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Maternal modification of offspring sex in birds has strong fitness consequences, however the mechanisms
by which female birds can bias sex of their progeny in close concordance with the environment of breeding
are not known. In recently established populations of house finches (Carpodacus mexicanus), breeding
females lay a sex-biased sequence of eggs when ambient temperature causes early onset of incubation. We
studied the mechanisms behind close association of incubation and sex-determination strategies in this
species and discovered that pre-ovulation oocytes that produce males and females differed strongly in the
temporal patterns of proliferation and growth. In turn, sex-specific exposure of oocytes to maternal
secretion of prolactin and androgens produced distinct accumulation of maternal steroids in oocyte yolks
in relation to oocyte proliferation order. These findings suggest that sex difference in oocyte growth and
egg-laying sequence is an adaptive outcome of hormonal constraints imposed by the overlap of early
incubation and oogenesis in this population, and that the close integration of maternal incubation, oocytes’
sex-determination and growth might be under control of the same hormonal mechanism. We further
document that population establishment and the evolution of these maternal strategies is facilitated by
their strong effects on female and offspring fitness in a recently established part of the species range.
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1. INTRODUCTION
In species that produce multiple simultaneously growing
ova, embryos or neonates, parents need to partition
resources among developing offspring without sacrificing
their number and quality (Williams 1966). In passerine
birds, the growth period of each oocyte is greater than the
ovulation interval and multiple ovarian eggs develop inside
female during the same time (Johnson 2000; figure 1).
When offspring of different sex have different growth costs
or requirements, such as exposure to specific hormones,
there is a potential conflict between overlap in offspring
development and sex-specific partitioning of resources by
females (Schwabl et al. 1997; West & Sheldon 2002; Uller
2003; Andersson et al. 2003). This conflict is particularly
acute when a female’s own reproductive state is regulated
by the same hormones (e.g. Williams et al. 2005), thereby
reducing the opportunity to accommodate sex-specific
hormonal requirements of her offspring. Moreover, the
occurrence of the sex-determining first meiotic division
after oocyte proliferation and growth in female birds (e.g.
Harper 1904; Warren & Scott 1935; reviewed in Pike &
Petrie 2003) further constrains the maternal ability for
sex-specific allocation of resources and hormones to the
eggs.
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In birds, propensity to incubate is regulated by
prolactin (PRL), a pituitary hormone that also affects
the production and metabolism of steroids by the ovary
(Etches et al. 1979; Rozenboim et al. 1993; Tabibzadeh
et al. 1995; Sockman et al. 2001; Vleck 2002). Thus, when
ambient temperature at the time of egg-laying favours
early onset of incubation (Hébert 2002), it results in the
overlap between high secretion of PRL and oogenesis,
such that high concentrations of PRL, necessary for egg
incubation by the female, could constrain the sex-specific
steroid requirements of growing follicles (Johnson 1990;
Tabibzadeh et al. 1995; Chaudhuri & Maiti 1998;
Sockman & Schwabl 1999). Females can overcome this
constraint and enable the sex-specific allocation of steroids
and resources to male and female eggs within a clutch by
adjusting the sequence in which the sexes are produced in
the ovary to her hormonal state. Alternatively, exposure of
ovarian oocytes to specific concentrations of PRL and
steroids and the corresponding accumulation of steroids in
growing oocytes (Schwabl 1996) prior to meiosis might
bias sex determination in birds in which the female is the
heterogametic sex. Both strategies would result in often
documented, but unexplained, bias in ovulation order of
male and female eggs within a clutch (Ankney 1982;
Dijkstra et al. 1990; Krackow 1995a; Cordero et al. 2001;
Legge et al. 2001; Blanco et al. 2002; Komdeur & Pen
2002; Komdeur et al. 2002).
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Figure 1. Schematic illustration of temporal sequence of oocyte RYD phase, ovulation and egg-laying in a bird. (a) Traditional
view: hierarchical order of oocyte sequestration (F1–F4) into RYD phase is maintained at ovulation and egg-laying (E1–E4)
because of similar RYD growth pattern among oocytes. The sigmoid growth of F1 shows growth parameters measured in this
study: K1, initial growth rate; K2, late growth rate; Tmax, time of maximum growth, the horizontal line shows total duration of
RYD phase of F1 and is the same for all oocytes. In this example, during its RYD growth, F1 overlaps with growth of F2 for 24 h,
with growth of F2CF3 for 24 h, and with growth of F2CF3CF4 for 24 h. (b) Hypothetical view: when RYD growth rate and
duration differ among oocytes, the hierarchical order of sequestration (F1–F4) might not be maintained at ovulation (in this
example, F2, F1, F4, F3). Growing oocytes would differ in the duration of overlap with RYD phase of other oocytes, and
variation in RYD growth patterns could expose growing oocytes to distinct maternal hormonal profiles and lead to accumulation
of distinct hormonal concentrations in oocyte yolk prior to ovulation.

In two recently established populations of the house
finch (Carpodacus mexicanus), females adjust the order in
which male and female eggs are laid into a clutch and this
strategy enables population persistence in novel environments (Badyaev et al. 2002a). In both populations, the
sex-bias in egg-laying order is closely linked to ambient
temperature which induces onset of incubation (Badyaev
et al. 2003a,b), and to adaptive patterns of offspring
growth and survival (Badyaev et al. 2002a,b). Here we
examine the mechanisms behind the association of the
onset of incubation and sex-biased ovulation order in a
population of house finches breeding at the northern
extreme of their recently expanded range. Specifically, we
examine growth patterns of pre-ovulation oocytes that will
become males or females in relation to environmentally
induced onset of incubation and associated hormonal
states of mothers. First, we show that male and female
oocytes differ in their patterns of growth and exposure to
maternal hormones. We then show that frequently
documented sex-biased laying order might be a maternal
strategy to overcome hormonal constraint imposed by
reciprocal interaction of circulating PRL and androgens
during overlap between early onset of incubation and egg
production. We further examine the evolutionary consequences of this maternal strategy.

2. MATERIAL AND METHODS
(a) Study organism
House finches were studied from 1995 to 2003 in a resident,
colour banded population in Missoula, Montana, United
States (protocols in Badyaev & Martin (2000)). The onset of
full incubation was monitored with thermocouples (Badyaev
et al. 2003a) which were installed in each nest at the time of
nest-building and only nests where incubation started with
the first egg were used in this study (except in analyses
reported in §2(e), below). All females laid one egg per day,
most females between 07:30 and 09:00, but three females as
late as 11:00. The eggs were collected sequentially within
20 h after laying, numbered and replaced with freshly laid
house finch eggs from different nests as a part of concurrent
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experiment (Badyaev et al. 2002a). Immediately after
collection, eggs were stored at K20 8C.
(b) Oocyte growth measurements
During the rapid yolk deposition (RYD) phase, the type and
density of lipids deposited differs between daytime feeding
(high-density lipids) and nighttime inanition (low-density)
creating distinct layers, each corresponding to approximately
12 h of lipid deposition (Grau 1976; Astheimer & Grau
1990). The shell and albumen of freshly laid frozen eggs were
removed, intact frozen yolks were weighed, blastodisk or early
embryonic tissues separated for sexing (see §2(c) below), and
a 1 mm-thick longitudinal slice was taken from the centre of
the yolk. Still frozen yolk slices were placed in 1.5 ml of 4%
formalin and incubated in a 60–65 8C water bath for 12 h,
then rinsed and placed in 1.5 ml of 6% potassium dichromate
and further incubated in a 60–65 8C water bath for 12 h. After
staining, yolk slices were rinsed and sliced in half-revealing
high-density lipid layers and low-density lipids layers. Yolk
slices were photographed under 10! magnification and 7.2
megapixel digital images were analysed with SigmaScan
software (SPSS, Inc.). We used thickness and number of
daily lipid deposition-layers to calculate the duration and rate
of follicle development (fig. 1 in Young & Badyaev 2004). We
calculated the overlap among growing follicles of a clutch of
eggs using the time when each egg was laid, and the duration
of development of all the follicles in the clutch. RYD growth
of house finch oocytes is best described by the sigmoid
Gompertz curve (Young & Badyaev 2004; fig. 1):
Wt Z W0 eðK1 =K2 Þð1Ke

KK 2t

Þ

;

where Wt is the measurement of gain in thickness of an oocyte
layer at time t, W0 is the oocyte size at sequestration, K1 is the
early growth rate constant and K2 the late growth rate
(maturation rate of the exponential decay; Badyaev et al.
2001b). The time at the point of growth curve inflection,
Tmax (h), where the incremental oocyte growth is maximum
was calculated as:
Tmax Z

1
K
!lnj 1 j:
K2
K2
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We report growth parameters for the Gompertz curves in
which absolute difference between Sum of Squares of the
residuals of successive iterations was !10K4, and the estimated
nonlinear regression function provided the highest R2.
(c) Molecular sexing
Early embryo cells of eggs that were incubated for 18–20 h
(e.g. 38–40 h post-ovulation) were carefully separated
from the surrounding tissues of the whole yolk under
12!magnification. DNA was extracted using standard
phenol–chloroform methods. We used PCR primers P8 and
P2 (Griffiths et al. 1998) which anneal to conserved exonic
regions and amplify across an intron in both CHD1-W and
CHD1-Z genes. PCR was carried out in a total volume of
25 ml with the following final reaction conditions: 1.5 mM
MgCl2, 200 mM of each dNTP, 200 ng of each primer, 0.5 U
of Taq polymerase and 50–200 ng of genomic DNA. PCR
amplifications were performed as follows: an initial denaturing step at 94 8C for 2 min followed by 30 cycles of 94 8C for
30 s, 50 8C for 45 s and 70 8C for 30 s, concluding with a final
cycle of 48 8C for 1 min and 72 8C for 5 min. The reliability of
this molecular sexing method has been established in earlier
studies of oocytes and early stage embryos in this species
(Badyaev et al. 2002a; Young & Badyaev 2004, for details of
validation and the PCR product analysis).
(d) Hormonal sampling and assays
Females were captured and sampled for plasma as they
were leaving their nests after laying each egg (e.g. from 07:30
to 09:00 for most laying females). Pre-laying females were
captured and sampled between 07:00 and 09:00 at feeding
stations. To minimize disturbance, females were not captured
more than three times during each egg-laying cycle (e.g.
15–20 days), with samples of individual females being
separated by at least 2 days (mean 4G1.3 days). Upon
capture, we collected 150ml of blood from the brachial vein,
and immediately separated the plasma by spinning the blood
in a portable microhematocrit centrifuge at 2700 rpm.
Plasma was stored at K80 8C until radioimmunoassay
(RIA) analysis. After oocyte growth was measured for the
entire clutch and the oocyte sequence for each female was
identified from the oocyte growth and the egg-laying data,
each plasma sample was assigned to the corresponding
oogenesis stage. For these analyses, we pooled data for the
last egg position (4th or 5th egg) and we used population-level
hormonal data by compiling the same stage samples from all
females (nZ82 for PRL samples and nZ28 for androgen
samples). Our sampling protocol assured a similar number of
equally spaced samples of each female and within egg-laying
stage variation among females was lower than the variation
among egg-laying stages. Hormonal exposure was calculated
for each oocyte by aligning the RYD phase for each oocyte
with the daily androgen (testosterone and 5a-dihydrotestosterone; TC5a-DHT) and PRL hormonal profiles for the
population-wide sample of females. Daily exposure to
hormones was an average exposure over 24 h for the duration
of RYD of each oocyte.
(i) Female plasma
Plasma PRL levels were determined in duplicate samples
using a post-precipitation, double-antibody RIA. The assay
used purified chicken PRL as a standard and antisera against
chicken PRL derived from rabbits. Dilutions of a plasma pool
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from house finches demonstrated a high cross-reactivity with
the antisera and the slope of the curve for house finch plasma
did not differ from the slope of the diluted chicken standard.
This indicates that this heterologous RIA can be used to
assess relative levels of house finch PRL (Duckworth et al.
2003). Plasma androgen concentrations were measured in a
single RIA after extraction of 50–100ml of plasma with 8 ml of
diethyl ether/petroleum ether (70 : 30) over Extrelut NT
(Merck KGaA) columns. To increase assay sensitivity,
extracts were further purified before a standard RIA (Schwabl
1996) employing tritiated T (NET 553, PerkinElmer, Life
Sciences Inc.) and a T antibody (Wien Laboratories, Inc.)
The antibody cross-reacted with the androgenic T metabolite
5a-DHT. Assay sensitivity for a 100 ml plasma sample was
50 pg T mlK1.

(ii) Yolk androgens
Yolk T and 5a-DHT were quantified using separation
protocols (Schwabl 1993) and competitive binding RIA
(Wingfield & Farner 1975). Yolks were homogenized and
20–40 mg of the homogenate diluted in 1 ml water was used.
Tritiated T (1000 counts minK1) and 5a-DHT (NEN, USA)
were added to the yolk samples for the calculation of
recoveries. Samples were equilibrated for 30 min after
which they were extracted twice with 3 ml diethyl ether and
dried under nitrogen. Samples were reconstituted in 10%
ethyl acetate in 2,2,4-trimethylpentane and then transferred
to chromatography columns containing diatomaceous earth
for hormone fraction elution. 5a-DHT was eluted with a
concentration of 10% ethyl acetate and T was eluted with a
concentration of 20% ethyl acetate. T was measured by RIA,
using a specific antibody (Endocrine Sciences, USA). 5aDHT was assayed using a commercial 125I-labelled radioimmunoassay kit from Diagnostics Systems Laboratories
(Webster, TX). Average recovery efficiencies were 59% for
5a-DHT and 87% for T. Combined yolk concentrations of T
and 5a-DHT were used in the analyses.

(e) Maternal fitness
We calculated sex bias in egg-laying order as deviation from
the average sex-biased egg-laying sequence in the study
population over 1995–2003 (Badyaev et al. 2002a). In the
study population, strongly sex-biased positions are 1st
(female), 2nd (male) and last (male), thus population specific
sequence of offspring is female, male, (male or female), (male
or female) and male (Badyaev et al. 2002a; 2003a,b).
Deviations for each clutch were calculated as the number of
egg-laying positions in which sex-bias differed from this
pattern (ibid.). For example, a clutch in which the first laid
egg was male, the second egg was male and the last egg was
female deviated from the population specific sequence by two
positions. All females breeding in the study site during their
first breeding season were used in this analysis and the onset
of incubation was recorded as the proportion of the total
number of eggs with which full incubation started (i.e. small
values indicate early onset of incubation). All surviving
individually marked juveniles were recaptured 40–60 days
after they left the nest and offspring recruitment calculated
per clutch (both sexes combined). No significant juvenile
dispersal takes place before finches are 70–80 days of age
(Badyaev et al. 2001a,b).
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Table 1. Growth of pre-ovulation oocytes that became males or females in female house finches that initiated full incubation with
the start of egg-laying.
(Note: *p!0.05, for the Kruskal–Wallis test of significant differences between the sexes.)
growth parameter ovulation sequence

males (meanGs.e., n)

duration of growth, h
1st
2nd
3rd
4th
5th
time of max growth, h
1st
2nd
3rd
4th
5th
overlap with other follicles, h
1st
2nd
3rd
4th
5th
growth rate, K1, gK2 hK1
1st
2nd
3rd
4th
5th

females (meanGs.e., n)

66.1G7.1; 10
82.0G8.2; 6
94.5G4.1; 6
87.3G8.5; 6
67.3G6.7; 8

93.4G3.0; 7*
99.0G3.2; 8*
94.7G11.1; 10
93.2G10.1; 4
105.9G13.2; 4*

5.9G2.6
6.4G2.1
15.0G5.7
10.3G3.4
10.9G1.1

19.9G3.1*
23.5G4.2*
16.5G2.0
15.3G4.1
22.52G2.1*

98.0G12.3
144.3G16.3
154.1G13.7
121.5G18.2
94.8G19.5

132.0G4.9*
173.2G4.74
171.6G17.0
154.6G10.5
161.0G27.2*

0.051G3eK3
0.019G2eK3
0.067G5eK3
0.064G4eK3
0.110G0.01

0.012G5eK3*
0.071G2eK3*
0.058G2eK3
0.048G4eK3
0.030G1.5eK3*
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Figure 2. Relationship between sex-ratio at ovulation (in deviations from 50% males : 50% females for each ovulation position) and
sex differences (female minus male value) in (a) duration of oocyte growth (hours), (b) overlap in RYD growth with other RYD
oocytes (cumulative hours), (c) time of maximum growth (hours), (d ) growth rate (gK2 hK1). Numbers are ovulation order (1–5),
standard errors (s.e.) for sex-ratio data are calculated from the among-year deviations during 1995–2003, s.e. for growth parameters
are from resampling with replacement, for each ovulation position, of growth data for all oocytes for both sexes (table 1).
Proc. R. Soc. B (2005)

Adaptive sex differences

(27; 17)

(13; 11)

(b)
1500

35

28
*

21

2169

*
14
7
0

30

1200

25
20

900

15

600

10

300

5

plasma androgens pg/ml

(12; 13)

plasma prolactin ng/ml

0

0
–6
d
–5
d
–4
d
–3
d
–2
E1 d
E2 O
E3 O
E4 O
E5 O
PI O
-1
PI d
-2
d

plasma prolactin ng/ml

(a)

A. V. Badyaev and others

breeding stage
(d )
1200

(4; 4)

(9; 17)

(7; 5)
males
females

900
*

600

*

*

300
0
F1 only

F2 + F3

FL only

females with follicles at RYD stage

1500
plasma androgens pg/ml

Plasma androgens pg/ml

(c)

1200
900
600
300
0

7

14
21
28
plasma prolactin ng/ml

35

Figure 3. (a) Circulating plasma prolactin (PRL) of females with oocytes at the RYD phase in relation to oocyte sex and
ovulation order. Shown are non-overlapping groups of females that had only one—the first (‘F1- only’) or the last (‘FL-only’)
oocyte at the RYD phase at the time of plasma sampling. ‘F2CF3’ were females that had the second and the third oocyte at
the RYD stage at the time of sampling. Sample sizes for each follicle and sex are in parentheses. (b) Plasma PRL (circle; nZ82
females) and androgen (triangle; nZ28) of females that began full incubation with the first egg. Horizontal line shows period
of RYD of follicles within a clutch. E1-O indicates the ovulation of the first egg, E2-O is the ovulation of the second egg, laying
of the first egg, and the onset of full incubation. PI-1d indicates the first day of the post-egg laying incubation. (c) Circulating
plasma androgens (TC5a-DHT) of females with RYD oocytes that became males and females. Asterisk indicates differences
between sexes within each group. (d ) Relationship between circulating PRL and androgens in females with RYD phase
oocytes.

3. RESULTS AND DISCUSSION
Oocytes that become males or females differed strongly in
their pre-ovulation growth (table 1). Oocytes that became
males were recruited into the RYD phase earlier, grew
faster and overlapped with other growing oocytes for a
shorter time than oocytes that became females (table 1).
Sex-biased ovulation sequence corresponded to sex
differences in oocyte growth patterns, such that the egglaying positions in which growth of oocytes was the most
distinct between the sexes were the most sex-biased in a
clutch (figure 2; duration of oocyte growth: standardized
regression coefficient (in standard deviation units)
bSTZ0.94, tZ4.87, pZ0.02; time of maximum growth:
bSTZ0.93, tZ4.57, pZ0.02; overlap with other growing
oocytes: bST Z0.72, tZ1.89, pZ0.10; growth rate:
bSTZ0.87, tZ3.16, pZ0.05). These results show that
the adaptive sex-biased ovulation sequence in this
population is an outcome of processes taking place during
early follicular development in the ovary.
Plasma PRL of breeding females was lower when the
RYD oocytes became males compared to when they
became females (figure 3a; FZ8.42, p!0.01; Waller–
Duncan K-ratio test tcricZ2.05), except for the females
with only the last non-ovulated oocyte (see below; figure 3a).
Plasma androgen concentrations of females were higher
Proc. R. Soc. B (2005)

when their RYD oocytes became males compared to
when they became females (figure 3c; FZ11.07, p!0.01;
tcricZ2.19). A subset of females whose hormone levels
were measured when they had only the first oocyte at the
RYD phase also had lower PRL (figure 3a) and higher
androgen concentrations (figure 3c) when this oocyte
became a male compared to when it became a female.
Females whose hormones were measured when they had
only the last oocyte at the RYD stage had higher plasma
androgen levels when this oocyte became a male
(figure 3c), but their PRL did not differ in relation to the
sex of the egg (figure 3a). In addition, females with higher
levels of circulating PRL tended to have lower levels of
circulating androgens throughout egg-formation (figure 3d;
nZ24 females; bSTZK0.33, tZ1.76, pZ0.09).
Because female plasma PRL and androgen concentrations change with the progress of egg formation, laying
and incubation (figure 3b), temporal variation in male and
female follicle sequestration and growth should result in
their development in different hormonal milieus. Indeed,
earlier recruited and faster growing oocytes that became
male eggs were exposed to a higher daily concentration of
androgen compared to either oocytes that became females
or the average androgen level throughout the period of
oogenesis (figure 4a; males versus females; FZ3.64,

Adaptive sex differences
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Figure 4. (a) Mean daily concentrations of female plasma
PRL and androgen during RYD phase of male (nZ36) and
female (nZ33) oocytes. Dashed line indicates average level of
PRL (left) and androgens (right) throughout the oocytes’
RYD phase. (b) Relationship between mean daily concentrations of plasma androgens of the mother throughout an
oocyte’s RYD phase and the total concentration of androgens
in the yolk of this oocyte (male oocytes, solid line; female
oocytes, dashed line). (c) Relationship between mean daily
plasma PRL concentrations throughout an oocyte’s RYD
phase and total concentrations of androgens in the yolk of this
oocyte (male oocytes, solid line; female oocytes, dashed line).
Letter followed by number indicates sex (Male or Female)
and order of ovulation (1, 2, 3, last).

pZ0.06; males versus average daily androgen exposure:
tZ2.88, p!0.05). The daily concentrations of plasma
PRL during the proliferation of male and female oocytes
did not differ from each other or the average PRL level
during oogenesis (figure 4a; males versus females;
FZ2.04, pZ0.16; males versus average daily PRL
exposure: tZ1.01, pZ0.25). Oocytes that developed
Proc. R. Soc. B (2005)

when their mother’s circulating androgens were high
accumulated greater amount of androgens (figure 4b;
male oocytes: bSTZ0.68, tZ4.23, pZ0.004; female
oocytes: bSTZ0.51, tZ1.97, PZ0.07). Conversely,
exposure to higher maternal plasma PRL concentration
during oocyte growth correlated with lesser accumulation
of androgens in oocytes (figure 4c; male oocytes:
bSTZK0.54, tZK2.85, pZ0.01; female oocytes:
bSTZK0.59, tZK2.45, pZ0.03). Thus, PRL might
regulate not only the onset of incubation (figure 3b;
Etches et al. 1979; Goldsmith 1982; Crisostomo et al.
1998; Maney et al. 1999), but also, through actions on
steroid-metabolizing enzymes, the steroidogenesis in
follicles (figure 3d; Silverin 1980; Zadworny et al. 1986;
Tabibzadeh et al. 1995; Sockman & Schwabl 1999), the sexspecific growth of developing oocytes (table 1, figure 2)
and the concentrations of androgens in the female plasma
and the yolks (figure 4b,c).
Sex of an avian egg is determined by the first meiotic
division that is thought to occur after the proliferation of
the follicle is complete and shortly before the oocyte is
ovulated (reviewed in Krackow 1995b; Komdeur et al.
2002; Pike & Petrie 2003). Growth of pre-meiotic
oocytes during different hormonal states of females and
corresponding accumulation of distinct amounts of
steroids in the yolks might influence the cytokinesis as
well as the elasticity, position and movement of the
meiotic spindles and hence segregation of sex chromosomes during the first meiotic division (Gard 1992;
Barton & Goldstein 1996; de Villena & Sapienza 2001).
Thus, PRL, through its effects on ovarian steroidogenesis
and follicle proliferation might bias oocyte sex determination and at the same time facilitate sex-specific oocyte
growth (Bowden et al. 2000; Petrie et al. 2001; Lovern &
Wade 2003). Alternatively, male and female oocytes
might have different sensitivity to maternal hormones
associated with follicle sequestration or ovulation
(Ankney 1982; Pike & Petrie 2003). Under either
scenario, our results suggest that PRL is a common link
integrating the cues from maternal environment (ambient
temperature), maternal behavioural strategies (onset of
incubation) and modification of male and female follicle
growth, resulting in the frequently observed association
between the environmentally induced onset of incubation
and sex-biased egg-laying order in many bird species
(Pike & Petrie 2003).
Maternal modification of the order in which male and
female eggs are laid into a clutch results in adaptive
patterns of growth and survival in house finches (Badyaev
et al. 2002a). This association can evolve either directly, if
mothers modify the order in which they produce male
and female eggs to enable the precise allocation of
growth-enhancing steroids to sons and daughters
(Shahabi et al. 1975; Henry & Burke 1999; Petrie et al.
2001; see also Williams et al. 2005) or indirectly, if
females that successfully overcome the hormonal constraints (PRL–androgen interaction) imposed by overlap
of early incubation and egg production (figure 3d; Mead
& Morton 1985; Sockman et al. 2000), have higher
fecundity. We found that breeding females that biased the
order in which they laid male and female eggs when
incubating from the first egg had the highest number of
offspring surviving to dispersal age (figure 5; FZ11.96,
p!0.01; number of deviations in sex-biased order from
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Figure 5. Fitness contour plot of number of offspring
surviving to dispersal age in relation to female’s onset of
incubation and the sex-biased laying order (shown as
deviations from the population specific sex-bias in egg-laying
sequence) in clutches of 116 females from 1995–2003.

the population-specific pattern: tZK4.18, p!0.01; onset
of incubation: tZK2.54, pZ0.01, nZ116 nests).
Although these results corroborate previous findings
that sex-biased laying order is an active female strategy
to produce offspring with morphology favoured by local
natural selection (Badyaev et al. 2002a), these results also
suggest that sex-biased egg-laying order can be adaptive
independently of its effects on offspring morphology
(figure 5; Badyaev in press). Selection favouring higher
fecundity of females that overcome hormonal constraint
of early incubation by sex-biasing egg-laying order can
produce adaptive maternal effects on offspring growth
indirectly, for example by affecting developmental times
of sons and daughters (Badyaev et al. 2001a,b; 2003a;
2005). Overall, the strong effects of sex-biased ovulation
sequence on maternal and offspring fitness would
facilitate its assimilation and rapid evolution in newly
established populations of this invasive species.
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