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ABSTRACT

The aim of this review is to consider the potential mechanisms birds may use to manipulate the sex of their
progeny, and the possible role played by maternal hormones. Over the past few years there has been a surge of
reports documenting the ability of birds to overcome the rigid process of chromosomal sex determination.
However, while many of these studies leave us in little doubt that mechanisms allowing birds to achieve this feat
do exist, we are only left with tantalizing suggestions as to what the precise mechanism or mechanisms may be.
The quest to elucidate them is made no easier by the fact that a variety of environmental conditions have been
invoked in relation to sex manipulation, and there is no reason to assume that any particular mechanism is
conserved among the vast diversity of species that can achieve it. In fact, a number of intriguing proposals have
been put forward. We begin by briefly reviewing some of the most recent examples of this phenomenon before
highlighting some of the more plausible mechanisms, drawing on recent work from a variety of taxa. In birds,
females are the heterogametic sex and so non-Mendelian segregation of the sex chromosomes could conceivably
be under maternal control. Another suggestion is that follicles that ultimately give rise to males and females grow
at different rates. Alternatively, the female might selectively abort embryos or ‘dump lay’ eggs of a particular sex,
deny certain ova a chance of ovulation, fertilization or zygote formation, or selectively provision eggs so that there
is sex-specific embryonic mortality. The ideas outlined in this review provide good starting points for testing the
hypotheses both experimentally (behaviourally and physiologically) and theoretically.
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I. INTRODUCTION

‘Significant variation in the sex ratio at hatching seems un-
usual in birds. ’ (Clutton-Brock, 1986)

Facultative adjustment of offspring sex, although theor-
etically predicted (Trivers & Willard, 1973; Frank,
1990), was not believed to occur in birds until a little
over a decade ago. However, since Clutton-Brock’s
(1986) conclusion there has been a plethora of reports
demonstrating beyond reasonable doubt that just such
adjustment can occur in a number of avian species.
Many of these studies have been made possible by
the recent development of molecular sexing techniques
(Quinn, Cooke & White, 1990; Griffiths, Tiwari &
Becher, 1992; Griffiths & Tiwari, 1993; Griffiths,
Daan & Dijkstra, 1996; Lessells & Mateman, 1996,
1998; Ellegren & Sheldon, 1997; Griffiths et al., 1998)
that allow accurate estimations of primary sex ratios
(the sex ratio at the time of laying) long before sex can
be determined by external morphology and without
sacrificing individuals. Such findings have attracted
broad interest making this a major area of research
within behavioral ecology with far-reaching impli-
cations in disciplines such as conservation (e.g. Ewen
et al., 2001), commercial production systems and ani-
mal welfare. However, despite the large number of
studies in recent years describing the adaptive benefits
and causal effects driving manipulation of offspring sex
(see Hasselquist & Kempenaers, 2002), they have only
provided us with tantalizing hints as to the precise
mechanism or mechanisms involved.
Sex-biasing mechanisms which are known to exist

include environmental sex determination (ESD), which
is common among reptiles ( Janzen & Paukstis, 1991;
Ewert, Jackson & Nelson, 1994; Viets et al., 1994;
Lance, 1997), and also exists among amphibians
(Witschi, 1929; Pieau, 1975; Dorazi, Chesnel & Dour-
non, 1995) and fish (e.g. Conover & Heins, 1987;
Francis, 1992; Römer & Beisenhertz, 1996; Blázquez
et al., 1999), and haplodiploidy (e.g. in Hymenoptera;
Hamilton, 1967). By contrast, the mechanism found
in nearly all mammals and birds, in which sex chromo-
somes segregate during meiosis in a Mendelian fashion

(Williams, 1979), appears to be unable to accom-
modate adaptive deviations from random, and conse-
quently birds possess no known physiological or
genetic mechanisms for skewing the sex ratio at laying
(Krackow, 1995 a ; Emlen, 1997; Hardy, 1997; Oddie,
1998; Sheldon, 1998; Komdeur & Pen, 2002). How-
ever, this idea runs in the face of the large number of
examples of facultative sex manipulation in birds that
have come to light over the past few years (see refer-
ences in Table 1).

(1) Can birds manipulate the sex of
their offspring?

Probably the most striking examples of facultative sex
adjustment have been observed in the Seychelles war-
bler (Acrocephalus sechellensis ; Komdeur et al., 1997) and
Eclectus parrots (Eclectus roratus ; Heinsohn, Legge &
Barry, 1997) where the production of same-sex indi-
viduals varies consistently from one extreme to the
other, effectively overturning on their own the notion
that birds are incapable of controlling the sex of their
offspring at birth. In the Seychelles warbler (Komdeur
et al., 1997), young, predominantly female birds often
remain on their natal territories as helpers. In years of
plentiful food supply this is beneficial to the parents
and increases their reproductive success. However,
when resources are limiting, the presence of additional
females is detrimental to the parent’s breeding success.
The sex of egg produced in their one- or two-egg
clutches reflect this, with unaided breeding females
on high- and low-quality territories producing 13 and
77% males, respectively. This is not just the conse-
quence of some physiological constraint, but highly
adaptive and, apparently, completely under the control
of the breeding female since breeding pairs that
were transferred from low- to high-quality territories
switched from producing predominantly male eggs to
female eggs.

Whilst apparently lacking adaptive significance,
similar extremes have been observed in captive popu-
lations of Eclectus parrots (Heinsohn et al., 1997): when
two young are fledged together they are very likely to
be of the same sex, and some females produce long,
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unbroken runs of one sex (the maximum being 20 sons
in a row!) before switching to the other sex; a phenom-
enon which defies expectation if we assume that in
birds sex is determined by the stochastic segregation
of the sex chromosomes at meiosis. The probability of
20 sons being produced in a row is less than 0.001.
Significant deviations are also seen in the sex of

laughing kookaburra offspring (Dacelo novaeguineae ;
Legge et al., 2001) which vary with both hatch rank and
the type of social group the parents belong to. Breeding
females within groups with female helpers, especially if
all the helpers were female, facultatively respond to this
increase in female helpers by producing male-biased
clutches. This ranged from 100% of first hatched eggs
being male in groups with only female helpers, to
16.7% males in unassisted pairs for second-hatched
eggs.
In a recent paper, Badyaev et al. (2002) report on two

recently established populations of the house finch
(Carpodacus mexicanus) in Montana and Alabama. In
only 20–30 years since these populations were estab-
lished they have diverged substantially, most notably
in their sequential production of male and female off-
spring. While such sequence effects are not uncommon
(see references in Table 1), they have generally been
assumed to be fixed and are commonly attributed to
changing maternal condition, hormone levels or food
availability as the season advances. What is surprising
about the house finch populations is that breeding fe-
males in Montana produced mostly female eggs first
and male eggs last, while this pattern was reversed in
the Alabama population. In both cases, this places sons
and daughters in the most advantageous position for
survival in their particular environment, reducing their
mortality by 10–20%.
These examples are intended not only to provide the

reader with an idea of the surprising degree of control
birds appear to have over the sex of their offspring, but
also to illustrate the diversity of species that are known
to exhibit it. To date, almost half of all avian orders
contain species with the apparent ability to control sex
(Fig. 1; Table 1) ; a value that is likely to have been
restricted only by the narrow range of species studied.
Given this diversity of species, it is tempting to consider
this phenomenon as universal.
However, whilst we are left in little doubt that mech-

anisms do exist, at least in some species, for the facul-
tative manipulation of offspring sex, at present there
are only hints as to the precise mechanisms employed
and there are too few examples to evaluate accurately
which potential mechanisms predominate. There is
also no a priori reason why one mechanism should be
conserved over all avian groups.

(2) Sex ratio

Many authors have been skeptical about studies
claiming to have evidence of adaptive sex manipu-
lation in birds (e.g. Fiala, 1981; Cooke & Harmsen,
1983; Ryder & Termaat, 1987; Koenig & Dickinson,
1996; Leroux & Bretagnolle, 1996; Tella et al., 1996;
Krackow, 1999). This is because, while most studies
attempt to justify their arguments by pointing to the
adaptive significance of the phenomenon, the small
number of studies so far means that they are either
unique, with there being no homologous study identi-
fying the same casual factor in the same species, or that
inconsistencies occur between studies. For example,
Ankney (1982) reported a sample of 29 four-egg clut-
ches of lesser snow geese (Anser caerulescens) in which the
first two eggs generally produced males (64% males),
and the last two females (72% females) ; Cooke &
Harmsen (1983) found no such deviation using a much
larger sample, and so rejected Ankney’s finding as a
statistical artifact. More recently, studies on different
populations of blue tits (Parus caeruleus) have given rise to
conflicting results with some authors finding significant

Fig. 1. Avian orders (shown in bold) which contain species
where convincing evidence exists of their ability to ma-
nipulate the sex of their offspring (see Table 1). The phylo-
genetic relationships shown are modified from Cracraft
(1998), Sibley & Ahlquist (1990) and Mindell et al. (1997),
and are common to at least two of the three studies.

Potential mechanisms of avian sex manipulation 555



Table 1. The diverse range of species for which there is convincing evidence of manipulation of the sex of their progeny prior to hatching.
Caution is needed, however, as many of these studies only represent the hatching, rather than the laying sex ratio. Potential limitations or

notes regarding the possible adjustment mechanism involved are given as footnotes. In addition there are a number of studies which

provide intriguing evidence for pre-hatching adjustment (e.g. Howe, 1977; Patterson & Emlen, 1980; Patterson et al., 1980; Dijkstra
et al., 1990; Bednarz & Hayden, 1991; Zijlstra et al., 1992; Daan et al., 1996; Dzus et al., 1996; Leonard & Weatherhead,

1996; Rosenfield et al., 1996; Tella et al., 1996; Bradbury et al., 1997; Torres & Drummond, 1999; Koenig et al., 2001), but
these suffer from major confounding influences such as nestling mortality prior to the collection of sex ratio data and are not presented here

Common name Specific name Effect Reference

Lesser snow goose Anser caerulescens In four-egg clutches more males
hatched from the first two eggs and
more females from the last twoa

Ankney (1982)

Mourning dove Zenaida macroura In two-egg clutches males
predominated in first-laid eggs and
females in second during
the middle of the season; this
situation was reversed at the
end of the season

Edmunds & Ankney
(1987)

Tengmalm’s owl Aegolius funereus When all eggs hatched there
was a male biasb, c

Hörnfeldt et al. (2000)

Seychelles warbler Acrocephalus sechellensis Unhelped breeding pairs on
low-quality territories overproduced
sons (the dispersing sex) and on
high-quality territories produced
mainly daughters (the helping sex)c

Blue tit Parus caeruleus More attractive males with
higher survival prospects sired
more sonsc, l

Svensson & Nilsson
(1996) ; Sheldon et al.
(1999)

Lesser black-backed
gull

Larus fuscus Food-supplemented females
produced a 1:1 sex ratio,
whereas unsupplemented
females produced more daughters
towards the end of the seasonc

Nager et al. (1999)

Great skua Catharacta skua When forced to increase egg
production effort the smaller
sex (males) was overproducedc, d

Kalmbach et al. (2001)

American kestrel Falco sparverius paulus The proportion of males increased
as food supply declined (excess
males were produced in
poor years and an equal sex ratio
in abundant years)e

Wiebe & Bortolotti
(1992)

Spotless starling Sturnus unicolor A seasonal shift in sex ratio from
daughters to sons was observedc, f

Cordero et al. (2001)

Zebra finch Taeniopygia guttata The sex ratio of offspring produced
was dependent on the condition
of the breeding female

Kilner (1998) ;
Bradbury & Blakey
(1998)

House wren Troglodytes aedon Last-laid eggs were most
likely to be female ‘runts ’c

Albrecht (2000)

Black-eared miner Manorina melanotis Complete broods were strongly
female biasedb, c

Ewen et al. (2001)

Noisy miner Manorina melanocephala The overall sex ratio was
1:1; 17/18 of first-laid
eggs were malec, g

Arnold et al. (2001)

Tree swallow Tachycineta bicolor Females in good condition
tended to overproduce malesl

Whittingham & Dunn
(2000)
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Table 1 (cont.)

Common name Specific name Effect Reference

Red-winged blackbird Agelaius phoeniceus The proportion of males changed with
laying sequenceb; the last laid egg in
four-egg clutches was predominantly
female

Fiala (1981) ;
Weatherhead (1985)

Green woodhoopoe Phoeniculus purpureus A female-biased sex ratio was observed
in the first nests of the year when
few helpers were presenth, i

Ligon & Ligon (1990)

Montagu’s harrier Circus pygargus First eggs were predominantly female,
last eggs male

Leroux & Bretagnolle
(1996)

Laughing kookaburra Dacelo novaeguineae Egg sex varied with the number of
helpers and hatch rankc

Legge et al. (2001)

Great tit Parus major Attractive fathers sired predominantly
sons ; the proportion of males increased
with hatch date and hatching asyn-
chrony, and declined with clutch sizec, l

Lessells et al. (1996) ;
Kölliker et al. (1999)

Eclectus parrot Eclectus roratus Females produced long runs of one
sex (max. 20 males) before switching
to the other sex

Heinsohn et al. (1997)

House finch Carpodacus mexicanus Diverged populations showed opposite
sex sequence trends, i.e. malepfemale,
and femalepmalec

Badyaev et al. (2002)

European shag Phalacrocorax aristotelis Early broods were male biased, late
broods female biasedc, j

Velando et al. (2002)

Great reed warbler Acrocephalus arundinaceus Brood sex ratio was related to father’s
harem size ; primary broods generally
male biased; secondary broods with
largest clutch size (five eggs) female
biasedc, k

Nishiumi (1998)

Ring-billed gull Larus delawarensis The proportion of each sex obtained
from first-, second- or third-laid eggs
varied inter-annuallym

Ryder (1983)

Scops owl Otus scops 80–100% of first-laid eggs were
male – this trend was consistent over
the four study yearsb, c

Blanco et al. (2002)

Collared flycatcher Ficedula albicollis More attractive males, with larger
forehead patches, sired more sonsc, l

Ellegren et al. (1996)

Kakapo Strigops habroptilus Females in better condition overproduced
sons, while those in poorer condition
produced more daughtersc, n

Clout et al. (2002)

a The first two eggs tended to be larger.
b Only clutches where all eggs hatched/survived were included in the analysis.
c Molecular sexing techniques were used.
d The probability of embryo mortality did not differ between supplementary fed or stressed groups.
e Egg mortality was not responsible.
f Female eggs were significantly heavier than male eggs.
g There were no gaps in the laying sequence.
h Fledging sex ratio was measured, but thought to be representative of the hatching ratio due to a low nestling mortality.
i A third of all eggs failed to hatch.
j Bias can be attributed to the first-laid egg.
k Unlikely to be due to chick mortality since very few chicks were lost this way (2.5%).
l The study was correlational.
m Only three-egg clutches were analysed, and 25% of eggs were lost or infertile.
n Sample sizes were small.
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deviations from parity in offspring sex, and others
finding none or non-repeatable findings between years,
despite large sample sizes (e.g. Sheldon et al., 1999;
Leech et al., 2001). However, such inconsistencies
would not be unusual if females facultatively adjusted
the sex of individual eggs in response to a stochastically
dynamic environment. For example, if sex bias in les-
ser snow geese is in response to nutrient stress and the
repeated study was conducted during a more affluent
season, then this could explain the observed disparity.
Indeed, many of the earlier searches for evidence of

facultative sex manipulation in birds were hampered
by an obsession with discovering clutch or population
sex ratios that deviated from parity. In this review we
have deliberately avoided the use of the term ‘sex
ratio’ as much as possible since it is becoming in-
creasingly obvious that it may not be adaptive for birds
to manipulate the sex ratio of their clutch per se, but
rather to have control over the sex of each individual
egg within that clutch. This may explain why the dis-
tribution of sex ratios within broods rarely deviate from
the binomial distribution that would be expected if the
sex ratio were determined stochastically (e.g. European
sparrowhawk Accipiter nisus, Newton & Marquiss, 1979;
red-winged blackbird Agelaius phoeniceus, Fiala, 1981;
bluebird Sialia sialis, Lombardo, 1982; snow goose
Anser caerulescens, Harmsen & Cooke, 1983; red-cocka-
ded woodpecker Picoides borealis, Gowaty & Lennartz,
1985). Take, for example, the mourning dove (Zenaida
macroura) studied by Edmunds & Ankney (1987). In a
study of 306 mourning dove chicks from 153 two-egg
clutches, they found that during the middle of the
breeding season males predominated in first-laid eggs
and females in the second, whereas this pattern was
reversed at the end of the season. However, the sex
ratio of offspring did not appear biased for individual
females or in the pooled sample, yet some maternal
manipulation could still be taking place. This apparent
lack of deviation from parity in average brood sex ratio
(reviews in Clutton-Brock, 1986; Gowaty, 1993) has
often been interpreted as prima facie evidence that the
chromosomal mechanism of sex determination sported
by birds is just too rigid to allow them to adjust the sex
of their offspring. However, this narrow view of sex
manipulation does not take into account the possibility
of facultative adjustment on a per-egg basis, or of post-
meiotic manipulation.

(3) The timing of manipulation

The majority of studies that report hatchling sex ratio
biases have not explicitly considered the point at which
the adjustment of offspring sex could have occurred.

Indeed, in most studies it is unclear when the bias may
have been produced. However, a range of studies show
sex skews that are related to the position of the egg in
the laying sequence. In some cases this bias appears to
be confined to the first egg (e.g. Blanco et al., 2002).
Other studies have shown either a relationship be-
tween the laying order and sex of the egg, or a devi-
ation from parity that continues beyond the first-laid
egg. Such studies are certainly suggestive of adjustment
mechanisms that work prior to ovulation; however,
insufficient details of laying order, laying gaps and/or
infertility of eggs were presented to rule out the oper-
ation of subsequent mechanisms. In addition, some of
these studies did not specifically investigate deviation
from parity beyond first-laid eggs.

Recently however, Komdeur, Magrath & Krackow
(2002) concluded that adjustment in a population of
Seychelles warblers took place prior to ovulation. Even
assuming that all missing eggs were male, a highly
significant over-representation of females was still evi-
dent in second eggs. Since second-laid eggs were laid
24 h after initial eggs, with not enough time for re-
absorption of the yolk and production of another, they
conclude that pre-ovulation mechanisms must con-
tribute to the sex ratio bias observed in the Seychelles
warbler. This relies heavily on the common assump-
tion that re-absorption of an unwanted follicle would
result in a laying sequence gap. Also this study cannot
rule out other mechanisms of adjustment without lay-
ing delay involving differential mortality or provision-
ing of resources to ova before ovulation.

So, whilst there are strong adaptive arguments and
empirical evidence to support the idea that birds can
manipulate the sex of their offspring, the mechanisms
they use to do this still remain to be elucidated. Our
aim is to evaluate the physiological events that occur
between gametogenesis and hatching; the period
where ‘cryptic ’ maternal control of offspring sex in
response to environmental factors would have to oc-
cur. The following arguments do not, of course, ex-
clude any other pathways for sex distortion, such as the
sex-biased brood mortality after hatching observed in
several species (e.g. great-tailed grackle Quiscalus mex-
icanus, Teather, 1987; lesser black-backed gull Larus
fuscus, Griffiths, 1992; marsh harrier Circus aeroginosus,
Dijkstra, Daan & Pen, 1998).

II. HOW AND WHEN COULD SEX

MANIPULATION OCCUR?

Several recent studies, stemming from work on a var-
iety of avian and mammalian species, provide new
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hints to potential physiological mechanisms that could
allow birds selectively to adjust the sex of an egg in
response to a number of environmental variables. How-
ever, as yet, there have been no studies aimed solely
at elucidating these mechanism(s). There seems to
be a temptation among authors to implicate ‘ tidy’
mechanisms such as segregation distortion of sex
chromosomes (Petrie et al., 2001), and while there is no
evidence to the contrary, it must be emphasized that a
considerable number of potential mechanisms exist,
and there is no reason for them to be conserved over all
avian orders. In fact, quite the opposite may be the
case. Differences in life-history traits between species,
such as the size of the clutch produced, may have co-
evolved alongside radically different mechanisms for
the control of sex. For example, species which lay
a single egg may be able to abort ova of the ‘wrong’
sex until such time as an ovum of the ‘right ’ sex is
ovulated, whereas the resulting gaps in the laying
sequence may be too temporally costly for species
which lay large clutches to bear (see section II.3).
Consequently, another mechanism may have been
selected.
The following review will deliberately exclude any

mechanisms that are unlikely to have the potential to
be utilized for the adaptive manipulation of sex by the
parent. These include nuclear genetic effects on sex
determination such as hermaphroditism (Eicher et al.,
1980; Whitten, Carter & Beamer, 1991); feminization
of homogametic individuals (oestrogens can have
feminizing effects on male bird embryos: Adkins-
Regan, 1981; Elbrecht & Smith, 1992; H. Schwabl,
personal communication); so-called sex-ratio genes,
which would be typically linked to one of the sex
chromosomes and act by preventing or interfering with
the production of functional gametes bearing the other
sex chromosome; male-killing genes such as those
found on the T-locus of the mouse (Bennet, 1975;
Hurst, 1993 a) ; cytoplasmic sex-ratio distorters (Lyttle,
1991; Hurst, 1993 b), not yet unequivocally identified
in birds; infectious and congenital diseases of the
parent ( James, 1987); sex ratio biases as a direct result
of inbreeding depression (see Ewen et al., 2001); and
sex-linked diseases and infections of the embryo. It is
unlikely that any of the preceding factors, while per-
haps resulting in biased sex ratios, are under the direct
control of the breeding female and hence could not
account for facultative adjustment by the female. By
contrast, the mechanisms described below are all
potentially under her direct control.
Several studies have provided strong evidence for

biased sex allocation at the primary level in wild bird
species (e.g. Komdeur et al., 1997) and captive species

(e.g. Heinsohn et al., 1997), and whilst others cannot
differentiate between the timing of adjustment, em-
pirical evidence does exist for adjustment at later stages
as well. This section will focus on the potential mech-
anisms for sex manipulation between gametogenesis/
yolk production and hatching (see Fig. 2).

(1) Asynchronous follicular development

Follicles in a bird’s ovary, which contain the ovum and
yolk deposits, commonly develop approximately 24 h
out of phase with one another, and therefore exist in a
size hierarchy (Sturkie, 2000). Krackow (1995b ; see
also Ankney, 1982) speculated that the developmental
pace of follicles that ultimately give rise to males and
females may differ, so that the faster-growing sex is
most likely to end up in the first egg. This would pro-
vide a neat explanation for the sex sequence effects
observed in several species, where one sex tends to be
produced at the start of the season while the other sex
predominates at the end (see references in Table 1). In
addition, there is evidence of atresia (degeneration and
resorption) among developing follicles : Gilbert et al.
(1983) report a high incidence of atresia among pre-
hierarchical follicles (follicles which have not yet begun
to grow rapidly in size), and in the Eurasian kestrel
(Falco tinnunculus) follicles 4–7 are also occasionally re-
absorbed (Beukeboom et al., 1988). It could be that by
reabsorbing certain follicles the female is adjusting the
follicular hierarchy, so that follicles destined to give rise
to a particular sex will be ovulated in strict order.
Atresia among immature follicles is unlikely to result in
laying-sequence gaps (see section II.3), since the hier-
archy is most pronounced for the five largest follicles
(Sturkie, 2000).
If the probability of egg infertility varied with laying

sequence and the value of the sexes differed, then it is
possible that observed sex sequence patterns are a
consequence of placing the more valuable sex dis-
proportionately in eggs that are least likely to be in-
fertile. In most bird species, these tend to be eggs laid
at the beginning of the sequence (Sturkie, 2000), and
is consistent with studies reporting the most expens-
ive sex, usually the largest, being laid first. It is in-
teresting to note that atresia of hierarchical follicles
can be induced hormonally ( Johnson & Leone, 1985;
Yoshimura et al., 1993), although how selective this
process is (i.e. whether it could be sex-specific), is
unknown.
As with all the processes involved in egg production,

follicular development and yolk deposition are under
the control of maternal hormones (Sturkie, 2000), and
consequently their regulation and fine-tuning may be
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precisely controlled by the laying female. For example,
yolk protein formation in the liver is regulated pri-
marily by gonadotrophic and steroid hormones (Stur-
kie, 2000) and oestradiol injections in non-breeding
females elevated plasma levels of yolk precursors (Wil-
liams, 1999); perhaps allowing the female to have
control over how much yolk is laid down and how fast.
Follicular growth is in response to follicle stimulating
hormone (FSH) and luteinizing hormone (LH; Sturkie,
2000), but what causes them to grow one at a time is
unknown and ‘represents one of the major un-
answered questions in reproductive biology’ (Norris,
1980). It has been suggested (Ankney, 1982) that the
sex-determining meiotic division, which in chickens
and turkeys occurs 0.5–3 h before ovulation (Roman-
off, 1960), may occur earlier in other species. Suppose
then that in such species ‘male’ follicles are stimulated
to grow by lower levels of FSH and/or LH than
‘female ’ follicles, this could explain the sex sequence ef-
fects observed in species where male eggs are produced
earlier in the season than female eggs. Alternatively,
the reverse might hold true for other species.

(2) Segregation distortion

Non-random segregation of sex chromosomes at mei-
osis is a cytological phenomenon well documented

in some insects (Novitski, 1951; Peacock, 1965;
Hamilton, 1967), but not yet detected in vertebrates.
Birds, like many other vertebrates, have chromosomal
sex determination systems, which led Williams (1979)
to suggest that sex determination among outcrossed
vertebrates is mainly the result of automatic, stochastic
Mendelian segregation of the sex chromosomes at
meiosis, with little or no scope for adaptive maternal
manipulation of sex (see also Fiala, 1981; Harmsen &
Cooke, 1983; but see Charnov, 1982 for a critique) ;
notwithstanding the widespread prejudice for maternal
control because of female heterogamy in birds (Oddie,
1998). In fact, Mendelian segregation, which results in
approximately equal numbers of male and female off-
spring, is almost universally observed, whilst conclusive
examples of non-Mendelian segregation – also called
segregation distortion or meiotic drive – though
sometimes dramatic, are few and far between. In the
context of avian sex manipulation the term segregation
distortion is generally used to refer to the unequal
transmission of Z and W chromosomes to germ cells
produced by the heterogametic female.

As a method of sex manipulation, segregation distor-
tion (along with asynchronous follicular development)
appears the most attractive option since it provides a
neat and tidy mechanism, often invoked by reporters
of sex bias (e.g. Dijkstra, Daan & Buker, 1990; Petrie

Fig. 2. The stages of avian egg production from yolk deposition through to the end of incubation, indicating the time-scale of
events and the possible times of female sex manipulation (all times are approximate for the domestic chicken, Gallus domesticus).
The reproductive tract of the female consists of a single functional ovary that releases follicles (yolk sacs bearing ova) into the
oviduct during each egg-laying attempt. A hierarchy of follicles develops in the ovary, with the largest (the primary follicle,
‘A’) becoming the next to be released and engulfed by the infundibulum, during ovulation. In the chicken, sex is determined
shortly prior to this during the first meiotic division, when segregation of the sex chromosomes (in birds the female is the
heterogametic sex) consigns either the Z or W chromosome to the ovum and the remaining sex chromosome to the polar
body (Sturkie, 2000). Shortly following ovulation, the ovum is fertilized by sperm present in the infundibulum, before passing
down the oviduct over a period of around 24 h, while albumin and shell are secreted around it. In species that lay an egg each
day, follicles are ovulated at approximately 24 h intervals (Sturkie, 2000).
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et al., 2001), and the costs involved (in terms of time
and energy) are both minimal and ‘ trivial compared
with the benefits ’ (Komdeur et al., 2002).
In the case of Galliformes (the majority of infor-

mation is derived from the reproductive biology of
chickens, Gallus gallus, and turkeys, Meleagris gallopavo),
sex is determined shortly before ovulation (Romanoff,
1960) when the first meiotic division, which was ar-
rested until this time, proceeds from late prophase I; a
situation commonly found in vertebrates (Emlen,
1997). If the female had any control over the segre-
gation of the sex chromosomes, then at this point the
unwanted sex chromosome would be banished to the
polar body, while the preferred one would be assigned
to the ovum. However, it appears that, at least in mice,
the attachment of kinetochores to the spindle appar-
atus during metaphase I is a purely stochastic process
(Nicklas, 1997), but by anaphase I the spindle appar-
atus is already directionally determined with one cen-
trosome situated on a membrane protrusion that will
form the first polar body (Swanson, Merz & Young,
1981). It could be argued that centrosomes could be
assigned to the ovum and polar body after kinetochore
attachment, and thus determine the sex of the ovum
that way. However, in order to avoid the formation of
non-disjunct haploid nuclei and hence meiotic failure,
it would seem adaptive to have a mechanism which
assigned the centrosomes to ovum and polar body
before chromosome separation (Krackow, 1999).
Consequently, because the directionality of the spindle
apparatus pre-determines sex, but the attachment of
Z and W chromosomes is random, production of an
ovum bearing a preferred sex chromosome apparently
could not occur (Krackow, 1999).
One titillating factor which cannot be overlooked

though is the fact that the full quotient of yolk that will
sustain the developing embryo has already been laid
down by the time manipulation by segregation distor-
tion would occur (Fig. 2; but see section II.1). Apart
from lipids and proteins, the yolk also contains a var-
iety of other maternally derived factors, including
steroid hormones (Sturkie, 2000). Petrie et al. (2001)
found that the relative concentrations of yolk sex hor-
mones differed between male and female peafowl eggs,
and so it is tempting to speculate on their role around
the crucial time of sex-determination. It is unlikely that
females can forecast the sex of the egg when pro-
visioning the yolk with hormones, so this led Petrie et al.
(2001) to hypothesize that maternally derived steroids
influence sex-chromosome segregation at meiosis (Bo-
gart, 1987; Crews et al., 1996; Krackow, 1999). How-
ever, Chandra (1991; see also Krackow, 1999) relate
pre-ovulatory yolk acquisition and late meiosis to the

optimal timing of meiotic processes, rather than sex
adjustment.

(3) Selective resorbtion

Selective resorbtion refers to the abortion and sub-
sequent reabsorbtion of yolk deposits of post-meiotic
ova (Emlen, 1997) prior to ovulation. This is in contrast
to atresia, which generally refers to the reabsorbtion of
pre-meiotic follicles. As a means of sex manipulation
selective resorbtion would work by the continued
abortion of ‘wrong’ sex ova soon after the completion
of meiosis until an ovum of the ‘right ’ sex is produced
before continuing with ovulation (Emlen, 1997).
The developing follicles in a bird’s ovary grow in a

hierarchical fashion (Sturkie, 2000). Thus if a primary
(largest) follicle were not ovulated it would mean a gap
of about one day until the next ovulation since the pri-
mary follicle suppresses further development of sister
follicles during the days prior to ovulation (Sturkie,
2000). Consequently, selective resorbtion is most likely
to occur in species which lay small clutches of one or
two eggs. Such species can avoid many of the costs
incurred by species which lay larger clutches and
where leaving gaps in the laying sequence waiting for
the ‘right ’ sex to be produced would greatly prolong
the duration of lay (Emlen, 1997). To illustrate this
point, if ova were produced as male, female, male, fe-
male and so on, then the period of lay would be
doubled to produce all of one sex. If meiosis is random,
a female would have to skip 0, 1 and 2 days on average
to achieve a 50, 75 and 87% probability, respectively,
of producing each egg of the desired sex. Birds which
lay a single egg can probably afford to wait until an
ovum of the ‘right ’ sex is produced before beginning to
lay. Those species which lay two eggs, have the sub-
sequent option of waiting before another ‘right ’ sex
ova is produced (this is unlikely to be more than a few
days) or by trusting in the Mendelian luck-of-the-draw
(Velando, Graves & Ortega-Ruano, 2002). How ef-
fective this strategy would be decreases with an in-
creasing number of eggs in the clutch. It will also be
constrained by the number of follicles available in the
ovary, and will obviously prove unfeasible if there are
no more than one or two. For two species (Seychelles
warbler, Komdeur et al., 1997; Eclectus roratus, Hein-
sohn et al., 1997) for which there is compelling evidence
that manipulation takes place prior to laying, it is in-
teresting to note that both lay no more than two eggs
in a clutch. In addition, in the noisy miner (Manorina

melanocephala) population studied by Arnold, Griffith &
Goldizen (2001) the sex ratio at hatching was exactly
even with 57 males and 57 females. However, in 17 out
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of 18 of the broods, the first egg to hatch was male. No
breaks in the laying sequence were observed, and so a
parsimonious explanation would be that abortion of
female ova occurred before the start of lay (see also
Arnold et al., 2001; Blanco et al., 2002). However, this
is also consistent with male ova developing faster (see
section II.1). Reabsorbtion of a yolk might also result in
a later laying date and more pronounced hatching
asynchrony, which may compromise offspring survival
(Klomp, 1970).
This mechanism must also contend with another

major functional argument against it. Growth of the
follicle which surrounds the oocyte exhibits an in-
creasingly rapid growth over a several-month period
that consists mainly of deposition of yolk protein, cul-
minating in a rapid growth phase during the final 6–11
days prior to ovulation (in domestic fowl, ducks and
pigeons; Sturkie, 2000) when the majority of yolk
proteins and lipids are deposited. In this final phase of
development, the follicle of a healthy, well-fed dom-
estic hen will on average receive up to 2 g of yolk
protein per day, grow in diameter from 8 to 37 mm
and increase in volume by a factor of 3500–8000
(Sturkie, 2000). Consequently, the resorbtion of yolk
after the time of sex determination (0.5–3 h before
ovulation; Romanoff, 1960) would necessarily result in
the loss of a considerable amount of energy already
invested, and has been used to argue against selective
resorbtion (Krackow, 1999). However, this loss would
not be total since much of the invested energy would be
resorbed. In addition, it is important to view this in-
vested energy in terms of the total amount of energy a
female must invest to raise an individual offspring to
term. When you consider the energetic costs of albu-
min and shell production followed by an extended
period of incubation and rearing, which may last sev-
eral weeks and involve vast energy expenditure and
little energy input for the mother, yolk investment pales
in comparison. As a result, abortion at this stage rather
than raise an individual of the ‘wrong’ sex (perhaps
because it is the larger sex and resources are limiting)
would probably be worthwhile. The mechanism of sex
manipulation might therefore be expected to vary with
the extent of parental care.

(4) Selective ovulation

Selective ovulation refers to the non-random shedding
of Z- and W-bearing ova following the completion of
meiosis. Occasionally, following ovulation the ovum
fails to be picked up by the infundibulum (known as an
‘ internal ovulation’; Sturkie, 2000) and is subsequently
reabsorbed. That 5–40% of ova shed are not laid in

chickens (Sturkie, 2000) and large number of ova fail
to develop into eggs in some species (Wood-Gush
& Gilbert, 1970) is consistent with their loss through
reabsorbtion. It should be noted though, that internal
ovulation is associated with an increased risk of per-
itonitis (Sturkie, 2000), and so would be expected to be
avoided as much as possible. The same arguments for
and against selective resorbtion (see section II.3) apply
to selective ovulation as well.

It has been suggested that several species which vary
the proportion of each sex produced in a sequential
way throughout the breeding season (e.g. see Daan,
Dijkstra & Weissing, 1996), are exerting such control
by selective resorbtion or ovulation. If this is the case,
then it may indicate that hormonal mechanisms are
involved since steroid hormone levels are known to
vary considerably during the course of the breeding
season in birds (Mikami, Homma &Wada, 1983). The
process of ovulation is under the control of a number of
hormones, but in particular progesterone and luteo-
tropic hormone are important in inducing ovulation
(Tanaka & Inoue, 1990). Plasma levels of these hor-
mones peak 4–6 h before ovulation in most species
studied and it is this surge which probably provides the
stimulus for germinal vesicle breakdown and sub-
sequent ovulation ( Johnson & Tilly, 1990; Sturkie,
2000).

(5) Sex-specific fertilization

Subsequent to ovulation, the ovum is engulfed by the
infundibulum where it remains for a period of between
15 and 30 min (Sturkie, 2000). It is in the infundibulum
where fertilization occurs, using sperm released from
specialized sperm-storage tubules located in the utero-
vaginal region of the female (Zavaleta & Ogasawara,
1987; Birkhead & Møller, 1992). In domestic fowl,
stored spermatozoa remain viable for a period of 7–14
days (Sturkie, 2000). Following oviposition of each egg,
sperm are released from these tubules by an unknown
mechanism and migrate to the infundibulum for ferti-
lizationof thenext ovum (Zavaleta&Ogasawara, 1987).

The selective fertilization of ova bearing particular
sex chromosomes would again provide a mechanism
whereby the maternal organism could control the sex
of an egg laid. However, this appears impossible since
sperm are released from the sperm storage tubules
before the time of ovulation and sex determination
(Birkhead, 1995) and so their presence in the infun-
dibulum, where fertilization takes place within minutes
of ovulation (Sturkie, 2000), would make it hard for any
egg to avoid gametogamy. It is hypothetically possible,
however, that the female can control whether or not
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sperm arrive at the site of fertilization in time. For ex-
ample, the ability of domestic hens to produce fertile
eggs has been shown to be highly correlated with the
motility of inseminated spermatozoa. After a period of
immotility within the uterovaginal storage tubules,
sperm motility must be reactivated since active flagel-
lar beating appears necessary to penetrate the perivi-
telline membrane at fertilization (Ashizawa, Wishart &
Tsuzuki, 1994). In vitro, chicken sperm become immo-
tile at the avian body temperature of 40–41 xC, and
motility can only be restored by lowering the tem-
perature or by the addition of calcium (which is natu-
rally present in the ovarian pocket fluid proposed to
represent the milieu surrounding the gametes at ferti-
lization; Wishart & Wilson, 1999). In addition, sperm
motility in mammals depends upon several factors
including external pH (Gatti et al., 1993) and mucus
viscosity (Schilling & Zust, 1968), the latter of which
would greatly affect the ability of avian sperm to
migrate to the site of fertilization. There is also
the theoretical possibility that the female could change
the composition of the ova membrane, making sper-
matozoa unable to penetrate it. All these factors could
be under maternal control.
Influencing whether or not an egg becomes fertilized

is again an expensive way of controlling sex, especially
since reabsorbtion of the yolk, and thus invested en-
ergy, is less likely at this late stage (Sturkie, 2000).
However, in exceptional circumstances, particularly if
the incubation and rearing costs are high, this may be
utilized as a method for sex manipulation.

(a ) Paternal control

Studies have concentrated almost exclusively on the
maternal control of sex manipulation. However, there
is still the possibility that the process is indirectly under
the control of the father. For example, it might be that
the sperm themselves are selective as to which sex of
ova (Z or W) they inseminate. A successful male might
want to bias the production of offspring in favour of
sons that will inherit the characteristics which make
him successful ; thus his sperm may preferentially rec-
ognize and fertilize Z ova (for the potential cues sperm
may use to recognize ova of different genders see sec-
tion II.9). Whilst we have no direct evidence for sex-
specific fertilization, Kölliker et al. (1999) demonstrated
that the proportion of sons produced by female great
tits (Parus major) increased as the tarsus length and, to a
lesser extent, the size of the breast stripe of her mate
increased; both these morphologies are known to cor-
relate with fertilization success (Kampenaers et al.,
1992; Blakey, 1994; Verboven & Mateman, 1997).

(6) Sex-specific inhibition of zygote formation

The developmental state of ova at the time of ovulation
will not necessarily be constant, and may differ as a
result of variation in the relative time of ovulation or
because of differences in the gonadotrophin and/or
sex steroid hormone concentrations during develop-
ment (Sturkie, 2000). This in turn may have important
consequences for fertility and successful zygote for-
mation. For example, glutathione (an antioxidant, anti-
toxin and enzyme cofactor) concentration in pig ova
depends on the developmental state of the ovum,
and is essential to oocyte-controlled male pronucleus
formation (Yoshida et al., 1993). If there is too little
maternally derived glutathione, pronucleus formation
cannot occur.

(7) Sex-specific post-laying embryo mortality

There may be a sex bias in early embryonic mortality
(Godfray & Harvey, 1986; Krackow, 1995a). In order
to reduce the costs of sex manipulation (sensu Maynard
Smith, 1980), it is often assumed that any adjustment
would need to be carried out as early as possible. At the
time an egg is laid it is already provisioned with sig-
nificant amounts of yolk (Krackow, 1999; Sturkie,
2000). This equates to a relatively large amount of
energy already invested. However, the costs may differ
interspecifically. For example, some birds such as sooty
terns (Sterna fuscata) lay a single egg to incubate. By
contrast, the European partridge (Perdix perdix) will lay
as many as 12–20 eggs. Consequently, killing off eggs
of the ‘wrong’ sex post-laying may leave sooty terns
with no young at all, and hence seems highly mal-
adaptive. However, in species which lay large clutches
and where, by the law of averages, a clutch should
contain at least some embryos of both sexes, sex-
specific embryo mortality should not carry such heavy
costs for the parent.
There is some empirical evidence to support the sex-

specific embryo mortality theory. For example, a re-
cent study by Kampenaers et al. (1999) on the effects of
extra-pair paternity on egg hatchability in the tree
swallow (Tachycineta bicolor) reported that all the exam-
ined unhatched eggs in the sample, whether from
nests with or without extra-pair young were fertilized,
and thus hatch failure resulted from embryo mortality,
rather than fertilization failure. However, to our
knowledge, no natural differences in embryo mortality
between the sexes has been reported for birds so far,
even in species that show differential nestling mortality
(e.g. Nager et al., 1999). For example, the chance of
finding a dead embryo in a great skua (Catharacta skua)
egg has been shown to be equal in supplementary fed
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and energetically stressed groups of birds (which
produce predominantly female and male offspring,
respectively), and so while differential mortality cannot
be excluded as a mechanism in this species, it is
probably not the cause of the observed sex biases
(Kalmbach et al., 2001).
It is possible that the mother furnishes the yolk with

substances which result in sex-specific mortality of the
‘wrong’ sex. The latter stages of meiosis occur after
yolk deposition has terminated, just prior to ovulation.
If sex were manipulated in this fashion it would appear
impossible for the female to include actively toxic
substances, say, in the yolk of a particular egg she
wanted to abort, or modify the quantity of resources
available to the chick (but see section II.1) ; although
she could add substances to the albumin. Birds though,
and most other female-heterogametic ZW-systems,
are in stark contrast to most male-heterogametic XY-
systems in that the Z-chromosome is not dosage-
compensated (Jablonka & Lamb, 1988; Chandra,
1991; McQueen et al., 2001). That is to say, Z-
chromosomal gene products are generally found in
higher concentrations in male (ZZ) than female (ZW)
embryos (Baverstock et al., 1982), and sex differences
would also hold for anyW-chromosome gene products,
which would be exclusively expressed in females.
Although exceptions do exist (Dominguez-Steglich &
Schmid, 1993) it is still likely that, after a certain stage of
embryonic development, chicks of the different sexes
begin to produce unique gene products. Thus, any ma-
ternally derived egg constituents that interacted with
these embryonic gene products could act to enhance or
reduce embryo survival in a sex-specific manner. This
hypothesis would predict embryonic death some way
into development. For example, there is no evidence for
the presence of embryonic corticosterone in the egg
yolk of tree lizards,Urosaurus ornatus, until after day 25 of
a 36-day incubation period ( Jennings, Weiss & Moore,
2000). This is not to say that non-dosage compensation
evolved to allow maternal sex manipulation (Krackow,
1999), but rather evolved for other reasons entirely and
may be exploited by the laying female to adjust
facultatively the sex bias of her brood.
While the idea that a mother may exert influence

over the sex of an egg by provisioning male and female
eggs differently, probably with respect to the yolk
constituents, has been widely criticized, it is not with-
out grounding; at least theoretically. When the female
lays down the bulk of the yolk over a period of around
10 days prior to ovulation it is possible that she may
adjust the quantity of certain substances in the yolk,
either passively due to her daily nutritional intake for
instance, or by actively withholding or adding certain

products. For example, if the presence of a substance
was necessary for the normal development of the
larger-sex embryo in a sexually size-dimorphic species,
then a female in poor condition may be unable to lay
down this substance in sufficient quantities, resulting in
sex-specific death.

There is no reason to assume though, that the sub-
stance(s) involved should be conserved among species,
or indeed that any one substance is responsible in any
one case since it may be the relative proportions of
several substances which are important. In some cases,
obscure dietary factors have been implicated. For
example, Ghosh et al. (1996) found that significant vari-
ation existed in male embryo mortality between con-
trol groups of hens and groups given caffeine in their
drinking water, and dietary conjugated linoleic acid
has been shown to decrease yolk quantity and induce
embryo mortality (Aydin, Pariza & Cook, 2001). It is
also possible that ‘wrong’ sex eggs provide a dumping
ground for toxic substances that the mother wants to
purge from her system. For instance, arsenic has been
shown to be deposited in the eggs of arsenic-fed
mothers (Donoghue et al., 1994; Holcman & Stibilj,
1997), but this study did not look for sex differences
in such allocation. However, there are a number of
substances commonly found in egg yolks whose pres-
ence, absence or relative concentrations may be im-
portant in ‘ sex-biased favouritism’ (Lessells, 2002), or
sex manipulation by sex-specific embryo mortality (e.g.
yolk antibodies, Smith et al., 1994; yolk testosterone,
Schwabl, 1996; Schwabl, Mock & Gieg, 1997; yolk
carotenoids, Blount, Houston & Moller, 2000).

(8) Sex-specific incubation and ‘dump laying’

Considerable intraclutch variation exists in egg size
and shape (e.g. Fig. 7 in Ligon & Ligon, 1978), and
in some species egg size apparently correlates with sex:
either those eggs that produce males are larger than
those that produce females (Howe, 1977; Ankney,
1982; Ryder, 1983; Mead, Morton & Fish, 1987) or
vice versa (Fiala, 1981; but see Blank & Nolan, 1983;
Weatherhead, 1985). Either of these two variables, size
or shape, could provide incubating birds with a simple
means of ‘choosing’ offspring sex by selectively deny-
ing incubation to some eggs. Ligon & Ligon (1990)
observed single eggs of the green woodhoopoe (Phoeni-
culus purpureus) away from the rest of the clutch to one
side of the nest cavity, suggesting selective incubation.
However, they were unable to collect sufficient data
(based on marked and measured eggs that hatched) to
investigate this further. It is important to remember
that the relative size and shape of eggs produced are,
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either actively or passively, under maternal control and
may provide a mechanism of sex detection for species
unable to manipulate prior to laying.
Finally, it has been suggested (Ankney, 1982) that

birds may ‘dump lay’ eggs containing embryos of the
unwanted sex. This occurs particularly prolifically at
the beginning of the laying period in some species, such
as ring-necked pheasants (Phasianus colchicus ; Weigand
& Janson, 1976), and may be a way of overcoming
unwanted sex–sequence effects or waiting until an
ovum of the ‘right ’ sex is produced before beginning to
nest properly. This would, however, waste the con-
siderable resources that were allocated to that egg;
unless the eggs were dump-laid in another hen’s nest
and successfully incubated by her.

(9) Can females detect the sex of an ovum?

A factor common to many of the potential mechanisms
of sex manipulation is the need for a breeding female
accurately to recognize the sex of the ova she produces,
and evidence does exist to suggest that birds are able to
achieve this feat. For example, Mead et al. (1987) found
that eggs from which male white-crowned sparrows
(Zonotrichia leucophrys) hatched were larger than those
from which females hatched. They claimed that this
increased size probably was not due to an increase in
yolk content, but with a greater quantity of albumin –
a component which is laid down after the completion
of meiosis. Consequently, the mother must have been
able to detect accurately the sex of each ova and lay
down differing volumes of albumin (or perhaps selec-
tively reabsorb part of the yolk) accordingly. A number
of other studies have also reported sexual size-
dimorphism in avian eggs (Anderson, Reeve & Bird,
1997; Cunningham & Russell, 2000; Cordero et al.,
2000, 2001), although whether this resulted from an
increased yolk (laid down prior to sex-determination)
or albumin volume is unknown.
Relatively small initial eggs (Parsons, 1976; Leblanc,

1987) may be explained by constraints such as ‘gear-
ing up’ physiologically for the initiation of egg pro-
duction, while the influence of prolactin on developing
follicles during incubation, or the depletion of reserves
at the end of the laying season may explain relatively
small last laid eggs (Pierotti & Bellrose, 1986; Leblanc,
1987; Arnold, 1991). However, such proximate
mechanisms cannot explain why relatively large or
small eggs should be associated with a particular sex
of embryo.
As yet, any possible mechanisms of ova detection

remain unknown. Several physiological parameters
have occasionally, yet inconsistently, been shown to

differ between mammalian X and Y sperm. These
include the electrical surface charge (the surfaces of Y
sperm have been postulated to be positively charged,
and those of X sperm negatively charged; Koltzoff &
Schroeder, 1933), size (X sperm have a 1% larger head
radius than Y sperm) and mass/density (bull, Bos taurus,
X sperm contain 3.8% more DNA than Y sperm;
Johnson & Welch, 1999). Cohen (1975) inferred that
many structural details of spermatozoa are determined
by their own (i.e. Z or W) genome when he described
differences in sperm function within individual ejacu-
lates. Such sex-differences that may exist include dif-
ferences in receptors on the cell surface, or communi-
cation through certain metabolites (e.g. eicosanoids
and cytokines). If such differences were also to hold
true for Z and W ova, then it may provide a mechan-
ism for sex-detection by the female bird, but as yet
there have been no studies in this area. It is also poss-
ible that if sex is predetermined for any particular egg
by the nature of its yolk constituents, then these may
provide a means to detect sex accurately.

III. POTENTIAL FACTORS PROMOTING

SEX MANIPULATION

A number of environmental factors have been sug-
gested to influence the sex of the offspring produced.
These include prey abundance (Appelby et al., 1997),
rainfall (Burley et al., 1989), season (Dijkstra et al.,
1990; Zijlstra, Daan & Bruinenberg-Rinsma, 1992),
habitat quality (Wiebe & Bortolotti, 1992; Komdeur,
1996; Legge et al., 2001), year of study (Tella et al.,
1996), clutch sequence (Heinsohn et al., 1997), parental
condition (Nager et al., 2000), clutch size (Dijkstra et al.,
1998), diet (Bradbury & Blakey, 1998), feeding regi-
men (Kilner, 1998), incubation temperature (Ferguson,
1994a, b), maternal age (Blank & Nolan, 1983) and
dominance status (Leonard & Weatherhead, 1996;
Müller et al., 2002), and mate quality (Svensson & Nil-
sson, 1996) and sexual attractiveness (Ellegren, Gus-
tafsson & Sheldon, 1996; Nishiumi, 1998; Kölliker
et al., 1999; Sheldon et al., 1999).Many of these variables
have been hypothesized to result in sex modification
by triggering an endogenous change in the breeding
female, such as the release of a particular hormone.
In fact, a factor common to all the preceding stages
when sex manipulation could occur is their intimate
relationship with circulating maternal hormones.

(1) Steroid hormones

The yolks of avian eggs contain hormones of ma-
ternal origin that appear to reflect the hormonal state
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of the breeding female during egg production
(Schwabl, 1993, 1996; Schwabl et al., 1997; but see
Petrie et al., 2001), and often show systematic variation
over the course of a breeding season. For example,
with respect to testosterone (which has been repeatedly
implicated in sex modification mainly due to its effects
as an immunosuppressant; Folstad & Karter, 1992) egg
yolk levels have been shown to increase (e.g. canaries
Serinus canaria, Schwabl, 1993; red-winged black-
birds Agelaius phoeniceus, Lipar, Ketterson & Nolan,
1999; lesser black-backed gulls Larus fuscus, Royle,
Surai & Hartley, 2001; black-headed gulls Larus ridi-
bundus, Groothuis & Schwabl, 2002) or decrease (e.g.
cattle egrets Bubulcus ibis, Schwabl et al., 1997; white
storks Ciconia ciconia, Sásvari, Hegvi & Peczely, 1999)
over the course of the laying sequence, and to vary
with photoperiod in canaries (Schwabl, 1996). While
within-clutch variation may be used to compensate
for the detrimental effects of hatching asynchrony,
androgen variation between clutches is likely to be
mediated predominantly by the social environment.
For example, yolk androgen levels have been shown
to vary with breeding density in house sparrows
(Passer domesticus ; Schwabl et al., 1997), female aggression
in tree swallows (Tachycineta bicolor ; Whittingham &
Schwabl, 2002), maternal social status in chickens
(Müller et al., 2002) and paternal attractiveness in
zebra finches (Gil et al., 1999). It is also possible that
different degrees of social interaction with helpers
(e.g. see Komdeur et al., 1997) can affect the levels of
circulating hormones in breeding females, and hence
their eggs.
If circulating levels of testosterone in the breeding

female are responsible for sex modification, then it
could explain the sex–sequence effects that occur in
several species. The strength and shape of these trends
would depend on any factors that affected the endo-
crine status of the mother, and could include male
attractiveness (Svensson & Nilsson, 1996; Nishiumi,
1998; Kölliker et al., 1999; Sheldon et al., 1999), popu-
lation density (Schwabl et al., 1997), photoperiod
(Sturkie, 2000), stress (induced by food availability for
instance) or a host of other factors regulating testos-
terone directly, or the effects of prolactin on yolk tes-
tosterone deposition (Sockman, Schwabl & Sharp,
2001). For example, Gil et al. (1999) reported a signifi-
cant increase in the amount of testosterone deposited
in eggs sired by attractive males, perhaps because male
attractiveness could raise circulating levels in the
breeding female. However, in this study the relative
proportion of male and female eggs was not con-
trolled, and it is possible that females produced more
sons. If these eggs also happened to contain more

testosterone then this could explain the observed effect
(see Petrie et al., 2001).

Such an effect of circulating hormone levels on sex
implies passive control mediated by changes in the
environment. While such effects need not be inhibi-
tory, there is evidence for active manipulation of yolk
hormone levels and perhaps consequently offspring
sex. For example, Petrie et al. (2001) found variation in
levels of testosterone and oestrogen (along with other
steroid hormones) between eggs containing male and
female peafowl embryos. Male eggs contained more
testosterone than those bearing female embryos, which
contained significantly more oestrogen. Similar find-
ings have also been reported in another galliform,
the domestic chicken (Müller et al., 2002). However,
whether or not this differential allocation had any
effect on sex determination is unknown.

Recent studies in vertebrates have shown that hor-
mones of maternal origin are transferred to the off-
spring via the egg yolk (Adkins-Regan, 1981; Conley
et al., 1997; Janzen et al., 1998; McCormick, 1999).
Consequently, they could play a role in sex-specific
embryo survival. For example, in domestic chickens
(Henry & Burke, 1999) elevated testosterone levels had
a negative effect on the growth of female embryos. In
addition, high androgen levels result in an increased
metabolic rate, and hence an increase in oxidative
stress, resulting in the possible suppression of the im-
mune system (Råberg et al., 1998), and are known
actually to induce oxidative stress in a range of tissues
(von Schantz et al., 1999).

There is, however, no reason to assume that a single
hormone is responsible for determining sex on its own
(e.g. Bowden, Ewert & Nelson, 2000). Instead, other
hormones, or the ratio of different hormones to each
other may play the decisive role in this process. For
example, in painted turtles (Chrysemys picta ; Bowden
et al., 2000), in which sex is environmentally deter-
mined, maternally derived yolk steroids are associated
with offspring sex. Previous studies had assumed a
relatively fixed association of sex with temperature-
induced phenotype with no maternal influences on the
sex of the offspring. But dramatic seasonal shifts in the
proportion of males corresponded with changing con-
centrations of yolk oestradiol and testosterone (the
proportion of males in the clutch decreased as the ratio
of oestradiol to testosterone increased over the season),
even though the incubation temperature remained
constant. It also seems likely that hormones other than
sex hormones may be involved, especially those linked
to maternal condition (a common factor linked to de-
viating sex ratios) ; thus stress hormones such as cortico-
sterone may be important.
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(2) Linking hormones and causal factors

The yolk which sustains the developing embryo is laid
down by the female prior to the sex determination
process, and the albumin is laid down by her after the
completion of meiosis. Consequently, the constituents
found in the yolk might allow sex to be predetermined,
while constituents of the albumin might provide a post-
meiotic means of sex manipulation. However, there is
very little direct evidence linking egg constituents to a
particular mechanism of sex determination.

(a ) Paternal attractiveness

Females mating with successful males may increase
their fitness by producing male offspring if the charac-
teristics which make a male successful are passed on to
their sons; an idea borne out by a number of studies
showing sex manipulation in relation to paternal at-
tractiveness (e.g. Svensson & Nilsson, 1996; Nishiumi,
1998; Kölliker et al., 1999; Sheldon et al., 1999). None
of these studies provide an explanation for the mech-
anism driving the observed deviations. However, when
the female lays down the bulk of the yolk over a period
of around 10 days prior to ovulation it is conceivable
that she already knows who will sire the eggs, because
she can store sperm in specialized tubules for several
days (ranging from around 8 in the pigeon to 42 in the
turkey; Sturkie, 2000). Consequently, she may be able
to furnish the yolk with substances which may affect
normal meiotic division, ovulation or embryonic de-
velopment and result in a bias in sex allocation. While
the nature of such substances is unknown, it is possible
that male attractiveness may alter the endocrine status
of the female. For example, in canaries increasing yolk
testosterone levels over the course of the season de-
pends on the presence of a male (Schwabl, 1993), while
Gil et al. (1999) showed that zebra finches deposited
more testosterone in the eggs of attractive males.
However, whilst implying an increased investment in
eggs sired by attractive males, both these studies failed
to look at the resulting sex of the offspring.

(b ) Photoperiod

Photoperiod influences the reproductive activity of
birds relative both to seasonal changes (signaling the
onset and termination of breeding seasons in temper-
ate species) and to daily changes (entraining the time of
ovulation and/or oviposition) by affecting their endo-
crine status. For example, in birds circadian cycles exist
in a number of different hormones including prolactin
and corticosterone, while sex hormones show sequen-
tial changes over the course of a breeding season

(Sturkie, 2000). Ovarian development and egg laying
appear to be most stimulated by increasing photo-
period, as normally occurs during the spring in the
Northern hemisphere (Sturkie, 2000). Consequently,
the changing photoperiod may be responsible for the
seasonal changes in plasma hormone levels that have
been implicated in causing sequential variations in sex.

(c ) Maternal condition

The theory of sex allocation proposed by Trivers &
Willard (1973) states that females in better physical
condition should produce more offspring of the sex
that shows the greatest benefit from the improved
condition. This idea is borne out in a number of studies
showing offspring sex biases in a number of mam-
malian (e.g. Clutton-Brock, Albon & Guiness, 1984;
Wiley & Clapham, 1993) and, more recently, avian
populations (Wiebe & Bortolotti, 1992; Bradbury &
Blakey, 1998; Kilner, 1998; Nager et al., 1999; Whit-
tingham & Dunn, 2000; Kalmbach et al., 2001; Clout
et al., 2002). For example, in a recent paper Clout et al.
(2002) demonstrate that in the endangered kakapo
(Strigops habroptilus), a polygynous lekking species in
which males are 30–40% larger than females, females
overproduce the more costly sex (males) when fed sup-
plementary food. Such females are in relatively good
condition. By contrast, female offspring are more
abundant in clutches of poorer condition females who
did not take additional food. This idea may also apply
to cooperative breeders such as the Seychelles warbler
(Komdeur et al., 1997). In this species the presence of
the helping sex is beneficial only if there is an adequate
supply of food for both parents and helpers. When re-
sources are limiting the presence of helpers can depress
the parent’s breeding success. This situation could re-
sult in changes in maternal condition which may sub-
sequently result in sex biases. This condition may also
be related to the social status of the breeding female,
with heavier females in better condition occupying the
highest social ranks (e.g. see Müller et al., 2002).
Birds respond to stressful events such as food

shortages with hormonal changes, including a rapid
increase in the secretion of corticosterone (the primary
glucocorticoid released by the adrenal gland in birds;
Sturkie, 2000). In fact, a decline in condition is strongly
associated with increased plasma levels of cortico-
sterone (Kitaysky, Wingfield & Piatt, 1999), an effect
further strengthened by local ecological factors such as
food availability (Wingfield, 1994). Therefore stress
hormones may have secondary effects on a mechanism
of sex manipulation either on their own or in con-
junction with other plasma hormones. For example,
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Nishiumi (1998) found that newly settled secondary
female great reed warblers (Acrocephalus arundinaceus),
which are often chased by primary females, tend to
produce female-biased broods. Such females are also
likely to be in poor condition. By contrast, primary
females produced slightly male-biased broods.

(3) Phenotypic sex

Shouppee (1930) fed chickens food containing ground
testes and ovaries, which presumably contained signifi-
cant quantities of sex-steroids. The effects on the sex
ratio of offspring these hens produced was dramatic;
those fed ovaries produced strongly female-biased
clutches, whilst those fed testes produced almost no
young at all due to the low rates of hatchability.
Although the role of steroid hormones cannot be con-
clusively concluded from this study, it strongly impli-
cates them in sex manipulation. However, the daugh-
ters produced may only have been female at the
phenotypic level because exposure of embryos in the
egg to pharmacological changes in oestradiol concen-
tration can result in sex reversal of genetic males into
phenotypic females at the levels of the gonads, gono-
ducts, and external sex characteristics (e.g. Adkins-
Regan, 1981; Elbrecht & Smith, 1992; H. Schwabl,
unpublished results). Elbrecht & Smith (1992) treated
chicken embryos with an aromatase inhibitor (thus
blocking the conversion of testosterone to oestrogen) at
a stage when their gonads were bipotential, causing
genetic females to develop a permanent male pheno-
type; they appeared and behaved like normal males
and were even capable of complete spermatogenesis.
It is possible that breeding females may actively sex-
reverse the phenotype of offspring as a means of sex
manipulation even though they remain genetically the
opposite gender.

IV. CONCLUSIONS AND FUTURE DIRECTIONS

Several general points and suggestions for future areas
of research have emerged from this review.
(1) Biased sex-ratios show that sex-modification is

occurring, but reveal almost nothing about the under-
lying mechanism(s). In fact, detailed long-term analyses
of avian sex skews have inevitably encountered com-
plexity, rather than uncovering a single causal factor.
There is no reason why a trend discovered one year
should be there the next year, or that a single factor is
responsible for driving the observed sex distortions.
One interesting issue is that although none of the
mechanisms outlined here can yet be conclusively

ruled out in all species, there is a large body of evidence
pointing to the ability of birds to determine the sex of
their offspring before they are laid (Table 1; Komdeur
et al., 2002). This makes sense in energetic terms, since
the further developed offspring is when it is terminated
the more energy the mother has ‘wasted’. Neverthe-
less, all mechanisms of sex-ratio adjustment are likely
to entail some cost. However, this also adds an extra
challenge in elucidating the precise mechanism or
mechanisms involved, since behavioural observations
alone may be inadequate, although innovative exper-
imental design may still be able to rule out or implicate
at least some of the proposed pathways. Instead, the
path has been paved for physiological studies, par-
ticularly on the processes of gamete formation and
gender recognition, in species where sex-ratio adjust-
ment is known to occur. Almost exclusively, our cur-
rent understanding of these events is derived from
domesticated species, such as chickens and turkeys, in
which biased sex ratios are rarely observed and that
are phylogenetically very distinct from species in which
sex adjustment has been shown (see Ankney, 1982;
Krackow, 1995a ; Oddie, 1998). Part of the problem lies
in the two separate, almost mutually exclusive litera-
tures dealing with whole-animal and physiological
work. What is really needed is collaboration between
these disciplines with the common goal of uncovering
facultative sex-determining mechanisms in birds.

(2) One particular area of focus should be the analy-
sis of long egg sequences which may contain infor-
mation that could suggest the underlying mechanism
of sex determination. For example, laying sequence
gaps could be indicative of selective resorbtion, es-
pecially if one sex appeared after the gap with a greater
than expected probability. Up until now, sequence
effects have been characterized in one of three ways:
percentage of males for all eggs at a given absolute
position in the egg-laying sequence, i.e. first eggs,
second eggs, etc. (e.g.Dijkstra et al., 1990;Kilner, 1998);
sex ratio versus relative position in sequence, i.e. first
eggs, last eggs, and those in-between (Lessells, Mate-
man & Visser, 1996); and cumulative sex ratio over
sequence, i.e. first eggs, first plus second eggs, and
so on (Chow & Mackauer, 1996). But other types of
sequence may point to specific mechanisms. For
example, Bortolotti (1986) found that bald eagles
(Haliaeetus leucocephalus) almost never produced broods
where the male chick preceded the female chick in the
hatching sequence (i.e. MF), while all other outcomes
(FF, FM and MM) were equally likely to occur. Using
data collected over 17 years, Dzus, Bortolotti &
Gerrard (1996) proposed that this combination was
generally avoided because in years of food abundance
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it led to conflict between the smaller son and larger
daughter and facilitated non-adaptive brood re-
duction. This suggests that the probability of produc-
ing an individual of one sex depends on the sex of the
preceding individual(s), perhaps because of the physi-
ology associated with producing one sex first. If so,
further investigation of reasons for this may uncover
the sex-determining mechanism.
(3) Potential mechanisms could be further refined

by the application of theoretical models which would
not only identify the costs and benefits of each hypo-
thesis, and thus test their viability, but also help re-
searchers to identify patterns and correlates with which
to work.
(4) While we have suggested that the ability of birds

to manipulate offspring sex may be universal based on
the huge diversity of species that have been shown to
exhibit it, this may not actually be the case. It may
have evolved (or been retained) only in certain avian
groups, and thus with continued investigation into sex-
manipulating species and the factors that drive them
taxonomic patterns and correlations gleaned from in-
formation regarding the life history of a particular
group may begin to emerge which might allow us to
pinpoint potential processes or mechanisms. To this
end there is a continuing need for further studies, in-
cluding ones which present negative results. Publi-
cation bias against non-significant results, or results for
which no factor can explain the observed pattern, may
distort our view of adaptive sex-ratio manipulation,
and make comparative studies difficult. In addition,
negative results do not necessarily show that sex ma-
nipulation cannot occur in the study species, but may
be that the correct causal factor is not present.
(5) The constraints of flight prevent birds from

producing their entire brood at once, in stark contrast
to mammalian litters. This imposes an order effect
within the brood that can be remarkably pronounced.
Nearly all repeatable examples of sex manipulation in
birds are associated with such sequences in which the
young are produced (Krackow, 1999). Such consistent
sequence effects do not necessarily suggest maternal
control on a per-egg basis, but rather physiological
constraints restricting which sex is produced at which
point in the sequence. For example, one common
finding is the coupling of maternal condition and sex
(e.g. Kilner, 1998; Nager et al., 1999), often with a
deterioration of condition as the season advances.
However, condition per se is unlikely to be the casual
factor, but rather the cause of some secondary en-
dogenous change. One likely avenue of investigation
is that of maternal hormones involved in egg pro-
duction; what control (if any) the female has over their

concentrations, and a deeper look at how they interact
with the structures involved in egg production. Differ-
ent hormones, such as stress hormones and, in par-
ticular, sex hormones may play important roles either
on their own or alongside each other with respect to
controlling the structures involved in egg and ova
production; and consequently on the sex-determining
mechanism. Clearly, further studies are needed at the
physiological, genetic and ecological levels to try to
develop a fuller understanding of how some birds are
able to adjust the sex of eggs within their clutch in an
apparently adaptive manner.
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Geschlechtes. Archiv fü r wissenschaftliche und praktische Tierheilkunde

62, 266–270.
SIBLEY, C. G. & AHLQUIST, J. A. (1990). Phylogeny and Classification of

Birds : A Study in Molecular Evolution. Yale University Press, New

Haven.

SMITH, N. C., WALLACH, M., PETRACCA, M., BRAUN, R. & ECKERT,

J. (1994). Maternal transfer of antibodies induced by infection

with Eimeria maxima partially protects chickens against challenge

with Eimeria tenella. Parasitology 109, 551–557.
SOCKMAN, K. W., SCHWABL, H. & SHARP, P. J. (2001). Regulation

of yolk-androgen concentrations by plasma prolactin in the

American kestrel. Hormones and Behavior 40, 462–471.
STURKIE, P. D. (2000). Sturkie’s Avian Physiology, 5th edition.

Academic Press, San Diego.
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