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Animals have diverse strategies that improve the success of their offspring after mating

(i.e. post-fertilization reproductive strategies); themost commonones are parental care

and offspring provisioning. The type, mode and duration of parental care exhibited by

males and females depend on social and nonsocial environment, and on genetic and

phylogenetic constraints. We overview five rapidly developing areas of parental care

research, and conclude that sexual conflict between parents, social interactions and

environmental conditions play important roles in determining post-fertilization

reproductive strategies.

Introduction

Post-fertilization reproductive strategies have a broad re-
mit, and may include aspects of an individual’s behaviour
towards its offspring, mate and other members of its social
environment. In this article, however, we focus on the in-
teractions between parents and their offspring, since this
research is rapidly advancing and integrate results from
various disciplines including genetics, behavioural ecology
and phylogenetics. We focus on families, and view family
life as rife with conflicts. Within a family, there may be
(i) a conflict between the male and the female parents (sex-
ual conflict) since the benefit, in terms of fitness through
the offspring is shared by both parents, whereas each par-
ent pays the cost of care provisioning itself (Balshine et al.,
2002; Trivers, 1972), (ii) parent–offspring conflict since the
offspring’s best interest is to take as much resource as they
can get, whereas the parents’ interest is to balance the re-
sources between their current offspring and those theymay
produce in future (Lessells and Parker, 1999; Trivers, 1974)
and (iii) conflict between siblings, since each individual
offspring is expected to promote its own existence over that
of its brothers and sisters (Mock and Parker, 1997). These
conflicts may reduce the optimum reproductive output of
the families (Parker et al., 2002). The outcome of these
conflicts will be influenced by the social and nonsocial en-
vironment. In this article we focus on the core family, and
do not discuss extended families such as in cooperative

breeders and in eusocial insects. See also: Eusociality and
Cooperation; Parent–Offspring and Sibling Conflict
In this article we focus on conflicts between parents over

care (Houston et al., 2005), or, as frequently – and incor-
rectly – referred to as ‘parental investment’ (Clutton-Brock,
1991). The term ‘parental investment’ is often incorrect,
since many studies have referred to it as the energy ‘ex-
pended’ on the offspring by the parents. However, Trivers
(1972) defined it as the cost in terms of future reproduction.
The latter is extremely hard tomeasure in nature. A conflict
between parents over care seems inevitable, and likely to
have a profound influence on post-fertilization reproduc-
tive strategies. The optimal amount of care by a parent is
often less than the care that itsmatewould prefer, unless the
animals only breed once in their lifetime (‘semelparity’), or
there is full and lifelong monogamy between a pair, which
rarely occurs in nature (Lessells, 2006). Yet, a male and a
female have to cooperate, at least to some extent, in order to
reproduce. The environment is likely a major determinant
of the manifestation of the conflict, since it influences how
muchan individualparentmaygainby reducing itsparental
care and saving resources for future matings (i.e. effects of
social environment), andhowmuch theparents need to care
to successfully raise the offspring in a given nonsocial en-
vironment.Oneparentmay completelywithhold care: leave
its partner and offspring (‘offspring desertion’) and save its
resources to breed in future.
Sexual conflict over care may be resolved over evolu-

tionary time, or on a contemporary timescale. An evolu-
tionary solution, e.g. ‘female-only care’, may emerge if one
sex is preadapted to provide parental care. Only female
mammals, for instance, have mammary glands, so males
cannot suckle young. Since suckling is an essential part of
offspring care, female mammals cannot shift all care pro-
visioning to themales. In contemporary populations, how-
ever, conflict resolution may be plastic, so that the split of
care provisioning between males and females can vary be-
tween individuals and populations.
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Parental care is female-biased in many organisms,
although various ecological conditions underlie a suite of
phylogenetic transitions in parental care to male-biased
care or to biparental care in a wide variety of vertebrates
(Reynolds et al., 2002). Phylogenetic comparative analyses,
provide unique insights into the evolution of parental care
on an evolutionary timescale, whereas studies of contem-
porary populations in the field or laboratory allow us to
test which variables are important in moulding a species’
breeding system. For example, shorebirds and relatives
(Charadriiformes) exhibit different levels of male care and
female care, including full-care provisioning by both par-
ents until the young fledge. A major component of this
interspecific variation is offspring demand; species that
have demanding young (i.e. semiprecocial chicks that beg
food from their parents) invariably exhibit biparental care,
whereas shorebirds with less demanding young (i.e. preco-
cial chicks that find food for themselves) may have unipa-
rental care by the male or the female. Within this
phylogenetic constraint brood care by males and females
can be variable: at low population density female Kentish
plovers Charadrius alexandrinus desert the brood to seek a
new mate, whereas at high population density the female
stays with the brood and help the male to defend the chicks
from neighbours (Kosztolányi et al., 2006).

Which Sex Should Provide Care?

Biparental care is rare in animals, apart from cichlid fishes,
birds and primates (Clutton-Brock, 1991; Reynolds et al.,
2002). In many vertebrates there is a female bias in parental
care (Queller, 1997). Phenotypic plasticity, the ability to
adopt various strategies under variable conditions, allows
individuals to adopt the strategy that optimizes their fitness
in various social and nonsocial environments leading to di-
verse breeding systems within a population. For example, a
high abundance of food, low predation rates and a relatively
mild climate, may allow one parent to raise offspring suc-
cessfully. In sucha scenario, oneparentdecreases itsparental
care and may ultimately desert, leaving the partner to care
for the offspring. The deserting parent saves the costs of care
in terms of time and energy, and these in turn may then be
invested in a new batch of offspring (Figure 1). For instance,
in the Eurasian penduline tit, Remiz pendulinus (Figure 2)
parental behaviour is phenotypically plastic: deserting
the nest and mate increases the reproductive success for
both themaleand the female.Desertion, however, isharmful
for the deserting parents’ mate, since it reduces the repro-
ductive success of its mate (Szentirmai et al., 2007). As a
result of intense sexual conflict, a range of breeding systems
areobservedwithin apopulation: somenestsare cared forby
one parent only (either male or female) and about one-third
of clutches is deserted by both parents. In biparentally de-
serted nests all offspring die – a substantial cost of antag-
onistic interests of males and females.

Which parent may desert, however, is likely to depend on
the social environment (such as the number of available

mates) that influences benefits of desertion. If remating op-
portunities are low, the deserting parent may not be able to
start a new brood, so that it might be better off assisting its
partner in raising the offspring. In addition, if mating op-
portunities are limited for males, then females may demand
paternal care in return for mating access. Game-theoretic
models revealed important insights about the interactions
between pairs and the rest of the population (Alonzo and
Warner, 2000;McNamara et al., 2000), although it is not yet
known how the feedbacks between breeding and nonbreed-
ing population members work out in nature.

How Much Care Should Parents
Provide?

Brood size

In many animals the offspring require little or no parental
care. These include species that exhibit precociality
(the offspring leaves the nest after hatching, often still
guarded and partly fed by the parents), and inter- and
intraspecific brood parasitism (the offspring is fully raised
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Figure 1 Central to the question how much care a parent should provide is

the trade-off between current and future reproduction. In general, if amale has

the opportunity to decrease parental care (a), thismay constrain the possibility

for his partner to do so, and the female may even compensate for the lack of

care by the male. By decreasing paternal care, the male may enhance his own

reproductive output by acquiring multiple mates, or by enhancing his own

longevity, thus enhancing his future reproductive output. If the female,

however, decreases parental care, this will negatively affect the male’s

reproductive output. If the female has the opportunity to lower parental care

(b), theeffects areamirror image.An increase inparental carebyeitherparent is

expected to reduce its future reproductive output. The focal sex (a: male,

b: female) is in italics in both diagrams (see Szentirmai et al., 2007).
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by an alloparent; e.g. common cuckoo, Cuculus canorus,
and common goldeneye, Bucephala clangula, respectively)
found among a variety of taxa including birds, fish and
insects. Generally, however, parents pay a cost of raising
offspring (Figure 1), and studies have pointed out various
costs of reproduction. Parents are thus likely to trade-off
the amount of care they invest in a current brood against
the care in future offspring (Figure 1).

One solution to this trade-off is to optimize brood size.
Larger broods will result in a higher reproductive output,
whichmay come at a cost in future. Also, care per offspring
generally declines with larger broods, which limits the sur-
vival of the offspring. Furthermore, larger broods not only
mean greater demands on the parents’ provisioning, but
brood size also commonly affects brood defence, since it
will be more worthwhile for the parents to defend a larger
brood than a small brood (Clutton-Brock, 1991).

The optimal brood size may be confounded by a mul-
titude of variables. If food availability, for instance, is un-
predictable, the optimal brood size is likely too. One
strategy to get around unpredictability is facultative sibli-
cide (Mock and Parker, 1997). Under favourable condi-
tions the parents raise multiple offspring within a brood,
whereas if food is scarce the parents deliver a limited
amount of food and competition between siblings may
reach lethal levels.

Sibling competition may also be influenced by maternal
effects. Mothers may allocate different levels of food

resources or hormones such as testosterone to their off-
spring. The differential allocation of food or deposition of
testosterone can compensate for a delay in growth of later
born offspring, enhancing their ability to compete for food
with the earlier born and thus often larger and more com-
petitive siblings. See also: Parent–Offspring and Sibling
Conflict

Brood sex ratio

Parents can also adjust the amount of care in relation to the
sex ratio of the brood. The costs of raising sons or daugh-
tersmay be different, andmay thus have a differential effect
on, for instance, survival of the parents. In sexually size
dimorphic species the offspring of one sex may be more
costly to raise than offspring of the other, albeit sexual size
difference may provide a poor estimate of parental care,
due to sexual differences in body composition and ad-
vanced growth (Clutton-Brock, 1991). Nevertheless, the
fitness of the offspring, and thus that of the parents, may
vary with offspring sex. In polygamous species, for in-
stance, parents of higher quality may benefit more from
investing in offspring of the sex that may attract multiple
mates, since the breeding success of the sex with the most
variable reproductive success will depend more on adult
size and attractiveness (Trivers and Willard, 1973). The
differential effect of parental care on the fitness of sons and
daughters probably varies widely, although the variance in
reproductive success tends to be higher in males than in
females (Clutton-Brock, 1991). Additionally, if the off-
spring is philopatric and cooperates with the parents after
independence, the costs and benefits of care for offspring
remain hard to estimate (Clutton-Brock, 1991).

Parentage and parental care

Certainty of parentage, i.e. the genetic share a parent holds
in its offspring, is expected to influence the amount of pa-
rental care, and thusmay differ betweenmales and females.
Males often increase their reproductive success from en-
gaging in extra-pair copulations, and they guard their mate
to ensure that they will not be cuckolded in the brood they
share with their social partner. Females, however, may
benefit from extra-pair young in a variety of ways: by
having more genetically diverse offspring, gaining direct
benefits such as access to territories of several males, or
having multiple males contributing to parental care. The
outcome of the conflicts between sexes, in conjunctionwith
the certainty of paternity, may predispose females to care
more often than males (Queller, 1997).
Empirical studies support the conflicting interests of

sexes over parentage; for instance male blue-footed boo-
bies,Sula nebouxii, adjust their willingness to care based on
certainty over paternity. However, other studies did not
find relationships between parentage and paternal care,
and the exact relation is not clear and needs further inves-
tigation (Sheldon, 2002).

Figure 2 The Eurasian penduline tit, Remiz pendulinus, has an extremely

variable breeding system among birds: incubation and feeding of nestlings is

carried out by either the male or the female, whereas about 30–40% of nests

are deserted by both parents. This diverse breeding system appears to be

driven by intense sexual conflict over care. Photograph R.E. van Dijk.
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Do Parents Negotiate Over Care
Provisioning?
The optimal level of provisioning by one parent likely de-
pends on the behaviour of its mate. One approach to inves-
tigate the optimal level of care is to use discrete behaviours
(care or desert) in desertion games, or a continuous adjust-
ment of care (‘parental effort game’). These games may ul-
timately lead to full cooperation between the parents, or
result in biparental desertion (Szentirmai et al., 2007).

The best strategy predicted by these game-theoretic mod-
els may depend on various variables, including the behav-
iour of other members in the population (McNamara et al.,
2000), and the attractiveness of the partner.With regards to
attractiveness, however, observations and experiments pro-
vided contrasting results, since sometimes attractive males
increased their care provisioning (e.g. in northern cardinal,
Cardinalis cardinalis, Linville et al., 1998, consistent with the
prediction of the good parent hypothesis), whereas in other
species attractive males reduced their parental provisioning
(e.g. in zebra finch, Taeniopygia guttata, Burley, 1988, con-
sistent with the prediction of the differential allocation hy-
pothesis). A limitation of existing studies, however, is that
they assume that attractiveness can only influence male be-
haviour and female response to male quality; in reality, a
two-way process is likely in which female attractiveness and
male response also matter.

The currencies underlying such state-dependent deci-
sions may be involved in a process of manipulation of the
partner. A parent may, for instance, handicap him/herself
so as tomanipulate the partner towork harder (Barta et al.,
2002; Smith and Härdling, 2000). The idea of partner ma-
nipulation is consistent with the logic of sexual conflict
theory (Lessells, 2006), although as yet, there is little direct
evidence on partner’s manipulation in the parental care
context, and thus experiments are needed to test these the-
oretical ideas.

Mates may not decide independently over parental care.
In the Galilee St Peter’s fish, Sarotherodon galilaeus, for
instance, both parents circle over the eggs after fertiliza-
tion, before one picks up the eggs for mouth incubation.
During circling the parents may monitor each other, and
possibly negotiate over care. We argue that signalling an
intention to reject care provisioning (and deserting) may
not be evolutionarily stable, because this would allow the
mate to retaliate by deserting as a pre-emptive strike.

Should parents compensate for the lack of care by their
partner (Figure 1)? The parental effort game (Houston and
Davies, 1985) predicts that only partial compensation
should lead to biparental care being an evolutionarily sta-
ble strategy, whereas full or over-compensation is likely to
lead to one parent doing all the work. Empirical studies
provided various results from no compensation to full
compensation (Houston et al., 2005). It appears that a
reason for the different outcomes of experiments is
the amount of information available to the parents about
the demands of the brood (Johnstone and Hinde, 2006;
McNamara et al., 1999).

Parental Behaviour: Nature and
Nurture

Evolution by natural selection can only occur if a trait has
additive genetic variation and is genetically heritable, i.e. a
proportion of phenotypic variation in a population is at-
tributable to genetic variation among individuals. Studies
suggest that parental behaviour is consistent for a given
parent (i.e. repeatable), and may have a low, albeit signifi-
cant, heritable component. Heritability of brood feeding
rates, for instance, varies between no heritability and high
heritability in birds, with males showing higher heritability
than females (MacColl and Hatchwell, 2003; Nakagawa
et al., 2007), and helping relatives to rear young has a her-
itable component in western bluebird, Sialia mexicana
(Charmantier et al., 2007). Note that these heritability es-
timates take into account some of the apparent environ-
mental effects such as the number of chicks in a nest. It is
usually assumed that the correlations between parental
behaviour and the behaviour of their offspring when they
grow up are due to shared genes, however, this may not be
strictly true because behaviour can be learnt from parents,
passed on nongenetically from relatives via social inherit-
ance, or due to maternal effects, e.g. amount of hormones
deposited in the eggs and social environment during rear-
ing may imprint offspring behaviour.
Experimentalmanipulations (removals, handicapping, see

earlier) show that parents can adjust parental responses to
social and nonsocial environment; therefore, it is very un-
likely that parental care is fully determined by genes. An
elegant study conclusively supporting the influence of envi-
ronment on parental behaviour was carried out by translo-
catingbreedingSeychelleswarbler,Acrocephalus sechellensis,
from one island where the population was at carrying
capacity and exhibited high incidence of helping behaviour
into a new island devoid of warblers (Komdeur et al., 1995).
Initially, no helping behaviour was observed on the new is-
land,butas the territoriesbecamesaturatedhelpingappeared
and became common.

Hormonal Mechanisms

Parenting is an entire repertoire of behaviours, not a single
behaviour (Adkins-Regan, 2005). Parenting strategies are
diverse, and the differences between closely related species
suggest neither parental behaviour itself nor the underlying
mechanisms are homologous. Even though the physiology
and neuroanatomy of parental behaviour have been well
studied in rats, rabbits and sheep, we do not know the
relevance of their findings to other mammals or to non-
mammalian taxa.
Hormones donot ‘cause’ parental behaviour, rather they

prime the organisms to carry out certain tasks and mod-
ulate behaviour; for instance experience in giving birth and
rearing young, sensory stimuli from the pups, and appro-
priate hormone levels may all be needed to elicit maternal
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behaviour in Norway rat. In female rats, hormones of
pregnancy, particularly oestrogen and progesterone, prime
the brain to promote acceptance of offspring (Young and
Insel, 2002). This activation is focussed on specific areas of
the brain (including themedial preoptic area), and increase
the sensitivity of receptors to prolactin and oxytocin. The
precisemechanism bywhich prolactin and oxytocin lead to
maternal actions are not known, although studies of
knockout mice show that females lacking functional pro-
lactin receptor fail to retrieve pups, whereas females having
two normal copies of the prolactin receptor gene exhibit
normal pup retrieval behaviour.

In female voles oxytocin elicits maternal behaviour as in
mice and rats, although oxytocin also plays a prominent
role in regulating the capacity of females to form a pair
bond with her mate (McGraw et al., in press). In socially
monogamous prairie voles, Microtus ochrogaster, females
display a partner preference after mating and cohabitation
with amale.Oxytocin release during copulationor infusion
of oxytocin into the brain during cohabitation with a male
accelerates the development of partner preferences.

Although paternal care is more common in teleost fish
and birds, it is probably best studied in small mammals,
particularly in voles. It would be convenient to think of
male care as the antagonist modulation in females, but this
does not seem to be the case. Studies in prairie voles suggest
vasopressin, a neuropeptide closely related to oxytocin, is
important for paternal behaviour (Young and Insel, 2002),
since vasopressin injected into a males’ brain increased
paternal behaviour, whereas vasopressin antagonist de-
creased it. Although oxytocin and vasopressin are different
neuropeptides, they only differ by two amino acids, and
probably originated from a common ancestral gene. Ox-
ytocin regulates female parenting and pair-bonding be-
haviours while vasopressin appears to serve this role in
males. Variation in the localization of oxytocin and vaso-
pressin receptors – especially in regards to highly repetitive
deoxyribonucleic acid (DNA) sequence upstream of vaso-
pressin-encoding receptor that is long in monogamous
prairie voles but short in promiscuous meadow andmoun-
tain voles, Microtus pennsylvanicus and M. montanus
(Hammock and Young, 2005) – appears to contribute to
differences between species and individuals in regard to
social behaviour. Studies beyond these well-studied voles,
however, in other species of voles and in primates found no
consistent relationship between microsatellite length and
mating system (Fink et al., 2006).

Studies of voles, rats and mice suggest several important
points. Firstly, steroids and peptides are more important
for the onset of maternal behaviour than for its continued
maintenance. Secondly, since several peptides, steroids and
proteins are involved in regulation of maternal behaviour,
it is futile to seek the maternal hormone (Adkins-Regan,
2005). Thirdly, it is important to move away from the one
gene – one behaviour paradigm – to understand the cas-
cade of cellular actions that alter neural pathways which
results in behavioural change (Young and Insel, 2002). Fi-
nally, although oxytocin and vasopressin act in distinct

brain regions and are involved in female andmale parental
behaviour, respectively, they act within the same brain cir-
cuit (McGraw et al., in press). Therefore, females andmales
have evolved different parental care strategies due to differ-
ent hormonal regulation. These may be accomplished by
changing the responsiveness of the same neural circuit in
the brain.

Conclusions and Outlook

We draw three major conclusions from this overview.
Firstly, we argued that conflict between parents has a major
influence on care provisioning. However, cooperation
should also influence care, and full cooperation between
parents is important for raising young in many species.
Therefore, an important aspect for future studies is to es-
tablish the relative roles of conflict and cooperation in pa-
rental care evolution. Secondly, experiments suggest that
parental effort is not fixed: parents can adjust their effort if
they need to. The outcomes of these experiments, however,
are conflicting, and it is not understood why parents com-
pensate in some species but not in others. Thirdly, social
traits – such as post-fertilization reproductive strategies –
are influenced by both genetic and environmental effects. It
would be naı̈ve to assume one of these is ‘more important’
than the other. Rather, we anticipate their interaction pro-
duces thediverseparental care systemswesee today.Teasing
apart these sophisticated interactionsmay signal a newaura,
sociogenomics (Robinson et al., 2005). Finally, we note that
parental care and breeding strategies of many animals –
particularly tropical species – have not been studied in de-
tail, and we anticipate major advances in natural history of
post-fertilization reproductive strategies by discovering new
species and investigating their breeding ecology. Given the
predicted loss of a substantial number of species in the near
future, the task of field ecologists, sociobiologists and be-
havioural geneticists to discover and understand biodiver-
sity is more urgent than it has ever been before.
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McGraw L, Székely T and Young L (in press) Pair bonds and
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and co-operation in parental care. Thematic issue.Philosophical

Transactions of the Royal Society 357: 237–404.

Chapman T, Arnqvist G, Bangham J and Rowe L (2003) Sexual

conflict. Trends in Ecology & Evolution 18: 41–47.
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