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Abstract

Intrasexual variation in reproductive behaviour, morphology and physiology is taxonomically
widespread in vertebrates, and is as biologically and ecologically significant as the differences
between the sexes. In this review, we examine the diverse patterns of intrasexual variation in
reproductive behaviours within vertebrates. By illustrating the genetic, cellular, hormonal and/or
neural mechanisms underlying behavioural variation in a number of species, another level of
complexity is added to studies of brain organization and function. Such information increases our
understanding of the unique and conserved mechanisms underlying sex and individual differences
in behaviour in vertebrates as a whole. Here, we show that intrasexual variation in behaviour may be
discrete or continuous in nature. Moreover, this variation may be due to polymorphism at a single
genetic locus or many loci, or may even be the result of phenotypic plasticity. Phenotypic plasticity
simply refers to cases where a single genotype (or individual) can produce (or display) different
phenotypes. Defined in this way, plasticity subsumes many different types of behavioural variation.
For example, some behavioural phenotypes are established by environmental factors during early
ontogeny, others are the result of developmental transitions from one phenotype early in life to
another later in life, and still other strategies are facultative with different behaviours displayed in
different social contexts.

The vertebrate brain is fundamentally bisexual. In other
words, each individual has the neural substrates that regulate

both female- and male-typical reproductive behaviours. This

is best seen in hermaphroditic fish, where each individual

displays a particular suite of ‘female’ behaviours when

releasing eggs, but displays a different, complementary suite
of ‘male’ behaviours when shedding sperm. The brain of

higher vertebrates such as mammals is also initially bisexual or

bipotential. In mammals, however, the regions of the brain

that control reproductive and agonistic behaviour often
differentiate such that the adult individual either displays

female- or male-typical mating behaviour, but not both,

during reproductive bouts. A great deal of research has

focused on elucidating the neural and endocrine mechanisms
that underlie such sexual dimorphisms in behaviour.

The foundation for decades of research on sex differences
was laid down by Phoenix et al. (1) in their studies of sexual

behaviour in guinea-pigs. These authors examined the

behaviour of adult female guinea-pigs that had been exposed

to testosterone propionate during embryonic development.

In brief, they found that these females had a reduced capacity
to display female-typical lordosis behaviour even when treated

with doses of oestradiol benzoate and progesterone that

facilitated this behaviour in normal females. In addition, they

discovered that females exposed to testosterone propionate
during embryonic development were more likely than normal

females to display male-typical mounting behaviour when

treated with testosterone in adulthood. In fact, females

exposed to testosterone propionate during embryonic devel-
opment behaved much like normal males when administered
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the same dose of the same hormones in adulthood. The
authors concluded that ‘androgenic substances received
prenatally have an organizing action on the tissues mediating
mating behaviour in the sense of altering permanently the
responses females normally give as adults’.

Subsequent research has shown that, in general, a perinatal
testosterone surge in male but not female mammals normally
‘organizes’ this sexually dimorphic responsiveness to hormone
treatments in adulthood. More specifically, sex steroids
regulate the differentiation of defined subregions of the
hypothalamus by binding to their intracellular receptors,
which act as transcription factors that alter gene expression.
Important sites of action for sex steroids on reproductive
behaviour, both during development and in adulthood, reside
in the anterior hypothalamus-preoptic area continuum
(AH-POA) and the ventromedial hypothalamus (VMH).
These areas play integrative roles in the control of male-
and female-typical sexual behaviours in all vertebrates
examined to date (2). By and large, others have shown similar
hormone-dependent mechanisms of neural and behavioural
differentiation in amphibians (3), birds (4) and reptiles (5).

Although this body of work on sex differences has allowed
a fundamental understanding of hormone–brain–behaviour
relationships, it neglects an equally important concern,
namely individual differences in behaviour within each sex.
Almost 25 years ago, reports began to appear of species in
which males exhibited categorical variation in morphology,
physiology and behaviour. These differences were usually
characterized as alternative mating strategies consisting of
a colourful, territorial male phenotype contrasting with
another, less frequent male phenotype that was more similar
to juvenile animals or even females. Males with these
alternative phenotypes usually obtain matings with females
by deception or confusion of territorial males.

Moore (6) suggested that discrete differences within a sex
could be understood within the context of the organization–
activation theory for sex differences. In particular, he
proposed that there is a fundamental distinction between
systems with fixed or plastic alternative male phenotypes.
His definition of a fixed system is one ‘in which individual
males assume one phenotype for their adult lives’. By contrast,
his definition of a plastic system is one ‘in which individual
males can change phenotypes at least once’. He further
proposed that organizational influences of hormones will be
most important in the development of fixed, alternative male
phenotypes and that activational influences of hormones
will be most important in the regulation of plastic, alternative
male phenotypes. Although this theoretical framework, called
the ‘relative plasticity hypothesis’, is intuitively appealing
and has been of some heuristic use, it fails to account for the
complexity of intrasexual variation in behaviour in two
important ways.

First, a broader perspective is needed to encompass the full
gamut of intrasexual variation in behaviour. Behavioural
variation within a sex actually ranges from one extreme in
which continuous variation occurs without distinct pheno-
types to another extreme with discrete alternative phenotypes
and little or no overlap in phenotype between groups (Fig. 1).
In some cases, the pattern of behavioural variation may
reflect underlying genetic mechanisms. For example, there is a

distinction in population genetics between traits that display
continuous variation and are controlled by many genes
(i.e. polygenic or quantitative traits) versus traits with discrete
phenotypes controlled by a single locus (i.e. Mendelian traits)
(Fig. 1). Thus, although discrete phenotypes are often easier
to study, a focus on such systems may lead to a bias in our
understanding of mechanisms underlying individual variation
in reproductive behaviour.

A second, but more significant, problem is Moore’s basic
formulation of the ‘relative plasticity hypothesis’, which
blends the usual concept of phenotypic plasticity with the
organizational and activational effects of steroid hormones
(Fig. 2A). In particular, his unorthodox definition of fixed
versus plastic phenotypes does not make a distinction
between alternative phenotypes that are a result of a genetic
polymorphism versus alternative phenotypes that are plastic
and sensitive to environmental influences early in develop-
ment but not in adulthood (i.e. polyphenisms). Alternative
phenotypes are only considered plastic if individual males
change phenotypes at least once in adulthood. However,
the classic definition of phenotypic plasticity is broader and
does not dictate the developmental stage when plasticity
is evident or the physiological mechanism underlying
plasticity. Phenotypic plasticity simply refers to cases where
a single genotype can produce different phenotypes, often in
response to an environmental variable. Defined in this way,
plasticity itself can be considered a strategy that subsumes
many different phenomena. For example, some plastic
phenotypes are established by environmental factors during
early ontogeny (e.g. polyphenisms), others are the result of
developmental transitions from one strategy early in life to
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FIG. 1. Theoretical frequency distributions for behavioural variation
within a sex. Behaviours range from one extreme in which continuous
variation occurs without distinct phenotypes to another extreme with
discrete alternative phenotypes. These patterns of behavioural variation
may reflect underlying genetic mechanisms: whereas many genes may
influence traits that display continuous variation, traits with discrete
phenotypes may be controlled by a single locus.
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another later in life (e.g. metamorphosis), and still other
strategies are facultative with different phenotypes displayed
in different social contexts (e.g. dominance–subordinance
relationships).

We therefore submit that the plasticity of a behavioural
trait is orthogonal to the organizational and activational
effects of steroid hormones on that trait (Fig. 2B). In other
words, species may have phenotypes that are controlled by
hormonal mechanisms ‘off the diagonal’ that lies between
‘fixed traits’ and that are organized by steroids early in life and
‘plastic traits’ that are activated by steroids later in life. This
diagonal is the basic formulation of the ‘relative plasticity
hypothesis’ (Fig. 2B). In this review, we provide examples of
species (i.e. mice and geckos) where sex steroids play a role in
organizing phenotypes that are plastic during early develop-
ment and other examples (i.e. birds called ruffs) where sex
steroids activate a genetic polymorphism for alternative
phenotypes in adulthood. In addition, the development of
intrasexual variation in behaviour may be via mechanisms
that are independent of steroid hormones. A broader
perspective of phenotypic plasticity will lead to a more

complete understanding of the mechanisms underlying
intrasexual variation in reproductive behaviour.

In summary, intrasexual variation may be continuous or
discrete in nature. Moreover, this variation may be the result
of genetic polymorphism or phenotypic plasticity, both of
which can be expressed at any developmental stage. It is now
evident that intrasexual variation in behaviour is taxonomi-
cally widespread in vertebrates and is as biologically and
ecologically significant as the differences between the sexes.
For example, intrasexual variation in reproductive behaviour
has obvious implications for mating systems, thereby influenc-
ing patterns of gene flow and other evolutionary processes.
Such consequences are beyond the scope of this article. Here,
we review what is known and unknown about the genetic,
cellular, hormonal and/or neural mechanisms underlying
variation in behaviour within the sexes. By using representa-
tives from all the major vertebrate classes and examining both
continuous and discrete variation, we hope to illustrate the
tremendous potential for further research on intrasexual
variation in reproductive behaviour. Our discussion of various
model systems is inevitably uneven because some species
have been examined at the single cell, electrophysiological
level and others primarily at a gross behavioural level. In
discussing the available data for such species, we can identify
gaps in our knowledge and suggest experiments that will
fill in these holes. Ultimately, information on intrasexual
variation in reproductive behaviour will elucidate the
evolution of unique and shared aspects of neuroendocrine
development and function in all vertebrates.

Fish

The manner in which fish reproduce is remarkably variable.
For example, sequentially hermaphroditic species reproduce
first as males then switch permanently to female status
while other species display the converse pattern. By contrast,
simultaneously hermaphroditic species alternate between
donating sperm and eggs without permanent gonadal dif-
ferentiation. The brain and behaviour are clearly not
differentiated in the latter species, which facultatively switch
between ‘male’ and ‘female’ behaviours. The physiological
and neural mechanisms responsible for this behavioural
plasticity have not been elucidated completely, but do appear
to involve discrete neural pathways that control sex-typical
colour patterns and gamete release (7). There are also changes
in expression of gonadotropin releasing hormone (GnRH)
and arginine vasotocin (AVT) correlated with the changes in
reproductive roles described above (8). By contrast to the
sexual plasticity seen in hermaphroditic species, other species
of fish are developmentally committed to reproduce as only
one sex. Nevertheless, those species with separate males and
females commonly display intrasexual variation in behaviour.

One of the most frequently observed types of variation in
reproductive behaviour in all vertebrates, including fish,
occurs when males display one of two distinct behavioural
phenotypes: a guarding tactic or a sneaker strategy (9). In this
section, we will discuss two species that display discrete
alternative phenotypes. Whereas the genetic basis of alter-
native phenotypes is known in swordtails (Xiphophorus
maculatus), the neuroendocrine mechanisms underlying
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FIG. 2. (A) Schematic representation of the ‘relative plasticity hypothesis’
for the hormonal basis of intrasexual variation in reproductive behaviour.
(B) Schematic representation of the ‘orthogonal hypothesis’ for the
hormonal basis of intrasexual variation in reproductive behaviour. The
‘relative plasticity hypothesis’ is a subset of the possible hormonal
mechanisms underlying variation in reproductive behaviour. Species that
conform to the ‘relative plasticity hypothesis’, as well as those that do not,
are indicated.
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alternative behavioural strategies are best characterized in
the plainfin midshipman (Porichthys notatus). Type I male
plainfin midshipman build nests, produce courtship vocaliz-
ations called ‘hums’ to attract females, and are parental,
whereas the type II males manifest none of these behaviours,
practicing a satellite or sneaker strategy to reproduce (10).

Type I and II males follow distinct ontogenetic trajectories
and do not switch behavioural tactics. Consequently, these
males differ in body size, have dimorphic vocal circuitry and
sonic muscle morphology, and differ in the number and size
of GnRH-containing cells with type I males showing greater
development in all these traits (11–16). Type I males also
have higher levels of 11-ketotestosterone (the more potent
androgen in teleosts) and lower levels of testosterone than
type II males. This is the case even though type II males
reach sexual maturity earlier than type I males (17). Taken
together, these findings suggest that type II males ostensibly
retain juvenile or female characteristics despite attaining
sexual maturity (i.e. these males are paedomorphic).

This pattern of intra- and intersexual differentiation was
illustrated elegantly in a recent study of neuropeptide effects
on grunt vocalizations in the plainfin midshipman (18).
Although agonistic grunts are produced by both types of
males and by females, there are quantitative differences in
the behaviour among males and females. Moreover, this
behaviour is displayed in different social situations: Type I
males emit long trains of grunts during defense of their nests
whereas type II males and females emit short grunts in
nonreproductive contexts. Interestingly, AVT and isotocin
have differential effects on these vocalizations when adminis-
tered to the AH-POA (Fig. 3). In type I males, application of
an electrical stimulus to the tuberal region of the AH-POA
induces grunts whereas application of AVT inhibits electri-
cally stimulated grunts. By contrast, isotocin had no effect on
electrically stimulated grunts in type I males. Females display
just the opposite pattern of neuropeptide responsiveness.
When applied to the AH-POA of females, AVT has no
behavioural effect whereas isotocin inhibits electrically
stimulated grunts. Type II males display a pattern of
sensitivity to neuropeptides that is very similar to that found
in females. These experiments clearly demonstrate the
neuroendocrine basis of an alternative reproductive behaviour
in the male plainfin midshipman and show that one of these
alternatives essentially mimics the female phenotype.

The genetic basis of male phenotypes in the plainfin
midshipman is still unknown, but another fish species, a
swordtail, has a defined genetic polymorphism where males of
different size classes display different patterns of behaviour
(19, 20). In the swordtail, a locus on the Y chromosome
determines whether a male matures early at a small size
and chases females or matures later at a large size and
courts females. The mechanism that translates this genetic
polymorphism into a behavioural and morphological poly-
morphism appears to involve differential development of
GnRH-containing neurones within the brain (21, 22).

In early maturing male swordtails, immunoreactive
GnRH-containing first appear in the nucleus olfactoretinalis
at 5 weeks of age. By contrast, these neurones appear at
11 weeks of age in late-maturing males. Once developed,
however, there are no differences in the numbers or size of

the cells expressing GnRH within the nucleus olfactoretinalis.
However, early maturing males have more immunoreactive
GnRH neurones in the nucleus preopticus periventricularis
and nucleus lateralis tuberis than do late-maturing males.
The same difference occurs in the pituitary where immuno-
reactive GnRH cells are more abundant in early maturing
males. Interestingly, exogenous testosterone and 11-ketotes-
tosterone influence the synthesis and/or release of GnRH
in both genotypes before they reach sexual maturity. Never-
theless, these two androgens act upon different GnRH
containing regions of the brain and have distinct effects on
the rate of sexual maturation (23). It remains to be determined
if there are differences in endogenous levels of testosterone
and 11-ketotestosterone between the early and late-maturing
genotypes that might explain differences in the GnRH system
and hypothalamus as well as differences in developmental
rate.

Swordtails and plainfin midshipman are just two of many
fish species that display alternative male phenotypes. How-
ever, it is unclear if mechanisms similar to those found in
these species underlie discrete phenotypes in other species. A
particularly promising area for future work includes cloning
of the gene on the Y chromosome in swordtails. After such a
gene is identified and characterized at the molecular level,
it would be possible to determine how one locus with
alternative alleles has pleiotropic effects on the development
of GnRH-containing neurones, behaviour, and morphology.
In plainfin midshipman, experiments could be directed at
determining if alternative male tactics are due to a genetic
polymorphism. If so, it would also be enlightening to identify
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FIG. 3. Effects of arginine vasotocin (AVT) and isotocin (IT) on
electrically stimulated grunts in type I male, female, and type II male
plainfin midshipman as a percentage of the total duration of grunts
elicited in control animals (Con). After (18).
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the gene and clone the locus involved. Another fruitful
avenue would be to determine if the different ratios of
11-ketotestosterone to testosterone cause any of the pheno-
typic differences between type I and type II male plainfin
midshipman.

Amphibians

Unlike fish, amphibians display relative uniformity in their
basic mode of reproduction. All frogs and urodeles
(i.e. salamanders and newts) studied to date have separate
males and females. As in mammals, gonadal sex is determined
by sex chromosomes, although exposure to high embryonic
temperatures can reverse gonadal sex in some species (24, 25).
In addition, the pattern of sexual differentiation of non-
gonadal tissues, including the brain and vocalization behav-
iour, generally appears to follow the model outlined for
mammals (26, 27). However, the entire testis, rather than
just androgens, is required to fully masculinize the song
system in the South African clawed frog (3). This suggests that
the testes secrete additional factors required for sexual
differentiation of the brain in this species.

As in fish, there is intrasexual variation in reproductive
behaviour within male frogs. Strawberry poison-dart frogs
(Dendrobates pumillo), for example, display skin colour and
pattern variation among populations in Panama (28). By
contrast, other sympatric species of poison-dart frogs exhibit
little colour or pattern variation among populations. Inter-
estingly, females provide parental care in the polymorphic
species whereas males are parental in the monomorphic
species. Although it has been suggested that sexual selection
by females for alternative male types is associated with
maternal care, it is unclear whether there are any behavioural
or other phenotypic differences associated with variation in
skin pigment. Similarly, nothing is known about the genetic
or physiological basis of skin colour and pattern variation or
parental behaviour. In any case, there is the potential for
sexual selection as male frogs, in general, form large groups
dubbed choruses during the mating season and make
advertisement calls to attract females. In the remainder of
this section, we will focus on intrasexual variation in calling
behaviour.

In frogs, where the neuroendocrine basis of vocalization
has been studied in some detail, individual males may display
a calling strategy or a satellite strategy in which they lie in wait
and attempt to mate with females as they approach calling
males (29, 30). In contrast to the fixed alternative behaviours
displayed by plainfin midshipman, these behavioural tactics
are facultative: males can switch strategies in different social
contexts (30). Males appear to adopt the satellite strategy
when adjacent males are using low sound frequencies, which
is generally indicative of larger body size. Possible neuro-
endocrine mechanisms underlying such facultative changes
in behaviour likely involve synthesis, release, and sensitivity
to AVT.

Sexual dimorphisms in the vasotocin system are evident
in adult bullfrogs (Rana catesbeiana) but not in juveniles
(31–33). Androgens and oestrogens differentially regulate the
expression of AVT and/or its receptor in the brain of frogs
and newts (34–36). Moreover, AVT has different effects on the

behaviour of adult males and females. In female bullfrogs,

AVT stimulates phonotaxis or movement toward a calling

male (37) but, in males, stimulates advertisement calls. The

latter effect is also seen in males of some other frog species

(37, 38). For example, vocalization behaviour under natural

conditions is correlated with AVT levels in the forebrain of

male cricket frogs (Acris crepitans) (39). Satellite males have

significantly greater AVT-immunoreactive staining within the

nucleus accumbens than calling males (Fig. 4). The authors

hypothesized that calling males are releasing AVT from the

nucleus accumbens and therefore have depleted intracellular

stores of AVT when compared to silent satellite males. In

accordance with this hypothesis, injection of AVT stimulates

males to begin calling sooner during a simulated agonistic
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encounter and to call more often during and after the
encounter (40). Consequently, if AVT plays a key role in
the motivational aspects of advertisement calling, it should be
possible to place cannulae into the nucleus accumbens, alter
extra-cellular AVT levels, and manipulate the production of
advertisement calls in male cricket frogs.

Some tantalizing data shed light on the mechanism(s)
that may influence the decision to call or to adopt a satellite
strategy. Stress, similar to proximity to a larger male, inhibits
reproductive behaviour in male frogs. For example, adver-
tisement calls cease when grey treefrog males (Hyla versicolor)
are subjected to prolonged captivity or saline injections
(38). In contrast, AVT injections either restore or maintain
advertisement vocalizations in the face of such stressors.
The inhibitory effects of stress may be mediated via the
hypothalamic-pituitary-adrenal axis, glucocorticoids, and the
GABAergic system. In the rough-skinned newt (Taricha
granulosa), confinement stress, corticosterone, or GABA
agonists suppress male sex behaviour (41). The inhibitory
effects of these compounds are blocked in turn by pretreat-
ment with an inhibitor of GABA synthesis. A similar
neuroendocrine mechanism may be responsible for the
inhibition of vocalization in treefrogs that switch from a
calling to a satellite strategy because corticosterone inhibits
calling in AVT-injected male green treefrogs (Hyla cinerea),
but only at a relatively high dose (42). Isolated males of
this species have higher circulating levels of androgens and
corticosterone when exposed to a recording of a mating
chorus than do control males exposed to an array of tones
or to no sound at all (43). However, elevated levels of
corticosterone in the latter study did not appear to inhibit
calling behaviour. Consequently, it remains unclear what
role endogenous glucocorticoids play in the inhibition of
advertisement calling and the adoption of a satellite strategy.

In any event, the facultative display of different behavioural
strategies in male frogs presents an excellent model system
for studying neuroendocrine mechanisms underlying behav-
ioural plasticity and alternative reproductive tactics. It is
important to note that AVT modulates the likelihood of
vocalization by both the male plainfin midshipman and
male frogs. However, the pattern of effects differs because
AVT increases (or maintains) calling in frogs but inhibits
calling in the plainfin midshipman. A potentially confounding
factor in this comparison is that the vocalizations examined
are of different types. Whereas advertisement calls were
studied in frogs, agonistic calls were examined in the plainfin
midshipman. Further studies are required to clarify the role
of AVT in courtship versus agonistic behaviours in a single
species of frog. In addition, frogs that have been studied so far
display facultative behavioural strategies. It will be critical to
examine the mechanisms underlying calling behaviour in
species like strawberry poison-dart frogs that may display
fixed alternative strategies.

Reptiles

This diverse group of vertebrates exhibits variation in modes
of sex determination. Snakes have genotypic sex determina-
tion with heterogametic females (i.e. ZW sex chromosomes)
and homogametic males (i.e. ZZ sex chromosomes). All

crocodilians have temperature-dependent sex determination
where incubation temperature during a critical period of
embryonic development determines gonadal sex (44). Many
turtles and some lizards also have temperature-dependent
sex determination, but the rest have genotypic sex determi-
nation (45, 46). Alternative reproductive strategies occur
frequently in lizards, which are more amenable than turtles
and crocodilians to studies of the neural and hormonal bases
of behaviour. In this section, we discuss data on three lizard
species that display patterns of behavioural variation that
differ from those described so far. We will describe two species
that have discrete alternative phenotypes that appear to
result from a genetic polymorphism, like swordtails. Unlike
the fish, however, one morph displays a fixed, territorial
strategy and the other morph a plastic phenotype that changes
either during development or in response to environmental
factors. The third species provides a classic example of
phenotypic plasticity, where incubation temperature during
embryonic development alters a suite of traits.

An interesting set of strategies is observed in side-blotched
lizards (Uta stansburiana). Males in this species come in
three morphs that display different patterns of reproductive
behaviours. Orange-throated and blue-throated males are
territorial, but yellow-throated males are nomads that do not
defend a territory (47). Although orange- and blue-throated
males both defend territories, orange-throated males are very
aggressive and maintain larger territories with more resident
females than do blue-throated males. Consequently, orange-
throated males have the opportunity to mate with more
females than blue-throated males (48). In contrast to orange-
throated males, blue-throated males closely guard females on
their territory. Nomadic yellow-throated males are able to
obtain furtive copulations with females on the large territories
of the highly polygynous, orange-throated males but have
lower success on the territories of blue-throated males that
guard their females (48). Data discussed below suggest that
the yellow-throated males actually develop into blue-throated
males, thus representing a single plastic morph that changes
phenotype during adulthood. Multiple reproductive tactics
in this species appear to be an evolutionary stable strategy in
which there are cyclical changes in the frequency of the three
male morphs that depend upon which type of male is the
most common in the population at a given time (47). For
example, the orange strategy beats the blue strategy if blue-
throated males are common, the blue strategy beats the yellow
strategy if yellow-throated males are common, and the
yellow strategy beats the orange strategy if orange-throated
males are common.

The hormonal mechanism underlying these alternative
reproductive strategies has recently been investigated (49).
Orange-throated males have higher levels of testosterone,
endurance and activity levels than blue- or yellow-throated
males, which goes along with their larger territory size.
Interestingly, testosterone treatment of blue- and yellow-
throated males increased their endurance, activity levels
and territory size to the levels seen in unmanipulated
orange-throated males. In addition, testosterone levels
increased naturally during the reproductive season in some
yellow-throated males. In conjunction with the change in
plasma testosterone levels, these yellow-throated males
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developed blue throats and changed to a territorial strategy.
These results suggest that testosterone plays a central role in
generating alternative reproductive strategies in this species.
Although there appears to be plasticity in the display of
the yellow and blue morphs, the developmental basis of the
difference between the yellow-blue morph and the orange,
super territorial morph remains unclear. However, yellow-
blue morphs have never been observed to take on the orange
morphology or behavioural strategy, which is consistent
with a high heritability for the alternative male phenotypes
(48). It will be interesting to test the hypothesis that differences
in testosterone levels during early ontogeny regulate differ-
entiation of males into the yellow-blue-throated morph versus
the orange-throated morph.

Such organizational actions of androgens have been
demonstrated in the tree lizard (Urosaurus ornatus), another
species with alternative male strategies (50–52). Orange males
have an orange dewlap (throat), are nonterritorial and are
larger than orange-blue males that are territorial and have
a blue patch on their orange dewlap. Whereas castration
of male tree lizards early in development results in a high
frequency of the orange, nonterritorial morph, testosterone
treatment produces more orange-blue, territorial males.
Although these initial results suggested that testosterone
plays a key role in the development of alternative phenotypes,
subsequent work implicates progesterone as the physiological
signal that regulates morphological and behavioural differ-
entiation in the tree lizard. There is a perinatal surge in
progesterone levels in males that develop the orange-blue,
territorial phenotype, but not in males that develop the
orange, nonterritorial phenotype (53). In addition, treatment
with exogenous progesterone during early development
mimics the effect of (or is more effective than) testosterone
on development of the orange-blue, territorial phenotype.
Interestingly, orange-blue males with a territorial strategy
are less sensitive to the inhibitory effects of stress and
glucocorticoids on reproduction that are orange, nonterrito-
rial males (54, 55). Moreover, orange, nonterritorial males
appear to conditionally switch tactics, displaying sedentary
satellite behaviour when environmental conditions are
relatively benign and a nomadic lifestyle when environmental
conditions are harsh (53). Evidence suggests that differences
in sensitivity to glucocorticoids between territorial males
and satellite-nomadic males may be mediated by differences in
circulating levels of a glucocorticoid binding globulin, which is
found at a higher level in territorial males (55). Consequently,
the glucocorticoid binding globulin could absorb glucocoti-
coids and make orange-blue, territorial males less sensitive to
the effects of glucocoticoids and stress.

Phenotypic plasticity is responsible for intrasexual variation
in behaviour in the leopard gecko (Eublepharis macularius).
Rather than a genotype-based difference in reproductive
strategies, variation in ambient temperature during embryo-
genesis induces the development of different behavioural
repertoires and physiology in the leopard gecko (56). The key
features of leopard gecko biology relevant here are that
embryonic incubation temperature determines gonadal sex
and that both incubation temperature and gonadal sex affect
circulating levels of sex steroid hormones, sexual and
aggressive behaviour, and the size and metabolic capacity of

brain nuclei in the adult animal. The hormonal mechanisms
underlying sex differences in behaviour have been examined
and appear to follow the general paradigm found in mammals
(57, 58). In brief, females ovariectomized in adulthood and
treated with oestradiol display female-typical receptive
behaviour whereas castrated males are unreceptive even
when treated with the same level of oestradiol and mounted
by the same stimulus males. Conversely, ovariectomized
females display very little male-typical sexual and aggressive
behaviour even when treated with levels of androgens that
activate these behaviours in males. These sex differences
in hormonal responsiveness in adulthood are most likely
organized by sex differences in steroid levels during ontogeny
because male leopard geckos have higher levels of dihydro-
testosterone and testosterone than females throughout
postnatal development (59).

Although intrasexual variation in reproductive behaviour
occurs in both sexes in the leopard gecko, we will focus on
temperature-induced differences in males. Incubation of
leopard gecko eggs at 26 uC produces only females, 30 uC
produces a female-biased sex ratio (approximately 30%
males), 32.5 uC produces a male-biased sex ratio (approxi-
mately 70% males) and 34 uC again produces virtually all
females. Interestingly, males from the female-biased
(i.e. 30 uC) incubation temperature are more sexually active
and less aggressive towards females than males from the male-
biased (i.e. 32.5 uC) temperature (60). Incubation temperature
also influences endocrine physiology such that oestrogen
levels are higher and testosterone levels are lower in adult
males from the female-biased versus adult males from the
male-biased temperature (61, 62). Nevertheless, incubation
temperature-induced differences in certain behaviours do not
depend upon differences in circulating hormone levels in
adulthood. Males from the male-biased incubation tempera-
ture scent mark more (a territorial behaviour) than do males
from the female-biased temperature even when both types
of males are treated with the same levels of testosterone or
dihydrotestosterone (Fig. 5). Conversely, and across the same
hormone treatments, males from the female-biased incubation
temperature mount stimulus females more than do males from
the male-biased incubation temperature (Fig. 5). These results
suggest that incubation temperature during embryonic devel-
opment has a permanent effect on the organization of the
male leopard gecko brain.

In accordance with this hypothesis, the effects of incubation
temperature on metabolic capacity and the size of certain
forebrain nuclei correlate with the sexual and agonistic
behaviour displayed by adult male and female geckos that
come from different incubation temperatures (62, 63). For
example, males from the female-biased temperature (i.e. more
sexually active males) have greater metabolic capacity in the
POA, dorsoventricular ridge and torus semicircularis than
their counterparts from the male-biased temperature (i.e. less
sexually active males). Such an incubation temperature-
induced difference in metabolic capacity in the POA would
be expected if there is a functional relationship between
neuronal activity in this brain region and male sexual
behaviour. In contrast, the size of the POA is significantly
larger in males from the male-biased temperature than in
males from the female-biased temperature (63). Incubation
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temperature also influences metabolic capacity in other
behaviourally relevant nuclei. Males from the male-biased
temperature have higher metabolic capacity than do males
from the female-biased temperature in the septum, anterior
hypothalamus and nucleus sphericus, all areas involved in
the regulation of agonistic behaviour in other vertebrate
species. In addition, incubation temperature affects covar-
iance patterns in metabolic capacity among these and other
nuclei (64), suggesting that temperature-induced correlations
in metabolic capacity among critical nuclei might reflect
differences in functional connectivity.

Although embryonic incubation temperature has pleiotro-
pic effects on sexual and agonistic behaviour, as well as neural
phenotype, in the male leopard gecko, it is not known how
temperature exerts its effects on the brain. Various studies
suggest that temperature determines gonadal sex in reptiles
by influencing sex steroid metabolism during embryonic
development (65, 66). Because sex determination is a thresh-
old trait (i.e. sex ratio varies but there are no hermaphrodites
produced), individuals with oestrogen levels below a certain
threshold develop as males and individuals with oestrogen

levels above the threshold develop as females. This model
predicts that individuals of the same sex from different
incubation temperatures are exposed to different hormonal
milieus during embryonic development. Consequently, tem-
perature-induced variation in hormone production during
early development could affect numerous physiological and
behavioural traits later in life.

Alternatively, incubation temperature might have effects
on leopard gecko physiology and behaviour that are not
mediated by sex steroids. Female leopard geckos from
oestrogen-treated eggs incubated at the male-biased tempera-
ture (32.5 uC) do not differ in growth rates or aggressiveness
from unmanipulated females from the same incubation
temperature (61). Experiments on the common snapping
turtle, another reptile with temperature-dependent sex deter-
mination, indicate that sex steroid hormones do not mediate
embryonic temperature effects on postnatal physiology and
behaviour (67–71). In these studies, snapping turtle eggs
were incubated at two temperatures that normally produce
only males and a third that produces a female-biased sex ratio.
Eggs were treated during the thermosensitive period with
oestrogen, a potent aromatase inhibitor, a vehicle control, or
were not treated at all. In agreement with other studies,
gonadal sex was reversed by hormonal manipulations:
oestrogen produced females at male-producing temperatures
and the aromatase inhibitor produced males at the female-
producing temperature. By contrast, neither hormone treat-
ment nor gonadal sex influenced hatchling size, residual
energy stores, posthatching growth rate, or thermoregulatory
behaviour. Nevertheless, embryonic temperature had very
strong effects on these traits. These experiments indicate that
temperature can influence neuroendocrine and behavioural
differentiation in reptiles with temperature-dependent sex
determination via mechanisms that do not involve sex
steroids.

In summary, side-blotched lizards and tree lizards have
alternative male phenotypes that are generally similar to one
another. One morph in both species displays a fixed, territorial
strategy. The other morph exhibits a plastic phenotype that
changes during development in the side-blotched lizard and
facultatively in response to environmental factors in the tree
lizard. If feasible, future studies could determine if fixed versus
plastic morphs result from a genetic polymorphism in both
species. Other studies could examine the neural differences
or mechanisms underlying alternative phenotypes in these
species. By contrast, leopard geckos provide a classic example
of phenotypic plasticity. Considering the ‘organizational’
effect of incubation temperature on the metabolic capacity
of the brain and behaviour, future work in this species should
focus on characterizing incubation temperature-induced
differences in hormone levels and gene expression in the
brain during embryonic development. Differential display or
subtractive hybridization techniques would be extremely
useful for such studies (72).

Birds

Birds have genotypic sex determination with heterogametic
females and homogametic males. Sex steroids have a primary
effect on sexual differentiation and activation of sexual and
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agonistic behaviour in birds, much as they do in most other
vertebrates. Female Japanese quail (Coturnix japonica) are
‘demasculinized’ by elevated levels of oestradiol during the
perinatal period. Specifically, they lose the ability to display
male-typical mounting behaviour when treated with testos-
terone (or oestrogens) as adults (73, 74). In contrast, male
Japanese quail retain the capacity to display female-typical
sexual behaviour when treated with oestrogens in adulthood.
The finding that sex steroid hormones regulate sexual
differentiation of the brain and behaviour in birds sets the
stage for intrasexual variation in reproductive behaviour due
to subtle variation in exposure to sex steroids during early
ontogeny. In fact, steroid hormones in the egg yolk mediate
maternal effects on offspring phenotype in a number of
species. We briefly discuss the effects of these maternal
steroids on intrasexual variation in growth, morphology, and
behaviour. We then switch gears and describe a species in
which discrete male phenotypes result from activation of a
genetic polymorphism in adulthood. Sex steroid hormones do
not appear to play any role in the organization of alternative
phenotypes in the latter species.

Recent work has shown that maternal steroid hormones
deposited in the yolk of bird eggs influence subsequent
development of the offspring. In canaries (Serinus canaria),
the laying order of eggs in a clutch correlates with testosterone
levels in the yolk, such that the last egg laid has a higher
concentration of testosterone than the first egg laid.
Testosterone levels, in turn, correlate with postnatal differ-
ences in begging behaviour, growth rate and aggressive
behaviour among hatchling canaries (75, 76). A similar
increase in testosterone levels with laying order occurs in
red-winged blackbirds (Agelaius phoeniceus) (77). Experimen-
tal blockage of androgen action or supplementation of yolk
androgens in this species suggest that maternally derived
testosterone enhances development of the hatching muscle
of offspring. It is interesting to note that the laying order of
eggs has a strong, sex-specific effect on growth in house
finches (Carpodacus mexicanus) (78). Growth rate decreases
with hatching order in males but increases with hatching
order in females in a Montana population of house finches.
The opposite pattern was observed in a population from
Alabama: growth rate decreases with hatching order in
females but is greatest in males in the middle of the brood.
Sex ratio also varies with laying order in these populations.
First laid eggs produce male-biased sex ratios and last laid
eggs produce female-biased ratios in Montana. By contrast,
first laid eggs produce female-biased sex ratios and last laid
eggs result in male-biased ratios in Alabama. This association
between laying order, hatchling sex ratio and sex-specific
effects on growth appear to reduce juvenile mortality rates
in an adaptive manner. The mechanisms underlying laying
order effects in the house finch are still unknown, but may
involve maternal deposition of sex steroids in the yolk.
Whether variation in growth, morphology and behaviour of
hatchling birds carries over into adulthood and influences
reproductive behaviour is currently unknown, but certainly
deserves further study.

A clear set of alternative reproductive tactics is evident
in male ruffs, a sandpiper found in Northern Europe and
Russia. In this species, some males establish territories on

breeding grounds, defend their territory against other males
and remain on their territory for extended periods. Satellite
males, on the other hand, reside on these territories in
transient coalitions with the territory-holding males: satellites
are highly mobile and move frequently among territories held
by different males. Overall, it appears that both types of males
benefit from these temporary coalitions because females prefer
to visit and mate on territories co-occupied by a territorial
male and a satellite male (79, 80; David Lank, personal
communication). In fact, territorial males try to attract
satellites to their territories. This coalition is not without
conflict, however, as territorial males try to prevent satellites
from mating with visiting females. Although territorial males
lose some mating opportunities to satellites on their territory,
they have a greater chance of mating with females than do
males whose territories lack a satellite. From the satellite’s
point of view, it may be best to associate with an attractive
territorial male, which may explain their frequent movement
among territories. In conjunction with these behavioural
observations, there is genetic evidence that female ruffs are
highly polyandrous and produce offspring from both
territorial and satellite males within the same clutch (81).
This behavioural dimorphism is the result of a single locus,
autosomal polymorphism that determines whether a male
becomes a territorial or a satellite male (82). Interestingly,
there are also differences in plumage traits between territorial
and satellite males, with satellites tending to have lighter
colouration (83).

Administration of androgens to adult females will cause
them to express a full suite of male-typical behaviours and
develop male display feathers and facial wattles (84). The
alternative behaviours displayed by these females corre-
sponded to the behavioural and morphological phenotypes
of their brothers and half-brothers, as expected based on the
autosomal inheritance of this trait. However, satellite males
do not become territorial when implanted with testosterone
(David Lank, personal communication). Instead, satellite
males accelerate and intensify their satellite behaviour.
Consequently, testosterone appears to directly turn on
genetically encoded information in the brain, which results
in the display of distinct male-typical behaviours in a matter
of days. Exactly how testosterone can activate two different
behavioural repertoires in adulthood remains unknown, but
could involve many different mechanisms, including poly-
morphism in the androgen receptor or genes regulated by
the androgen receptor. Whatever the mechanism, the fact
that females can exhibit the same behaviours as males
suggests that there is not an organizational influence of
steroids on the brain during development. In other words,
female ruffs are not ‘demasculinized’ in the same way as
female Japanese quail.

Males display significant behavioural variation in at least
two other bird species. Buff-breasted sandpipers (Tryngites
subruficollis), which are related to ruffs, have males with
alternative reproductive tactics (85). Lazuli buntings (Passer-
ina amoena) have males that exhibit intrasexual variation in
reproductive traits similar to Anolis lizards and sea gulls,
species in which young sexually mature males display female
colouration. Yearling males range from a dull brown, female-
like plumage to a bright blue, reddish and white plumage (86).
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Coloration changes with age so that males aged 2 years or
older have bright colouration. These fully mature males settle
in prime nesting habitat that attracts females. Mature males
are extremely aggressive toward other bright males, including
yearlings. As a consequence of this directed aggression, dull
yearling males are able to settle in good nesting habitat next
to bright adult males and obtain mates, acting like satellite
or sneaker males. Nothing is known about the mechanisms
underlying variation in male behaviour or morphology in
buff-breasted sandpipers or lazuli buntings.

In summary, maternal steroids deposited in the egg yolk
mediate the effect of egg laying order on offspring growth,
morphology and behaviour in canaries and red-winged black
birds. Laying order also has dramatic but different effects on
male and female phenotype and survival in house finches.
Future studies should determine whether maternal steroids
also mediate the effects of egg-laying order in house finches.
Another area open for study in these systems is whether the
maternal effects on growth, morphology and behaviour of
hatchling birds persist and influence reproductive behaviour
in adulthood. By contrast to the phenotypic plasticity
observed for maternal effects in some species, discrete male
phenotypes in the ruff result from hormonal activation of
alternative alleles at a single autosomal locus. As we suggested
for swordtail fish, a promising area for future work includes
cloning and characterizing this polymorphic gene. Investiga-
tion of differences in the neurobiology of independent and
satellite ruffs, as well as individuals from different positions
in the laying order of canaries, blackbirds and house finches,
should reveal some fascinating neuroendocrine mechanisms.
AVT is a candidate neuropeptide for future study because it
modulates aggressive and courtship behaviours in other birds
(87, 88).

Mammals

As described briefly in the introduction, there is a surge in
testosterone levels in male, but not female, mammals during
early development. This endocrine signal has well character-
ized consequences for sexual differentiation in a number of
species (89–91). Interestingly, this endocrine signal also
influences neural and behavioural differentiation in adjacent
fetuses of both sexes by diffusing through the amniotic fluid.
In this section, we review how an individual’s intrauterine
position, relative to same or opposite sex siblings, influences
its reproductive behaviour. Such effects represent an impor-
tant form of phenotypic plasticity during embryonic devel-
opment in rodents and possibly humans. We also discuss a
mammal that displays plasticity in reproductive behaviour
that is due to social interactions in adulthood. In particular,
the naked mole rat illustrates how dominance–subordinance
relationships can have a dramatic effect on reproductive
behaviour.

In mice (Mus musculus), male and female fetuses located
between two male siblings (2M males and females) are exposed
to higher levels of androgens but lower levels of oestrogens
than are fetuses located between two female siblings (2F males
and females) (92, 93). In accordance with these differences in
exposure to exogenous hormones, mice that were located
between two males or two females during embryonic

development display significant differences in sexual and
agonistic behaviour as adults. For example, 2M males are
less sexually active and consistently more aggressive than
2F males (Fig. 6). Similarly, 2M females are more aggressive,
less attractive to males, mark their cages with urine more
frequently, and have longer and more irregular estrous cycles
than 2F females (94). Differences in female attractivity might
be related to differences in the physiology of preputial glands
that produce pheromones (95). Fetuses flanked by a male and
a female sibling in utero are exposed to intermediate levels of
androgens and oestrogens and display patterns of behaviour
in adulthood that are intermediate to 2M and 2F individuals
of the same sex. Although the intrauterine position phenom-
enon is observed in a number of litter bearing species such as
mice, Mongolian gerbils (Meriones unguiculatus) and rats
(Ratus norvegicus), the exact pattern of intrauterine position
effects on behaviour can vary among species (94, 96).

Despite the well-known effects of intrauterine position on
reproductive behaviour in rodents, studies of neuroendocrine
differences between males (or females) from different intra-
uterine positions are lacking. However, with the large amount
of information on mechanisms underlying sex differences in
behaviour in rodents, rapid progress could be made toward
understanding the neural basis of continuous variation in
reproductive behaviour that occurs with minor variation in
exposure to sex steroids within each sex. For example, in the
Mongolian gerbil, metabolic capacity was higher in 2M
females than in 2F females within regions of the brain that
regulate sex behaviour (i.e. the medial part of the anterior
hypothalamus) and gonadotropin secretion (i.e. the posterior
part of the anterior hypothalamus) (97).

There is also fascinating evidence from studies of twins
that the hormonal environment in utero may influence
neural development in humans (98). Spontaneous otoacoustic
emissions (SOAEs) are tonal sounds endogenously produced
by the human cochlea. Females, on average, have more
SOAEs than males. This sex difference in SOAEs is evident
from birth. However, females that have a male twin exhibit
half the number of SOAEs observed in females that have a
female twin or in females from single births. The number
of SOAEs in females with a male twin is comparable to
the number of SOAEs detected in males. It was therefore
hypothesized that androgens produced by the male twin
diffused through the uterus and masculinized the SOAEs of
the female twin, similar to the intrauterine position effect
seen in rodents.

Discrete variation in reproductive tactics also occurs in
mammals. An amazing example of convergent evolution has
occurred in naked mole rats (Heterocephalus glaber), which
display a social structure similar to social ants, bees and
termites (99). A single dominant female or ‘queen’ is the only
female that is reproductively active and breeds in a colony of
naked mole rats. Furthermore, the queen suppresses repro-
duction in subordinate females, presumably by aggressive
interactions (i.e. shoving) and/or pheromones (100). Removal
or death of the queen results in fatal aggression among
nonreproductive females that begin ovarian cycles and a
struggle to replace the queen (101, 102). Females that are next
highest in the dominance hierarchy of the colony vie for the
queen’s position. Various studies indicate that differences in
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the activity of the hypothalamic-pituitary-gonadal axis
underly these alternative reproductive strategies.

Queens, for example, are more sensitive to exogenous
GnRH than are nonreproductive females. Injection of low
doses of GnRH stimulate a large increase in plasma
luteinizing hormone (LH) levels in queens but produce a
much smaller effect in nonreproductive females (103). In
agreement with these results, nonreproductive females nor-
mally have low LH and progesterone levels compared to
queens. This study also showed that repeated injections of
the lowest dose of GnRH in nonreproductive females raise
plasma levels of LH to those found in queens injected just
once with the same low dose. Suppression of reproductive
cycles and ovulation in nonbreeding females may be due to
social inhibition of hypothalamic GnRH secretion. In
agreement with this hypothesis, nonreproductive females
begin cycling when removed from their colony and the
suppressive influence of their queen (103). Reproductive
suppression may be mediated by pheromones produced by the
queen and/or overt physical aggression (i.e. shoving) directed
at nonreproductive females.

In any case, morphological differences between queens and
nonreproductive females in the naked mole rat are analogous
to the queen–worker size dichotomy observed in social insects
(104). In particular, naked mole rat queens have significantly
longer lumbar vertebrae and torsos than do nonreproductive
females. Interestingly, litter size increases from an average of
seven pups in a queen’s first litter to an average of 12–13 pups

in her fourth litter. Moreover, established queens can produce
litters containing up to 28 pups. This dramatic increase in
fecundity in female naked mole rats is associated with an
elongation of the torso upon attainment of breeding status.
Gastrointestinal hypertrophy also occurs in queens and
may be an adaptation to support larger litter sizes. The
mechanisms responsible for these changes in morphology
are currently unknown but most likely involve a suite of
endocrine and neuroendocrine changes, including the afore-
mentioned changes in the hypothalamic-pituitary-gonadal
axis.

Overall, mammals appear to be quite sensitive to environ-
mental perturbations that influence intrasexual variation in
behaviour. This phenotypic plasticity is evident in rodent
embryos that are susceptible to small variations in hormone
levels from exogenous sources and in adult naked mole rats
that are dramatically influenced by social interactions. A
productive area for future work will be the neural basis of
intrauterine position effects in rodents (and humans). The
advent of cDNA microarrays will be useful for the identifi-
cation of genes that are differentially regulated by environ-
mental factors. Although we did not discuss them, studies
using cDNA microarrays will also be a fruitful area for
identifying genetic polymorphisms in reproductive behaviour
(105). The pace of such studies could be very rapid,
considering that the sequencing of the mouse genome is
nearing completion and that many inbred strains of mice are
commercially available.

O
es

tr
ad

io
l i

n
 a

m
n

io
ti

c 
fl

u
id

 (
p

g
/f

et
u

s)

20

0

10

40

2M 0M

30

Males

To
ta

l n
u

m
b

er
/3

0 
m

in
u

te
s

60

20

40

100

2M 0M

80

Adult males

2M 0M

P
er

ce
n

ta
g

e 
at

ta
ck

in
g

 in
tr

u
d

er
 m

al
e

40

0

20

80

2M 0M

60

Adult males

Intromissions

Mounts

FIG. 6. Effect of intrauterine position on fetal 17b-oestradiol levels (panel on left) in males: 2M indicates males that were located between two males
in utero, 2F indicates males that were located between two females in utero. Effect of intrauterine position on sexual behaviour (i.e. mounts and
intromissions in middle panel) and aggressive behaviour (panel on right) in adult male mice are shown. After (93).

Reproductive behaviours and the brain 527

# 2002 Blackwell Science Ltd, Journal of Neuroendocrinology, 14, 517–531



Summary and conclusions

In this review, we have illustrated a few of the genetic, cellular,

hormonal, and/or neural mechanisms underlying intrasexual

variation in behaviour (Table 1). Such behavioural variation

ranges from the discrete alternative phenotypes observed in

plainfin midshipman, side-blotched lizards and ruffs to the

continuous variation observed with incubation temperature

effects in leopard geckos and intrauterine position effects in

rodents. A general dichotomy of mechanism may underlie

these extremes. For example, it is interesting to hypothesize

that a single major genetic factor with alternative alleles

regulates a whole suite of traits in most species with discrete

alternative phenotypes. Molecular cloning and characteriz-

ation of such genes may be feasible in species such as the

swordtail and the ruff that already have a defined genetic

polymorphism. In contrast, it appears that many factors may

produce subtle variation in the levels of a major regulatory

factor (i.e. sex steroid hormones) in species with continuous

variation in behaviour.
We have also shown that alternative reproductive strategies

are taxonomically widespread in vertebrates (Table 1). These

alternative reproductive strategies may be fixed (i.e. geneti-
cally based) as in swordtails and ruffs or developmentally
plastic as in leopard geckos, rodents and frogs. By plastic, we
mean that each individual has the potential to develop or
display more than one behavioural phenotype. Within this
category are further subdivisions. Some behavioural pheno-
types are established by environmental factors during early
ontogeny, whereas others are the result of developmental
transitions from one strategy early in life to another later in
life. Still other strategies are truly facultative with individuals
displaying different behaviours in different social contexts.

An important caveat concerning our review of the literature
is that current examples of alternative reproductive tactics are
biased toward males. This bias may reflect the fact that most
studies of intrasexual variation in behaviour have focused on
males. It is possible, however, that this male bias may reflect a
real difference in the frequency of alternative reproductive
strategies between the sexes. This is potentially a viable
explanation because sexual selection often acts more strongly
on males than on females. An analysis of the Bateman
gradient indicates that a male’s reproductive success generally
increases with the number of females that he fertilizes. In

TABLE 1. Summary of Species that Display Intrasexual Variation in Reproductive Behaviour. Species are categorized according
to their taxonomic group.

Regulatory factors

Group Animal Behaviour
Genetic polymorphism/
Phenotypic plasticity Hormonal factors Cellular/neural factors

Fish Plainfin midshipman Parental/
vocal

? Androgens GnRH neurones, AVT,
isotocin, vocal circuits,
sonic muscles

Swordtail Courtship Y-linked polymorphism Androgens LHRH neurones

Amphibians Strawberry poison dart frog Parental ? ? ?
Bull frog Vocal Phenotypic plasticity Androgens/oestrogens AVT, AVT receptor
Cricket frog Vocal Phenotypic plasticity Androgens/glucocorticoids AVT in nucleus

accumbens
Rough-skinned newt Mating Phenotypic plasticity Glucocorticoids GABAergic system

Reptiles Side-blotched lizard Territorial/ Polymorphism and Androgens ?
mate guarding phenotypic plasticity

Tree lizard Territorial ? Androgens/progestins/
glucocorticoids

?

Leopard gecko Territorial/mating Phenotypic plasticity Androgens/oestrogens Metabolic capacity
and volume
of various
limbic nuclei

Birds Canaries and blackbirds Begging and Phenotypic plasticity Androgens ?
aggression by
hatchlings

Ruffs Territorial/mating Autosomal polymorphism Androgens ?
Buff-breasted sandpipers Territorial/mating ? ? ?

Mammals Mice Mating/aggression Phenotypic plasticity Androgens/oestrogens ?
Naked mole rats Mating/aggression Phenotypic plasticity Oestrogens/progestins/

glucocorticoids
GnRH, LH

Humans Hearing Phenotypic plasticity Androgens?/oestrogens? Cochlea

For each species, reproductive behaviours that vary and the regulatory factors that alter those behaviours or that differ between individuals that differ in
behaviour are listed. Regulatory factors indicate (i) whether this behavioural variation is due to genetic polymorphism or phenotypic plasticity;
(ii) hormonal factors that alter behaviour or that differ between individuals; and (iii) the cellular/neural factors that alter behaviour or that differ between
individuals. GnRH, gonadotropin releasing hormone; AVT, arginine vasotocin; LHRH, luteinizing hormone-releasing hormone.
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contrast, a female’s fecundity usually does not increase with
the number of mates she obtains, but is often limited by the
number of eggs she produces (106, 107). However, this is not
always the case, as sexual selection may be stronger on females
in species with sex-role reversal (108). Studies of intrasexual
variation in female behaviour and its underlying mechanisms
in such species are an exciting area for future research.

In summary, intrasexual variation in behaviour adds
another level of complexity to studies of brain organization
and function. Such information is essential for a clear picture
of the unique and conserved mechanisms underlying sex and
individual differences in behaviour in vertebrates as a whole.
For example, common mechanisms underlying intrasexual
variation include variation in sex steroid hormone levels and
AVT neurophysiology. Furthermore, although there may be
conservation of an underlying hormonal mechanism such as
sex steroids in all vertebrates, completely different factors
may influence levels of sex steroids (i.e. incubation tempera-
ture in leopard geckos and intrauterine position in rodents).
Ultimately, we envision that neurobehavioural models of this
sort will help us better understand the tremendous diversity
observed in human reproductive and agonistic behaviour.

Acknowledgements

We are grateful to J. T. Sakata, S. Wray and three anonymous reviewers for

comments that improved and clarified the manuscript.

Accepted 4 April 2002

References

1 Phoenix CH, Goy RW, Gerall AA, Young WC. Organizing action of

prenatally administered testosterone proprionate on the tissues mediating

behavior in the female guinea pig. Endocrinology 1959; 65: 369–382.

2 Crews D, Silver R. Reproductive physiology and behavior interactions

in nonmammalian vertebrates. In: Adler N, Pfaff D, Goy RW, eds.

Handbook of Behavioral Neurobiology. New York: Plenum Press, 1985:

101–182.

3 Kelley DB. Generating sexually differentiated songs. Curr Opin Neurobiol

1997; 7: 839–843.

4 Balthazart J, Ball GF. Sexual differentiation of brain and behavior in

birds. Trends Endocrinol Metab 1995; 6: 21–29.

5 Godwin J, Crews D. Sex differences in the nervous system of reptiles.

Cell Mol Neurobiol 1997; 17: 649–669.

6 Moore MC. Application of organization-activation theory to alternative

male reproductive strategies: a review. Horm Behav 1991; 25: 154–179.

7 Demski LS. Reproductive patterns in teleost fishes. In: Crews D, ed.

Psychobiology of Reproductive Behavior: An Evolutionary Perspective.

New Jersey: Prentice Hall, 1986: 1–27.

8 Foran CM, Bass AH. Preoptic GnRH and AVT. Axes for sexual

plasticity in teleost fish. Gen Comp Endocrinol 1999; 116: 141–152.

9 Gross MR. Alternative reproductive strategies and tactics: diversity

within the sexes. Trends Ecol Evol 1996; 11: 92–98.

10 Bass A. Dimorphic male brains and alternative reproductive tactics in a

vocalizing fish. Trends Neurosci 1992; 15: 139–145.

11 Fluet A, Bass A. Sexual dimorphisms in the vocal control system of a

teleost fish: ultrastructure of neuromuscular junctions. Brain Res 1990;

531: 312–317.

12 Bass A, Anderson K. Inter- and intra-sexual dimorphisms in the vocal

control system of a teleost fish: motor axon number and size. Brain Behav

Evol 1991; 37: 204–214.

13 Brantley RK, Tseng J, Bass AH. The ontogeny of inter- and intrasexual

vocal muscle dimorphisms in a sound producing fish. Brain Behav Evol

1993; 42: 336–349.

14 Grober MS, Fox SH, Laughlin C, Bass AH. GnRH cell size and number

in a teleost fish with two male reproductive morphs. Sexual maturation,

final sexual status and body size allometry. Brain Behav Evol 1994;

43: 61–78.

15 Bass AH, Horvath BJ, Brothers EB. Nonsequential developmental

trajectories lead to dimorphic vocal circuitry for males with alternative

reproductive tactics. J Neurobiol 1996; 30: 493–504.

16 Knapp R, Marchaterre MA, Bass AH. Early development of the motor

and premotor circuitry of a sexually dimorphic vocal pathway in a teleost

fish. J Neurobiol 1999; 38: 475–490.

17 Brantley RK, Wingfield JC, Bass AH. Sex steroid levels in Porichthys

notatus, a fish with alternative reproductive tactics, and a review of the

hormonal bases for male dimorphism in teleost fishes. Horm Behav 1993;

27: 332–347.

18 Goodson JL, Bass AH. Forebrain peptides modulate sexually poly-

morphic vocal circuitry. Nature 2000; 403: 769–772.

19 Schreibman MP, Kallman KD. The genetic control of the pituitary-

gonadal axis in the platyfish, Xiphophorus maculatus. J Exp Zool 1977;

200: 277–293.

20 Ryan MJ, Pease CM, Morris MR. A genetic polymorphism in the

swordtail Xiphophorus nigrensis: testing the prediction of equal fitnesses.

Am Naturalist 1992; 139: 21–31.

21 Halpern-Sebold LR, Schreibman MP. Ontogeny of centers containing

luteinizing hormone-releasing hormone in the brain of platyfish

(Xiphophorus maculatus) as determined by immunocytochemistry. Cell

Tissue Res 1983; 229: 75–84.

22 Halpern-Sebold LR, Schreibman MP, Margolis-Nunno H. Differences

between early- and late-maturing genotypes of the platyfish (Xiphophorus

maculatus) in the morphometry of their immunoreactive luteinizing

hormone releasing hormone-containing cells: a developmental study.

J Exp Zool 1986; 240: 245–257.

23 Schreibman MP, Margolis-Nunno H, Lalpern-Sebold LR, Goos HJ,

Perlman PW. The influence of androgen administration on the

structure and function of the brain-pituitary-gonad axis of sexually

immature platyfish, Xiphophorus maculatus. Cell Tissue Res 1986;

245: 519–524.

24 Chardard D, Desvages G, Pieau C, Dournon C. Aromatase activity

in larval gonads of Pleurodeles waltl (Urodele Amphibia) during normal

sex differentiation and during sex reversal by thermal treatment effect.

Gen Comp Endocrinol 1995; 99: 100–107.

25 Wallace H, Badaway GM, Wallace BM. Amphibian sex determination

and sex reversal. Cell Mol Life Sci 1999; 55: 901–909.

26 Kelley DB. Neuroeffectors for vocalization in Xenopus laevis: hormonal

regulation of sexual dimorphism. J Neurobiol 1986; 17: 231–248.

27 Kay JN, Hannigan P, Kelley DB. Trophic effectors of androgen:

development and hormonal regulation of neuron number in a sexually

dimorphic vocal motor nucleus. J Neurobiol 1999; 40: 375–385.

28 Summers K, Bermingham E, Weigt L, McCafferty S, Dahlstrom L.

Phenotypic and genetic divergence in three species of dart-poison frogs

with contrasting parental behavior. J Heredity 1997; 88: 8–13.

29 Perril SA, Magier M. Male mating behavior in Acris crepitans. Copeia

1988; 1: 245–248.

30 Wagner WE Jr. Deceptive or honest signaling of fighting ability?

A test of alternative hypotheses for the function of changes in

call dominant frequency by male cricket frogs. Anim Behav 1992;

44: 449–462.

31 Boyd SK, Tyler CJ, De Vries GJ. Sexual dimorphism in the vasotocin

system of the bullfrog (Rana catesbeiana). J Comp Neurol 1992; 325:

313–325.

32 Boyd SK, Moore FL. Sexually dimorphic concentrations of arginine

vasotocin in sensory regions of the amphibian brain. Brain Res 1992;

588: 304–306.

33 Boyd SK. Development of vasotocin pathways in the bullfrog brain. Cell

Tissue Res 1994; 276: 593–602.

34 Boyd SK, Moore FL. Gonadectomy reduces the concentrations of

putative receptors for arginine vasotocin in the brain of an amphibian.

Brain Res 1991; 541: 193–197.

35 Moore FL, Wood RE, Boyd SK. Sex steroids and vasotocin interact in a

female amphibian (Taricha granulosa) to elicit female-like egg-laying

behavior or male-like courtship. Horm Behav 1992; 26: 156–166.

36 Boyd SK. Gonadal steroid modulation of vasotocin concentrations in the

bullfrog brain. Neuroendocrinology 1994; 60: 150–156.

Reproductive behaviours and the brain 529

# 2002 Blackwell Science Ltd, Journal of Neuroendocrinology, 14, 517–531



37 Boyd SK. Arginine vasotocin facilitation of advertisement calling and

call phonotaxis in bullfrogs. Horm Behav 1994; 28: 232–240.

38 Tito MB, Hoover MA, Mingo AM, Boyd SK. Vasotocin maintains

multiple call types in the gray tree frog, Hyla versicolor. Horm Behav

1999; 36: 166–175.

39 Marler CA, Boyd SK, Wilczynski W. Forebrain arginine vasotocin

correlates of alternative mating strategies in cricket frogs. Horm Behav

1999; 36: 53–61.

40 Chu J, Marler CA, Wilczynski W. The effects of arginine vasotocin on

the calling behavior of male cricket frogs in changing social contexts.

Horm Behav 1998; 34: 248–261.

41 Boyd SK, Moore FL. Evidence for GABA involvement in stress-induced

inhibition of male amphibian sexual behavior. Horm Behav 1990;

24: 128–138.

42 Burmeister S, Somes C, Wilczynski W. Behavioral and hormonal effects

of exogenous vasotocin and corticosterone in the green treefrog. Gen

Comp Endocrinol 2001; 122: 189–197.

43 Burmeister S, Wilczynski W. Social signals influence hormones

independently of calling behavior in the treefrog (Hyla cinerea). Horm

Behav 2000; 38: 201–209.

44 Lang JW, Andrews HV. Temperature-dependent sex determination in

crocodilians. J Exp Zool 1994; 270: 28–44.

45 Ewert MA, Jackson D, Nelson C. Patterns of temperature-dependent

sex determination in turtles. J Exp Zool 1994; 270: 3–15.

46 Viets B, Ewert MA, Talent LG, Nelson CE. Sex determining mechanisms

in squamate reptiles. J Exp Zool 1994; 270: 45–56.

47 Sinervo B, Lively CM. The rock-paper-scissors game and the

evolution of alternative male reproductive strategies. Nature 1996;

380: 240–243.

48 Zamudio KR, Sinervo B. Polygyny, mate-guarding, and posthumous

fertilization as alternative male mating strategies. Proc Natl Acad Sci

USA 2000; 97: 14427–14432.

49 Sinervo B, Miles DB, Frankino WA, Klukowski M, DeNardo DF.

Testosterone, endurance, and Darwinian fitness: natural and sexual

selection on the physiological bases of alternative male behaviors in side-

blotched lizards. Horm Behav 2000; 38: 222–233.

50 Hews DK, Knapp R, Moore MC. Early exposure to androgens affects

adult expression of alternative male types in tree lizards. Horm Behav

1994; 28: 96–115.

51 Hews DK, Moore MC. Influence of androgens on differentiation of

secondary sex characters in tree lizards, Urosaurus ornatus. Gen Comp

Endocrinol 1995; 97: 86–102.

52 Hews DK, Moore MC. A critical period for the organization of

alternative male phenotypes of tree lizards by exogenous testosterone?

Physiol Behav 1996; 60: 425–429.

53 Moore MC, Hews DK, Knapp R. Hormonal control and evolution of

alternative male phenotypes: generalizations of models for sexual

differentiation. Am Zool 1998; 38: 133–151.

54 Knapp R, Moore MC. Male morphs in tree lizards have different

testosterone responses to elevated levels of corticosterone. Gen Comp

Endocrinol 1997; 107: 273–279.

55 Jennings DH, Moore MC, Knapp R, Matthews L, Orchinik M. Plasma

steroid-binding globulin mediation of differences in stress reactivity in

alternative male phenotypes in tree lizards, Urosaurus ornatus. Gen Comp

Endocrinol 2000; 120: 289–299.

56 Crews D, Sakata J, Rhen T. Developmental effects on intersexual and

intrasexual variation in growth and reproduction in a lizard with

temperature-dependent sex determination. Comp Biochem Physiol C

1998; 119: 229–241.

57 Rhen T, Crews D. Embryonic temperature and gonadal sex

organize male-typical sexual and aggressive behavior in a lizard with

temperature-dependent sex determination. Endocrinology 1999; 140:

4501–4508.

58 Rhen T, Crews D. Organization and activation of sexual and agonistic

behavior in the leopard gecko, Eublepharis macularius. Neuro-

endocrinology 2000; 71: 252–261.

59 Sakata JT, Rhen T, Crews D. Ontogeny of secondary sex structures

and gonadal steroids in the leopard gecko. Annual Meeting of the Society

for Integrative and Comparative Biology, Denver CO. Am Zool 1998;

297: 86A.

60 Flores D, Tousignant A, Crews D. Incubation temperature affects the

behavior of adult leopard geckos (Eublepharis macularius). Physiol Behav

1994; 55: 1067–1072.

61 Tousignant A, Crews D. Incubation temperature and gonadal sex affect

growth and physiology in the leopard gecko (Eublepharis macularius), a

lizard with temperature-dependent sex determination. J Morph 1995;

224: 159–170.

62 Crews D, Coomber P, Baldwin R, Azad N, Gonzalez-Lima F. Effects of

gonadectomy and hormone treatment on the morphology and metabolic

capacity of brain nuclei in the leopard gecko (Eublepharis macularius) a

lizard with temperature-dependent sex determination. Horm Behav 1996;

30: 474–486.

63 Coomber P, Crews D, Gonzalez-Lima F. Independent effects of

incubation temperature and gonadal sex on the Volume and metabolic

capacity of brain nuclei in the leopard gecko (Eublepharis macularius), a

lizard with temperature-dependent sex determination. J Comp Neurol

1997; 380: 409–421.

64 Sakata JT, Coomber P, Gonzalez-Lima F, Crews D. Functional

connectivity among limbic brain areas: differential effects of incubation

temperature and gonadal sex in the leopard gecko, Eublepharis

macularius. Brain Behav Evol 2000; 55: 139–151.

65 Crews D. Temperature-dependent sex determination: the interplay of

steroid hormones and temperature. Zool Sci 1996; 13: 1–13.

66 Crews D, Fleming A, Willingham E, Baldwin R, Skipper JK. Role of

steroidogenic factor 1 and aromatase in temperature-dependent sex

determination in the red-eared slider turtle. J Exp Zool 2001;

290: 597–606.

67 Rhen T, Lang JW. Temperature-dependent sex determination in the

snapping turtle: manipulation of the embryonic sex steroid environment.

Gen Comp Endocrinol 1994; 96: 243–254.

68 Rhen T, Lang JW. Phenotypic plasticity for growth in the common

snapping turtle: effects of incubation temperature, clutch, and their

interaction. Am Naturalist 1995; 146: 726–747.

69 Rhen T, Elf PK, Fivizzani AJ, Lang JW. Sex-reversed and

normal turtles display similar sex steroid profiles. J Exp Zool 1996;

274: 221–226.

70 Rhen T, Lang JW. Embryonic and juvenile temperature independently

influence growth in hatchling snapping turtles, Chelydra serpentina.

J Therm Biol 1999; 24: 33–41.

71 Rhen T, Lang JW. Incubation temperature and sex affect mass and

energy reserves of hatchling snapping turtles (Chelydra serpentina). Oikos

1999; 86: 311–319.

72 Evans JD, Wheeler DE. Differential gene expression between developing

queens and workers in the honey bee, Apis mellifera. Proc Natl Acad Sci

USA 1999; 96: 5575–5580.

73 Adkins EK. Hormonal basis of sexual differentiation in the Japanese

quail. J Comp Physiol Psych 1975; 89: 61–71.

74 Adkins EK. Effects of diverse androgens on the sexual behavior and

morphology of castrtated male quail. Horm Behav 1977; 8: 201–207.

75 Schwabl H. Yolk is a source of meternal testosterone for developing

birds. Proc Natl Acad Sci USA 1993; 90: 11446–11450.

76 Schwabl H. Maternal testosterone in the avian egg enhances postnatal

growth. Comp Biochem Physiol 1996; 114: 271–276.

77 Lipar JL, Ketterson ED. Maternally derived testosterone enhances

the development of the hatchling muscle in the red-winged

blackbird Agelaius phoeniceus. Proc R Soc Lond B Biol Sci 2000;

267: 2005–2010.

78 Badyaev AV, Hill GE, Beck ML, Dervan AA, Duckworth RA,

McGraw KJ, Nolan PM, Whittingham LA. Sex-biased hatching order

and adaptive population divergence in a passerine bird. Science 2002;

295: 316–318.

79 Widemo F. Alternative reproductive strategies in the ruff, Philomachus

pugnax: a mixed ESS? Anim Behav 1998; 56: 329–336.

80 Lank DB, Smith CM. Females prefer larger leks: field experiments with

ruffs (Philomachus pugnax). Behav Ecol Sociobiol 1992; 30: 323–329.

81 Lank DB, Smith CM, Hanotte O, Ohtonen A, Bailey S, Burke T.

High frequency of polyandry in a lek mating system. Behav Ecol 2001;

13: 209–215

82 Lank DB, Smith CM, Hanotte O, Burke T, Cooke F. Genetic

polymorphism for alternative mating behavior in a lekking male ruff

Philomachus pugnax. Nature 1995; 378: 59–62.

83 Lank DB, Dale J. Visual signals for individual identification: the silent

song of ruffs. Auk 2001; 118: 759–765.

84 Lank DB, Coupe M, Wynne-Edwards KE. Testosterone-induced male

traits in female ruffs (Philomachus pugnax): autosomal inheritance

530 Reproductive behaviours and the brain

# 2002 Blackwell Science Ltd, Journal of Neuroendocrinology, 14, 517–531



and gender differentiation. Proc Roy Soc London B Biol Sci 1999;

266: 2323–2330.

85 Lanctot RB, Scribner KT, Kempenaers B, Weatherhead PJ. Lekking

without a paradox in the buff-breasted sandpiper. Am Naturalist 1997;

149: 1051–1070.

86 Greene E, Lyon BE, Muehter VR, Ratcliffe L, Oliver SJ, Boag PT.

Disruptive sexual selection for plumage coloration in a passerine bird.

Nature 2000; 407: 1000–1003.

87 Panzica GC, Castagna C, Viglietti-Panzica C, Russo C, Tlemcani O,

Balthazart J. Organizational effects of estrogens on brain vasotocin and

sexual behavior in quail. J Neurobiol 1998; 37: 684–699.

88 Goodson JL, Adkins-Regan E. Effect of intraseptal vasotocin and

vasoactive intestinal polypeptide infusions on courtship song and

aggression in the male zebra finch (Taeniopygia guttata).

J Neuroendocrinol 1999; 11: 19–25.

89 Goy RW, McEwen BS. Sexual Differentiation of the Brain. Cambridge:

MIT Press, 1980.

90 Segovia S, Guillamon A, Cruz R, del Cerro M, Ortega E,

Perez-Laso C, Rodriguez-Zafra M, Beyer C. The development of

brain sex differences: a multisignaling process. Behav Brain Res 1999;

105: 69–80.

91 Lonstein JS, De Vries GJ. Sex differences in the parental behavior of

rodents. Neurosci Biobehav Rev 2000; 24: 669–686.

92 Vom Saal FS, Bronson FH. Sexual characteristics of adult female mice

are correlated with their blood testosterone levels during prenatal

development. Science 1980; 208: 597–599.

93 Vom Saal FS, Grant WM, McMullen CW, Laves KS. High fetal

estrogen concentrations: correlation with increased adult sexual

activity and decreased aggression in male mice. Science 1983;

220: 1306–1309.

94 Vom Saal FS. Sexual differentiation in litter bearing mammals:

influence of sex of adjacent fetuses in utero. J Anim Sci 1989;

67: 1824–1840.

95 Wechman R Jr, Brown M, Hilton F. Intrauterine position affects

sex-accessory biochemistry in adult female mice. Biol Reprod 1985;

33: 803–807.

96 Clark MM, Galef BG Jr. Prenatal influence on reproductive life history

strategies. Trends Ecol Evol 1995; 10: 151–153.

97 Jones D, Gonzalez-Lima F, Crews D, Galef BG Jr, Clark MM. Effects

of intrauterine position on the metabolic capacity of the hypothalamus

of female gerbils. Physiol Behav 1997; 61: 513–519.

98 McFadden D. A masculinizing effect on the auditory systems of

human females having male co-twins. Proc Natl Acad Sci 1993;

90: 11900–11904.

99 Faulkes CG, Bennett NC. Family values: group dynamics and social

control of reproduction in African mole-rats. Trends Ecol Evol 2001;

16: 184–190.

100 Clarke FM, Faulkes CG. Dominance and queen succession in captive

colonies of the eusocial naked mole-rat, Heterocephalus glaber. Proc R

Soc Lond B Biol Sci 1997; 264: 993–1000.

101 Faulkes CG, Abbott DH, Jarvis JU. Social suppression of ovarian

cyclicity in captive and wild colonies of naked mole-rats, Heterocephalus

glaber. J Reprod Fertil 1990; 88: 559–568.

102 Margulis SW, Salzman W, Abbott DH. Behavioral and hormonal

changes in female naked mole-rats (Heterocephalus glaber) following

removal of the breeding female from a colony. Horm Behav 1995;

29: 227–247.

103 Faulkes CG, Abbott DH, Jarvis JU, Sherriff FE. LH responses

of female naked mole-rats, Heterocephalus glaber, to single

and multiple doses of exogenous GnRH. J Reprod Fertil 1990;

89: 317–323.

104 O’Riain MJ, Jarvis JUM, Alexander R, Buffenstein R, Peeters C.

Morphological castes in a vertebrate. Proc Natl Acad Sci USA 2000;

97: 13194–13197.

105 Sandberg R, Yasuda R, Pankratz DG, Carter TA, Del Rio JA,

Wodicka L, Mayford M, Lockhart DL, Barlow C. Regional and strain-

specific gene expression mapping in the adult mouse brain. Proc Natl

Acad Sci USA 2000; 97: 11038–11043.

106 Bateman AJ. Intra-sexual selection in Drosophila. Heredity 1948;

2: 349–368.

107 Andersson M, Iwasa Y. Sexual selection. Trends Ecol Evol 1996;

11: 53–58.

108 Jones AG, Avise JC. Mating systems and sexual selection in male-

pregnant pipefishes and seahorses: insights from microsatellite-based

studies of maternity. J Heredity 2001; 92: 150–158.

Reproductive behaviours and the brain 531

# 2002 Blackwell Science Ltd, Journal of Neuroendocrinology, 14, 517–531


