowest (1) to highest (20) 
resources acquired, and the variance in resource acquisition 
was calculated. This process was then repeated 10 000 times, 
with the means of the resources acquired for the offspring, 
again arranged from lowest to highest, being taken as the 
expected distribution of resources. Results are presented as 
means  SD.

That the level of selfish resource use within a group is 
expected to evolve as a function of within-group related-
ness can be demonstrated via an analytic model. We assume 
that the fitness, W, of an individual, with exploitation y, in 
a population with exploitation level given by z (the mean 
exploitation within a brood), can be written as

W y z
y
z

G z,( ) = ( )  (1)

Where G (z) is the average fitness in a brood with z as the 
exploitation level (alternatively, G(z) measures the resources 
available to brood mates), and so decreases with z (i.e. higher 
resource exploitation reduces resources and hence brood 
fitness; Taylor and Frank 1996). Note that at y  z, W  G 
(z) and individual fitness is equal to brood mean fitness.

Letting x be the genic value of the trait y implies that  
dy/dx  1 (since x fully governs the expression of y) and dz/
dx  R, where R is the relatedness of the individual bearing 
the y trait to a randomly chosen member of the z group, 
so that R  1 corresponds to a relatedness of 1 and identity 
of the traits y and z (see Taylor and Frank 1996 for model 
details). Therefore, differentiating (1) via the product rule 
with respect to the genic value of y gives
dW
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Equating this expression to zero and evaluating at y  z  y* 
gives an implicit definition of the level of exploitation that is 
expected to evolve (the evolutionary stable strategy, or ESS), 
y*, as a function of relatedness, R. Implicitly differentiating 
this expression with respect to relatedness R then determines 
how this ESS exploitation level is expected to evolve given a 
change in relatedness:
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Equation 3 states that, given an increase in relatedness, the 
direction of change in the ESS level of exploitation is given 
by the sign of its right hand side. Since G is a decreas-
ing function of its argument, the first two terms on the 
right hand side of Eq. 3 are negative. Further, when G is a  
linear function, the third term on the right hand side of 
Eq. 3 is zero (as the second derivative of a linear function is 
always zero) and the ESS level of exploitation, y*, increases 
as relatedness, R, decreases. The same qualitative conclu-
sion can be drawn for any decreasing function, G, which 
is concave down (giving a negative second derivative). 
Thus, ESS exploitation typically decreases with increasing 
relatedness.

Results

Simulation results indicate that, when offspring are provi-
sioned from a common pool of limited resources, increases in 

the levels of competition result in greater variance in resource 
acquisition among offspring within a brood. As within-
brood relatedness decreases, and selection favors increasingly 
exploitative offspring, the variance within a brood in the 
number of resources increases rapidly from zero (i.e. where 
all offspring satiate at 5 resource units) and reaches a plateau 
at high levels of exploitation (i.e. all offspring attempt to 
acquire approximately 10 resource units; Fig. 1). This pla-
teau occurs because even if offspring continue to compete 
for resources due to very high exploitation values, the prob-
ability of obtaining ever more resources becomes increas-
ingly smaller. Importantly, exploitation levels shape not only 
the total within-brood variance in offspring resource acqui-
sition, but also the qualitative pattern of resource distribu-
tion across offspring within each brood as well (Fig. 2). For 
low levels of exploitation (i.e. high relatedness), the distri-
bution of resources is a rapidly saturating concave function  
(Fig. 2b). As exploitation increases to moderate levels, satura-
tion becomes increasingly delayed, and the function describ-
ing the distribution of resources approaches a linear form 
(Fig. 2c). Finally, further increases in exploitation (i.e. low 
relatedness) produce a logistic-type distribution of resources 
across brood members (Fig. 2d). Further numerical simula-
tions show that these qualitative patterns are robust across 
parameter space (Fig. 3).

Discussion

This work demonstrates that evolved differences in resource 
exploitation are brought about by decreases in the average 
relatedness among brood mates. As a consequence, these 
evolved differences in exploitation result in variation in off-
spring size within a brood. Moreover, we show that variance 
in the distribution of resources among offspring increases 
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Figure 1. Mean  SD of the within-brood variance in per offspring 
resource acquisition as a function of offspring exploitation level, y*. 
Total resources T  100, and total number of offspring n  20, so 
that 5 is the average number of resources per offspring. Each point 
represents the mean of the variance in offspring resource acquisi-
tion as a function of the given exploitation level (x-axis), averaged 
over 10 000 runs. When offspring satiate at the mean number of 
resources (5), variance is zero. This rises quickly as exploitation 
increases, then levels off as the number of resources become higher 
than an offspring can ever expect to acquire.
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Figure 2. Mean  SD of the number of resources per offspring as a function of exploitation level. Each figure represents a different qualita-
tive regime of offspring size distributions. Total resources is again T  100, and total number of offspring is n  20. Figures are arranged so 
that offspring 1 has the fewest resource units (RU) and offspring 20, the most. After each realization, offspring are ranked from least to most 
resources acquired, then averaged over 10 000 runs. (a) In the absence of competition over resources, all offspring saturate at the mean 
number of resources (5 RU) and hence achieve the same size. (b) Resource distributions have saturating functional forms, with lower 
exploitation levels (7 RU) saturating more rapidly. (c) As exploitation levels increase further (11 RU), resource distributions across  
brood-members become more linear. (d) Still further increases in exploitation levels (20 RU) produce logistic-type resource distributions.
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outcomes. Moreover, while our model makes the assump-
tion of complete offspring control over resource acquisition, 
these studies also suggest that opportunities for sibling con-
flict to influence offspring size variation may also occur when 
siblings and parents directly interact. 

Implications for offspring size variation

That sibling relatedness can significantly influence within-
brood variation in offspring size has important implications 
for our understanding of life history evolution (Roff 1992). 
Offspring size affects dispersal and establishment, vigor, 
and reproduction (Stanton 1984, Bernardo 1996, Fox and 
Czesak 2000) and, given that fitness and size are often so 
intimately linked, the long standing theoretical prediction 
has been that, for a given constant environment, maternal 
fitness is maximized by a uniform egg size. Despite this pre-
diction, offspring size variation within broods is commonly 
observed in natural populations (Marshall and Keough 2008, 
Forbes and Wiebe 2010, Kosman and Pernet 2011). Expla-
nations for this divergence between theory and practice have 
largely relied on mechanisms involving adaptive maternal 
responses. For example, mothers might differentially allocate 
resources to offspring in a brood based on paternal quality or 
some other measure of favoritism (Mock and Forbes 1992, 
Sheldon 2000, Hammerschmidt et al. 2011) or might pro-
duce a range of offspring sizes in the face of environmental 
uncertainty, to ensure that at least a few offspring approach 
the optimal size in some unpredictable future environment 
(Philippi and Seger 1989, Koops et al. 2003, Marshall et al. 
2008). These types of mechanisms require a significant degree 
of parental control over resource allocation to offspring and 
the resulting range of offspring sizes will then be the phe-
notypic distribution that maximizes maternal fitness (Crean 
and Marshall 2009). However, the ability of parents and 
offspring to develop counter-responses to tactics exhibited 
by the other party need to be considered (Uller 2008). For 
example, in a number of plant systems, hormones involved 
in resource uptake are exclusively synthesized by offspring 
tissue, whereas hormones involved in restricting transport of 
nutrients into the seeds are exclusively produced by mater-
nal structures (Ravishankar et al. 1995). Our model provides 
a mechanism by which the variance in resource acquisition 
(and hence offspring size) is not dependent upon such con-
siderations, but instead is an emergent property of selection 
for increased resource exploitation, and extends hypotheses 
beyond those of adaptive maternal effects, under which most 
explanations have been subsumed to date. Given that mul-
tiple mating and parent–offspring and sibling interactions 
are exceptionally common, this work greatly broadens the 
conditions under which one might expect within-brood 
offspring size variation to arise.

Our model also contrasts with much of the work on 
offspring size variation which suggests that the outcome of 
sibling competition for parentally supplied resources will 
depend on the degree to which siblings differ from one another 
in their competitive abilities (Schrader and Travis 2012). For 
example, in many birds asynchronous hatching results in ini-
tial size disparities among nestlings. These disparities then 
determine the outcome of sibling competition, with earlier 
hatched nestlings outcompeting their later hatched siblings 

with increasing levels of exploitation, such that more exploit-
ative broods have more variable offspring sizes. These results 
provide a new mechanism to explain the vast amount of off-
spring size variation seen in nature (Marshall and Keough 
2008, Forbes and Wiebe 2010, Kosman and Pernet 2011): 
that it is a consequence of the inevitable conflicts of interest 
that arise in families of sexually reproducing organisms over 
the optimal distribution of parental resources among siblings 
(Kamel et al. 2010b). 

Setting the stage for sibling interactions

Evolved differences in sibling competition have been empiri-
cally demonstrated in several taxa (Stockley and Parker 2002, 
Long 2005, Schrader and Travis 2008). In many bird species, 
begging can be used as a mechanism for nestlings to obtain 
a greater share of parental resources at the expense of their 
siblings (Briskie et al. 1994, Caro et al. 2016). Comparative 
analyses in passerine birds have shown that the loudness of 
nestling begging varies significantly among species (Briskie 
et al. 1994) and that the intensity of sibling competition can 
skew the distribution of parental resources among nestlings 
(Royle et al. 1999). Both the loudness of begging and the 
intensity of sibling competition show a strong positive asso-
ciation with the level of multiple paternity within broods, 
which results in reduced intrabrood relatedness. Similarly, 
Lloyd and Martin (2003) found that, across 70 species of 
birds, higher levels of extra-pair paternity (again used as a 
proxy for average relatedness) are related to more rapid pre-
natal development, arguing that earlier hatching might pro-
vide a competitive advantage over siblings.

In mammals, the intensity of sibling competition within 
litters is related to the number of offspring competing for 
access to milk from each nipple (Stockley and Parker 2002). 
This can vary between a situation where offspring numbers 
exceed the number of nipples and competition for milk can 
sometimes be fatal (Cameron 1973), to a situation where the 
effects of sibling competition are seen even if the number of 
available nipples exceeds offspring numbers (e.g. access to 
only one side of the mother during suckling; Gilbert 1986). 
In a comparative analysis of carnivorous and insectivorous 
mammals, prenatal growth rates increase significantly with 
the intensity of postnatal sibling rivalry, reflecting a com-
petitive advantage in scrambles for access to the milk supply 
(Stockley and Parker 2002).

While, in this case, sibling rivalry is measured as an 
increase in the number of offspring per nipple, Long (2005) 
shows that, in primates, the probability of decreased relat-
edness to future offspring leads to higher prenatal growth 
rates in offspring. Species with more potential female pro-
miscuity are characterized by a higher rate of fetal growth 
than in more monogamous species, and this pattern is most 
pronounced in taxa where there is the opportunity for direct 
fetal access to the maternal bloodstream, reflecting greater 
offspring control over resource acquisition (Long 2005; 
but see Lessells and Parker (1999) for a discussion of inter- 
versus intra-brood conflict). These studies serve to broadly 
highlight that, across species, differing intensities of sibling 
competition have evolved and that mating system varia-
tion, through its influence on the average relatedness among 
siblings, can be a potent selection pressure shaping these 
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the amount of maternal resources allocated to a brood var-
ies. While the amount of maternal investment might vary 
across environments, however, the variance in size would be 
expected to change little.

Additionally, polyandry not only reduces offspring 
relatedness but also increases genetic variation (and thus, 
potentially, variation in offspring quality) within a brood. 
This could represent a confounding factor since the higher 
incidence of within-brood variation in offspring size in poly-
androus species may not necessarily be due to selection on 
offspring selfishness but rather due to increased variation in 
the ability of offspring, who were sired by different fathers, 
to acquire resources (Aguirre and Marshall 2012). Assessing 
the importance of paternal effects on offspring size will be a 
necessary next step in our understanding of the influence of 
mating system on size variation. For example, using a series 
of crosses with single versus multiple pollen donors, Pélabon 
et al. (2015) found that paternal effects explained less than 
4% of the overall variance in seed mass in the Euphorb 
species, Dalechampia scandens, a result observed in several 
other species of angiosperms (Marshall and Ellstrand 1986, 
Marshall 1988). Encapsulating gastropods would be a par-
ticularly useful group in this regard, as sires are distributed 
among several capsules within a clutch, with each capsule 
having varying numbers of sires and levels of sibling related-
ness (Kamel unpubl.). In this instance, paternal quality and 
sibling relatedness are uncoupled across capsules and could 
be used, much like the fruits within an infructescence, to 
independently evaluate the effects of paternal genes versus 
intrabrood relatedness.

Despite the complexity inherent in understanding the 
relationships between mating systems, conflicts of interest 
and offspring size, by making a minimum of assumptions, 
we present a model of resource exploitation in which selec-
tion for increased selfishness generates variation in resource 
acquisition among brood mates. In doing so, we suggest that 
the wide variability of offspring size across taxa is not simply 
dependent on ecological and developmental factors but is 
also strongly influenced by levels of relatedness among kin.
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