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Abstract A number of recent reports have documented
offspring sex ratio biases in birds. However, to date the po-
tential mechanisms that have been put forward to explain
the proximate basis for these deviations are entirely spec-
ulative. Using a captive population of domestic pigeons
(Columba livia domestica), 1 tested the hypothesis that
mothers in relatively poor physical condition should over-
produce daughters by manipulating maternal body con-
dition around the time of egg laying by continuous egg
removal and differing feeding regimes. During treatment,
females were fed a controlled quantity of food. This, com-
bined with the high energetic costs of repeated egg produc-
tion caused a significant reduction in maternal body weight.
In contrast, during control when food was available ad libi-
tum, maternal body weight did not decline, despite repeated
egg production. No significant deviation from parity was
evident in the sex ratio of either the first or second eggs
during control, whereas during treatment a significant fe-
male bias was evident in not only the first egg, but also
in the second egg. The absence of single-egg clutches, the
rarity of infertile eggs and the lack of laying delays be-
tween eggs strongly suggests that the mechanism of sex
ratio adjustment in pigeons occurs prior to ovulation. The
highly skewed sex-distribution within the two-egg clutches
and the unexpectedly large amount of variation in the yolk
weight of eggs produced during treatment (but not control)
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are consistent with the expectations of pre-ovulatory selec-
tive resorption of ‘wrong’ sex ovarian follicles.
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Introduction

A number of recent studies have suggested that breeding
female birds can adjust the primary sex ratio (the sex ratio
at laying) of their offspring (e.g. Komduer et al. 2002) in
relation to the social and environmental conditions experi-
enced during breeding (e.g. Komdeur et al. 1997; Sheldon
et al. 1999; Badyaev et al. 2002). However, although ma-
nipulation of offspring sex appears widespread throughout
avian taxa (Pike and Petrie 2003), birds possess no known
physiological or genetic mechanisms for skewing the sex
ratio at laying (Krackow 1999) and so the processes under-
lying the observed deviations in sex ratio remain a mystery.

Importantly, in birds, females are the heterogametic sex
(producing Z- and W-bearing ova) and this has led to the
suggestion that mechanisms of sex ratio adjustment could
potentially be under maternal control (Oddie 1998). It has
been postulated that deviations from equality in the primary
sex ratio could occur through non-random segregation of
the sex chromosomes during meiosis (segregation distor-
tion; e.g. Petrie et al. 2001; but see Krackow 1999 for a cri-
tique), differential maturation of follicles (yolk sacs bearing
ova, which exist in a hierarchy within the ovary) to influence
the order in which they are ovulated (asynchronous follic-
ular development; Krackow 1995; see also Ankney 1982),
or as a consequence of sex-specific abortion and hence
non-random ovulation of Z and W ova within the ovulation
sequence (selective resorption; Krackow 1995; see Pike and
Petrie 2003 for a review). Because not all ova mature into
eggs (Wood-Gush and Gilbert 1970), any predilection of Z
or W ova toward developmental failure could be the basis
for facultative bias in the sex ratio at ovulation (Krackow
1995). Emlen (1997) further suggested that birds that lay
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clutches of more than one egg could bias the sex of the
first laid egg and then let the rest of the clutch be deter-
mined randomly by the Mendelian ‘luck-of-the-draw’. For
species that lay small clutches this could be a very effective
strategy (Pike and Petrie 2003), with the effect diminishing
as clutch size increases. For instance, in the noisy miner
(Manorina melanocephala), which lays between one and
four eggs, the overall sex ratio was approximately even
but 17 out of 18 of the first laid eggs were male (Arnold
et al. 2001). However, it is assumed that repeated selec-
tive resorption would require skipping a day when an egg
could have been laid (because of the distinct maturational
hierarchy among developing follicles), resulting in either
delayed clutch completion or a smaller clutch. Although
post-ovulation (secondary) sex manipulation mechanisms
may also act, for example through sex-specific embryo mor-
tality (Pike and Petrie 2003) or infanticide (Kilner 1998;
Williams 1999), pre-ovulation control has been favoured
by authors because the resources provisioned to an egg
would not be wasted (resorption of yolk, on the other hand,
is likely to incur only minor costs since much of the in-
vested energy will be reabsorbed) and would therefore be
the more efficient mechanism of control. In turn, more ef-
ficient mechanisms should broaden the scope for adaptive
sex ratio adjustment because the fitness differential between
sons and daughters need not be as great to balance the costs
of adjustment (Pen and Weissing 2000).

Almost a century ago, Riddle (1917) reported being
able to manipulate the offspring sex ratios of domestic
pigeons (Columba livia domestica) in favour of females by
continually removing eggs shortly after laying, although
to my knowledge this work has not been repeated in light
of recent advances such as the development of molecular
sexing techniques (e.g. Griffiths et al. 1998; Fridolfsson
and Ellegren 1999). More recently, sex ratio manipulation
has also been reported in another Columbiform species, the
mourning dove (Zenaida macroura; Hanson and Kosack
1963; Edmunds and Ankney 1987; but see MacGregor
1958) as well as in response to changes in maternal condi-
tion in a wide variety of other avian species (Bradbury and
Blakey 1998; Kilner 1998; Nager et al. 1999; Whittingham
and Dunn 2000; Kalmbach et al. 2001; Clout et al.
2002).

In this study, I experimentally manipulated maternal
body condition around the time of egg production in a
captive population of domestic pigeons in an attempt to
induce biases in the sex ratio (following Riddle 1917)
which could then be analysed to look for clues as to the
underlying mechanism of manipulation. I predicted that,
consistent with Riddle (1917), experimentally reducing
female body condition via continuous egg removal would
induce them to overproduce daughters. I then looked at the
sex-composition of clutches (i.e. the number of MM, MF,
FM and FF clutches produced), the time between the laying
of the first and second eggs, and egg and yolk weight within
and between clutches in order to investigate potential mech-
anisms of sex ratio manipulation. Pigeons were chosen be-
cause they provide an ideal species in which to investigate
these mechanisms: in particular they lay an almost invari-

able clutch size of two eggs (Levi 1945) approximately
44 h apart (Abs 1983) making it possible to compare differ-
ences in egg weight and the timing of oviposition without
confounding factors such as variable clutch size or laying
sequence gaps. Furthermore, pigeons are known to produce
more than the two follicles needed to supply the two eggs
which they lay at any one laying attempt (Levi 1945),
although the purpose of multiple follicles in a species that
almost invariably lays two eggs has not been explained.

Methods
General methods

Pigeons were housed and bred in captivity between August
2002 and June 2003. The lighting pattern was 14 h of
light, 10 h of darkness (photophase 0800-2000 hours)
and the temperature was 2244°C. Natural daylight was
available during the day, and artificial lighting used in
the early mornings and evenings. All birds used in the
experiment were sexually experienced and obtained from
various sources across the UK, and were thus as outbred
as possible. Individuals were identified by a unique
combination of coloured plastic leg rings. Sixteen pairs of
birds were housed in individual wooden cages measuring
50 cm in width, 50 cm in depth and 100 cm in height in
which a nest bowl with straw was constantly present. All
cages were kept in the same room and so the birds were
within visual and acoustic, but not physical, contact at all
times. Mixed seeds (wheat 50%, maize 25%, millet 25%),
water and oyster-shell grit were available throughout the
experiment and refreshed daily.

Experimental design

Each female (n=16) was randomly assigned a mate, and
these pairs were further subdivided equally into two groups,
A and B. The experiment consisted of two phases (each
lasting 4 months), during which each group alternated be-
tween treatment and control. Thus eight pairs received the
treatment diet (see below) and eight pairs the control diet
for 4 months, before alternating. This cross-over design
meant that each female acted as her own control and al-
lowed me to increase the effective sample size whilst con-
trolling for temporal changes in sex allocation. Pairs were
initially allocated randomly to either treatment or control.
In between phases, all birds were group housed in a large
room for 2 months and allowed access to food ad libitum.
This acted as a ‘recovery’ period because access to suitable
nesting sites was restricted and so no recorded eggs were
laid.

During treatment, each caged pair was fed a strictly
controlled diet of 56 g of feed daily (28 g is approximately
the average adult daily requirement; Hawkins et al. 2001)
and female body condition manipulated by continuous egg
removal. When a clutch of eggs is lost, pigeons compensate
by laying an additional clutch; a process that can continue



indefinitely in a captive population under artificial day
lengths (Levi 1945; Riddle 1917). Therefore, by removing
fresh eggs immediately following clutch completion, it
was possible to induce females to lay between 3 and 9
(median 5) additional clutches over a 4-month period. Egg
production is an energetically costly process (Houston et
al. 1983; Monaghan et al. 1998; Veasey et al. 2001), and so
egg removal combined with a controlled diet significantly
decreased female body weight (females were weighed,
to the nearest 0.01 g, by allowing them to perch on
digital scales at the beginning and end of treatment; start
weight (mean across both treatments): 223.08+6.27 g, end
weight: 214.79+5.10 g; paired t-test: #5=2.78, p=0.014).
It is likely that the decrease in body condition was due to
the cost of egg production because male body weight did
not decline significantly during treatment (start weight:
235.954+5.96 g, end weight: 228.40+3.73 g; t15=1.58,
p=0.134).

During control, eggs were removed after lay (as dur-
ing treatment) but food was available ad libitum. Egg re-
moval induced females to lay 3-8 (median 4.5) additional
clutches, but no decline in body weight was evident in
control females (start weight: 219.68+5.01 g, end weight:
222.73+4.56 g; t15=1.08, p=0.296).

Egg collection and treatment

The first and second eggs of each clutch were individually
marked with a non-toxic marker (date, time of lay to the
nearest 15 min and laying female), and both eggs were
allowed to be incubated naturally for three days before be-
ing collected, weighed (to the nearest 0.01 g using digital
scales) and frozen at —20°C for up to 3 months before
analysis. Spot checks did not reveal any incubation prior
to laying the second egg, so both eggs are likely to have
received a similar length of incubation. The analyses were
restricted to the final clutch laid within the 4-month period
since the start of each phase since this final clutch would
be expected to exhibit the most extreme sex ratio biases.
It is unlikely that the number of clutches laid before this
final clutch affected the results, since there was no signif-
icant difference between the total number of clutches laid
during control and treatment (Wilcoxon signed-ranks test:
w16=33.0, p=0.667). For analysis, each egg was defrosted
and the shell, albumin, yolk and all visible embryonic tissue
separated and individually weighed (to the nearest 0.01 g
using digital scales). Genomic DNA was then extracted
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from the embryonic tissue using a proteinase K digestion
followed by sodium chloride extraction and ethanol pre-
cipitation (Bruford et al. 1998), and the polymerase chain
reaction (PCR) used to amplify part of the W-linked avian
CHD gene (CHD-W) in females, and its non-W-linked ho-
mologue (CHD-Z) in both sexes using primers 2718R and
2550F (Fridolfsson and Ellegren 1999). PCR products were
separated on 2% agarose gels and visualised with ethidium
bromide. In all cases DNA extracted from known sex indi-
viduals was used as standards, and all samples were sexed
blind and in a random order.

Statistical analysis

All females contributed two 2-egg clutches to the analysis.
However, during treatment one of the eggs was infertile.
Sexing of eggs that had not developed a visible embryo
was inconsistent, and it is not clear if the results obtained
are reliable (Arnold et al. 2003). Therefore, in the analyses
I assumed this egg to be of the rarer sex (male); the ‘worst-
case’ scenario. A fit between two clutch compositions was
tested using Pearson’s correlations (where a good fit would
yield a significant relationship) since the data did not meet
the requirements for alternative goodness-of-fit tests such
as chi-square (expected values, for example, were often
<5). Data are presented as means £ SE with n denoting
number of eggs, unless otherwise stated, and sex ratios are
given as the proportion of males. All statistical tests are
two-tailed and the significance level was set at 5%.

Results
Sex ratio

Female body weight declined significantly between con-
trol and treatment (control: 219.68+5.01 g; treatment:
214.7945.10 g; paired ¢-test: t15=6.77, p<0.001), although
there was no evidence that this had any effect on clutch
size, since no one- or three-egg clutches were produced.
During treatment, the sex ratio of both first (Fisher’s ex-
act test: p=0.003) and second (p=0.031) eggs was signif-
icantly more female-biased than the sex ratio produced by
the same females during control (Table 1). Furthermore, the
sex-composition of clutches laid during treatment (Table 2)
did not match the control clutch composition (r,=-0.43,
p=0.571).

Table 1 Observed sex allocation in domestic pigeons (Columba livia domestica) (number of males and females, and sex ratio) to first- and
second-laid eggs during treatment and control, and the expected compositions based on the predictions of the ‘selective resorption’ model

First eggs Second eggs

Males Females Sex ratio Males Females Sex ratio
Treatment 1 15 0.06 42 12 0.25
Control 9 7 0.56 10 6 0.63
‘Selective resorption’ model 0 16 0.00 4 12 0.25

*This group contained an infertile egg, which is assumed to be of the rarer sex (male)
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Table 2 Observed clutch composition (frequency of male-male
(MM), male-female (MF), female-male (FM) and female-female
(FF) clutches) of pigeon broods during treatment and control, and
based on the predictions of the ‘selective resorption’ model

MM MF FM FF
Treatment® 1 0 3b 12
Control 6 3 4 3
‘Selective resorption’ model* 0 0 4 12

2Clutch composition differs significantly from parity (p<0.05)

This group contained an infertile egg, which is assumed to be of the
rarer sex (male)

Egg and yolk weight

The median time period between laying the first and second
eggs was 44 h 15 m, and this did not differ between treat-
ment and control (Wilcoxon signed-ranks test: w;s=68.0,
p=0.671 Fig. 1).

A double repeated-measures ANOVA revealed a signif-
icant interaction between group (treatment or control) and
egg number (first or second) on egg and yolk weights (eggs:
F1.45=8.92, p=0.005; yolks: F 45=4.82, p=0.033). Post-
hoc analyses showed that during control, the second eggs
of a clutch were significantly heavier than the first eggs
(first eggs: 17.53+0.19 g; second eggs: 18.27+£0.22 g;
paired t-test: #15=12.43, after Bonferroni-adjustment sig-
nificant at p<0.001 level) although the same pattern did
not hold for the yolks (first eggs: 3.56+£0.05 g; second
eggs: 3.571+0.05 g; t;5=0.26, p=0.802). However, de-
spite no difference in the weight of first- and second-laid
eggs during treatment (first eggs: 16.444+0.19 g; second
eggs: 16.041+0.22 g; 115=1.08, p=0.298), yolks of second-
laid eggs were significantly lighter than those of first-laid
eggs (first eggs: 3.3640.03 g; second eggs: 3.224+0.04 g;
t15=3.20, p=0.012). The frequency distribution of stan-
dardised second-yolk weights from these eggs laid during
treatment shows distinct bimodality (Fig. 2), with a cluster
around the expected weight and a second cluster signifi-
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Fig. 1 Distribution of laying delays between first- and second-laid
eggs of domestic pigeons (Columba livia domestica) during treatment
and control (n=16 in each group)
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Fig. 2 Frequency distribution of the difference between the mass of
the second- and first-laid egg-yolk of each clutch produced during
treatment (which departs significantly from normality, Anderson-
Darling test: A2=0.72, p=0.049). During control, there was a highly
significant, positive correlation between first- and second-laid yolk
weights (15,=0.91, p<0.001), and so this figure presents the de-
viation from the expected weight for second-laid yolks during
treatment. * the infertile egg is assumed to be of the rarer sex
(male)

cantly lighter than expected (one-sample 7-test (test mean =
0): t16=3.20, p=0.006).

Neither albumin (first egg: 11.53+0.15 g, second egg:
11.2940.31 g; t;5=0.74, p=0.474) nor shell (first egg:
1.5640.02 g, second egg: 1.53+0.03 g; 1;5=0.93, p=0.368)
weights differ significantly between first- and second-eggs
laid during treatment, and there was no evidence that male
and female eggs differed in weight (two-sample ¢-test:
t15=1.40, p=0172)

Discussion

The results presented here strongly suggest that a reduc-
tion in maternal body condition, brought about by an ex-
perimental increase in reproductive effort, causes pigeons
to overproduce daughters (see also Riddle 1917). There
may be selective pressure on poor condition females to
avoid producing low quality sons which, as adults, may be
less able to compete for access to prime nesting sites (Levi
1945). Alternatively, if sons are more expensive to rear than
daughters (perhaps because they have a higher metabolic
rate or show more rapid initial growth: Levi 1945; Kotov
1978) then poor condition females may overproduce daugh-
ters because they will be unable to meet the costs of suc-
cessfully rearing sons (Fiala 1981; Charnov 1982; Teather
1987; Teather and Weatherhead 1988). While this latter ex-
planation may be a mechanism to ensure that at least one
offspring survives to independence (Johnston and Janiga
1995), it may simply represent a reproductive constraint



rather than an adaptive example of sex ratio manipulation
(Cockburn et al. 2002).

In most studies that report sex ratio biases at hatching, it
is not clear exactly when the observed bias may have oc-
curred (although see Komduer et al. 2002). Studies which
have shown a relationship between laying order and sex ra-
tio or provide evidence that deviations from parity continue
beyond the first-laid egg certainly suggest the operation of
pre-ovulation mechanisms, although in these studies not
enough information was available to completely rule out
later mechanisms, or authors did not explicitly test for de-
viation from parity beyond that of the first egg. In this
study, however, it is unlikely that mechanisms operating
after ovulation could have caused the observed deviations.
All females invariably laid two-egg clutches and the rate of
infertility was very low (only 1 infertile egg out of 64). Even
assuming the ‘worst-case’ scenario in which the infertile
egg was of the rarer sex (male), the sex ratio produced dur-
ing treatment was still significantly biased towards females
and, crucially, there was a significant bias in the second egg
(although care must be taken with this conclusion given the
small sample sizes involved as it is possible that signifi-
cant biases might have arisen by chance and hence may
not reflect an adaptive strategy (Ewen et al. 2004)). As this
egg was laid approximately 44 h after the first in all cases
and no laying sequence gaps were evident, pre-ovulation,
or primary, mechanisms are likely to contribute to the sex
ratio biases observed (Komduer et al. 2002).

A number of potential pre-ovulation mechanisms of sex
ratio manipulation have been proposed (see Pike and Petrie
2003 for areview). It is possible that manipulation occurred
through segregation distortion at the first meiotic division
(Oddie 1998), or by influencing the order in which folli-
cles bearing ova of different sexes are ovulated (Ankney
1982; Krackow 1995). However, mechanisms of sex ratio
adjustment involving sex-differential abortion, but with-
out the constraints of laying delays cannot be completely
ruled out. For example, Emlen (1997) suggested that birds
could bias the sex of the first laid egg and then let the
rest of the clutch be determined randomly. For species that
lay small clutches, such as pigeons (but also other species
in which dramatic sex ratio biases have been observed,
such as the Seychelles warbler (Acrocephalus sechellensis),
Komdeur et al. 1997 and eclectus parrots Ecelectus roratus,
Heinsohn et al. 1997), this could be a highly effective strat-
egy. However, I could find no evidence for it in this study.
Even though the sex ratio of the first eggs laid during treat-
ment was significantly biased towards females, the sex ratio
of second-laid eggs was similarly biased (rather than hav-
ing an equal number of males and females as would be
predicted). Consequently, females must actively manipu-
late the sex of the second egg as well, although potential
mechanisms which currently exist to explain how this could
happen are purely speculative (Pike and Petrie 2003). What
is needed is an alternative mechanism which explains how
pigeons can manipulate the sex of both eggs without incur-
ring the costs of clutch-size reduction or laying gaps, and
without the need to induce non-random segregation of sex
chromosomes at meiosis (for which little positive evidence
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exists: Krackow 1999; Pike and Petrie 2003). To fill this
void, I developed a post-hoc sex mechanistic model that
could explain both the deviations in yolk weight and the
sex ratio skews observed during treatment (but which were
absent during control).

The model is outlined in Fig. 3 and, assuming that dur-
ing treatment the desired sex was females, is as follows.
Assuming that the breeding female can detect the sex of
an ovum following the completion of meiosis, she could
potentially abort male ova until such a time as a follicle
bearing a female ovum is ready to be ovulated. However,
rather than leave the sex of the subsequent egg to chance
(cf. Emlen 1997) if the next follicle in the hierarchy is
female then it would be ovulated as normal but if it is
male then it will be aborted and the next follicle, regardless
of sex, ovulated in its place. According to King’s (1973)
model of follicular growth (Fig. 4), by the time one fol-
licle reaches maturity, the subsequent follicle has almost
completed formation and would only be a fraction smaller
than if it had been allowed to fully complete development.
Hence because pigeons rarely lay one-egg clutches, the
time between laying the first- and second-eggs is almost
invariably constant and the rate of infertility is low, if the
second follicle is aborted then the next follicle in the hierar-
chy must be ovulated in its place. Smaller follicles (further
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Fig. 3 Under the ‘selective abortion’ model, male follicles (/, 2) are
aborted until a female follicle (3) can be ovulated. If the subsequent
follicle (4) is female then it will be ovulated, but a male follicle will
be aborted and the next follicle in the hierarchy (5), regardless of sex,
ovulated in its place. Thus all first-laid eggs will be female, the M:F
ratio in second eggs will be 1:3 and half of all second-laid eggs will
contain smaller than average yolks in which the M:F ratio will be 1:1
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Fig. 4 The growth rate of individual F, (solid line), F, (dashed line)
and F; (dotted line) follicles (which form the future egg yolks) as
a function of time (after King 1973). If, during production of the
second egg, the follicle is aborted, the subsequent follicle will be
ovulated in its place. However, since it has not attained its full mass
it will be slightly smaller than a ‘normal’ second-yolk (indicated by
the shaded region). Vertical arrows indicate ovulation events
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down the hierarchy) would probably be too underdevel-
oped to undergo ovulation (Sturkie 1986). The predictions
of this ‘selective resorption’ model are highly consistent
with the data collected during treatment, but not control:

1. All first-laid eggs will be female and the M:F ratio
in second-laid eggs will be 1:3 (treatment: r,>0.99,
p=0.002; control: 7,=—0.80, p=0.200; Table 1), and the
MM:MF:FM:FF clutch composition will thus be 0:0:1:3
(treatment: 7,=0.99, p=0.011; control: r,=—0.50,
p=0.500; Table 2).

2. Half of all second-laid eggs (during treatment) will con-
tain smaller than average yolks (Fisher’s exact test:
p=0.260; Fig. 2) in which the M:F ratio will be 1:1
(p=0.392; Fig. 2).

This model neatly explains the observed skew towards
female-female clutches as well as the disparity in yolk (but
not egg) weight during treatment, both of which were ab-
sent during control. It is also plausible insomuch as the
life-history of pigeons is favourable to such a mechanism
(for instance, they exhibit considerable temporal plasticity
with respect to clutch initiation: Levi 1945) and the costs in-
volved are likely to be minimal, thus broadening the scope
for adaptive sex ratio adjustment because the fitness dif-
ferential between sons and daughters need not be as great
to balance the costs of the adjustment (Pen and Weissing
2000). However, it must be stressed that since this model
was developed post-hoc, it is not surprising that it fits the
data so well and as a result to be taken seriously evidence is
needed from other species that similar mechanisms could
be operating. In peafowl it has been found that during the
final third of a breeding season, poor condition females
tend to overproduce daughters (unpublished data). When
the yolk weights and sex ratios of eggs laid during this
time are examined, we find that not only are the yolks (but
again, not the eggs themselves) of male eggs significantly
lighter than those of female eggs, but the M:F ratio is 7:17;
remarkably similar to the 6:18 ratio that would be predicted
by this model. However, it is also possible that differences
in yolk weight came about through an entirely different
process. For instance, a higher embryonic growth rate in
some eggs may have depleted yolk reserves more rapidly,
or poor maternal condition may have either precluded the
production of a full yolk for both eggs or altered incubation
behaviour so that one egg received more incubation than
the other. This model thus provides a testable hypothesis
for future work on mechanisms of sex ratio manipulation
in birds.

If this mechanism turns out be widespread, then it may
explain why the sex ratios observed in nature are rarely
absolute (i.e. 100% females or 100% males), and suggests
that selective resorption need not result in laying sequence
gaps (see Introduction). However, this mechanism would be
hard to detect without sacrificing the eggs, although there
may be hormonal cues signifying multiple ovulations in
close succession such as duel surges in luteinising hormone
(the hormone most likely to provide the direct stimulus
for germinal vesicle breakdown and subsequent ovulation;
Johnson and Tienhoven 1980). Clearly, there is a need for

more studies on the processes of gamete formation and
ovulation in species where sex ratio adjustment is known
to occur, as well as to related factors that could contribute
to the mechanism of sex ratio manipulation.
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