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The phenomenon of primary offspring sex ratio adjustment is
being extensively studied, yet knowledge of the underlying proxi-
mate mechanism is still mainly hypothetical. Female birds are the
heterogametic sex, thus potentially controlling the sex of the
gamete to be fertilized. In several bird species, independent
studies showed effects of either maternal plasma testosterone (T),
corticosterone (B), or condition on primary offspring sex ratio. Our
objective was to investigate the causal relation between these two
maternal hormones, body condition, and offspring sex ratio in
homing pigeons (Columba livia domest.). Following up our earlier
study, we again implanted females with T and determined
embryo sex of first eggs. To identify the pathway of sex ratio
adjustment we repeatedly measured not only maternal plasma T
and mass but also plasma B, cholesterol and glucose, all indicators
of body condition. We also calculated the temporal change in
these parameters which has been proposed to be a more accurate
predictor of offspring sex ratio compared to the absolute values.
Furthermore, we analyzed T concentrations in outer yolk layers
which potentially influence the first meiotic division of the
gamete. We found no relation between plasma parameter and
embryo sex of first eggs nor did T treatment affect any of the
measured parameters. However, females that increased in mass
produced more male embryos, irrespective of treatment group.
Outer yolk layer T concentrations did not differ between treat-
ment groups or between male and female eggs. We propose that
not only the absolute values but the complex interactions between
maternal hormones and body condition ultimately affect the
mechanism of primary offspring sex manipulation. 

Abstract



I. Introduction

The phenomenon of avian primary offspring sex ratio adjustment to environmental
factors has been convincingly demonstrated (reviewed by Pike & Petrie 2003;
Alonso-Alvarez 2006). Identifying the proximate mechanisms underlying embryo
sex determination and manipulation is crucial for further progress in under-
standing its function and evolution. Only then can we reveal limitations to the
degree of flexibility of offspring sex adjustment and possible trade offs between the
benefit and costs the mother infers from producing the desired sex. Moreover,
finding the key to control offspring sex ratio would provide a highly valuable tool
from which conservation measures (Robertson et al. 2006) but also commercial
breeding would greatly benefit. 

Trivers and Willard (1973) predicted mothers to bias offspring sex ratio in rela-
tion to their own condition and ability to invest in rearing the young. Usually,
reproductive success of the male sex is more quality dependant than it is in females.
Therefore a son in good condition would provide higher fitness return than a
daughter under comparable circumstances, whereas in poor condition a daughter
would most likely return higher fitness benefits than a son. Thus, if offspring
quality is correlated to maternal condition, mothers in good condition would
benefit more from producing a son. In birds the female is the heterogametic sex
(ZW), giving her the potential control over whether the gamete to be fertilized will
be a male or female. Several steps during the ovum maturation have been proposed
to be crucial in avian embryo sex determination and potentially subject to manipu-
lation (reviewed by Krackow 1995; Pike & Petrie 2003; Alonso-Alvarez 2006).

Maternal hormones are promising pathways by which environmental (e.g.
season) and physiological cues (e.g. maternal condition) could be translated to the
oocyte, thereby possibly influencing the process of sex determination in order to
produce the sex which will most likely yield higher fitness returns in the prevailing
environment. So far, in birds, maternal progesterone, corticosterone and testos-
terone have been shown to be correlatively and causally linked to skewed primary
offspring sex ratio (Veiga et al. 2004; Correa et al. 2005; Pike & Petrie 2005, 2006;
Rutkowska & Cichon 2006; Bonier et al. 2007; Goerlich et al. 2009; Müller et al.
Chapter 5). We will focus on the latter two hormones in this study.

Experimental elevation of maternal testosterone induced an overproduction of
male embryos in zebra finches (Taeniopygia guttata; Rutkowska & Cichon 2006) and
spotless starlings (Sturnus unicolor; Veiga et al. 2004), and similarly our previous
study indicated that female homing pigeons (Columba livia domest.) produce more
male embryos after receiving testosterone (Goerlich et al. 2009). No effect of testos-
terone was observed in Japanese quail (Coturnix coturnix japonica; Pike & Petrie
2006) whereas corticosterone treatment resulted in a female biased primary
offspring sex ratio in that same study. Also white crowned sparrows (Zonotrichia
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leucophrys; Bonier et al. 2007) and again homing pigeons (Müller et al. Chapter 5),
produced more female embryos after receiving corticosterone implants while in
European starlings (Sturnus vulgaris) not the primary but the secondary brood sex
ratio was female biased (Love et al. 2005). It is worth noting here that the bioavail-
ability of both testosterone and corticosterone is regulated by the same plasma
binding globulins (CBGs) in the circulation. Hormone manipulations might induce
changes in CBG levels, thereby affecting the fraction of bound and free hormone,
without visible changes in total concentrations (Breuner & Orchinik 2002; Swett &
Breuner 2008). Overall testosterone and corticosterone usually show an inverse
relationship and opposite effects on primary sex ratio (see above), but the complex
regulating system via CBGs might be the reason why studies find opposing results
on the direction of correlation (Roberts et al. 2007).

An unresolved matter is whether actual maternal plasma levels or rather
concentrations of maternal steroids in the egg yolk are influencing offspring sex
ratio. Yolk hormones potentially play a role in embryo sex determination via
meiotic drive (Rutkowska & Badyaev 2008), that is influencing chromosome segre-
gation during meiosis I, so that the desired sex chromosome (Z to become a male,
W to become a female) would be retained in the ovum. In homing pigeons, testos-
terone implantation elevated plasma testosterone levels, but total yolk testosterone
concentrations did not differ between treatment groups, or between male and
female eggs, suggesting that elevation of maternal plasma levels directly induced
the male biased sex ratio (Goerlich et al. 2009). However, yolk is deposited in
concentric layers, which have been shown to vary in their hormonal content (Hackl
et al. 2003; Lipar et al. 1999; Rettenbacher et al. 2005). As the embryonic disc is
embedded in the outermost layer of the ovum, it might be only the immediate
surrounding hormone levels influencing meiosis. 

To test the predictions of Trivers and Willard (1973) a range of studies manipu-
lated maternal body condition and found effects on primary offspring sex ratio
(Nager et al. 1999; Clout et al. 2002; Pike 2005; Whittingham et al. 2005; Robertson et
al. 2006). Correlative data however often lack the link between maternal condition
and offspring sex (Addison et al. 2008; Laucht et al. 2008). The timing of recording
maternal condition is crucial but varies to a high degree between studies (Cameron
2004). Relating a single measurement of maternal condition to offspring sex might
not be the most appropriate approach. Indeed, in feral horses, the change of
maternal mass from pre- to post - conception predicted offspring sex more precisely
than condition measured at conception alone (Cameron et al. 1999; Cameron &
Linklater 2007). 

In order to describe and measure body condition the majority of studies uses the
residuals of an individual’s body mass corrected for a structural size component,
usually tarsus length in birds, as a proxy. However, as an individual changes in
mass, either because of improved food conditions or physiological adaptations,
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several blood parameters change as well (Jenni-Eiermann & Jenni 1994; Alonso-
Alvarez et al. 2002). Glucose and cholesterol are both blood metabolites whose
levels are indicators of an individual’s condition and correlate with offspring sex
ratio, yet studies on the relation between glucose and offspring sex where solely
conducted in mammals. Female Yellow-legged gulls (Larus cachinnans) with high
levels of plasma cholesterol produced male biased broods (Alonso-Alvarez &
Velando 2003). In mice a negative change of plasma glucose correlated with the
overproduction of daughters (Cameron et al. 2008), and female field voles (Microtus
agrestis) exhibiting high plasma glucose and testosterone levels produced more
sons (Helle et al. 2008). We repeatedly measured these parameters in our experi-
ment as well to test their connection to maternal condition, and whether absolute
values or rather the change in levels over time would predict primary offspring sex
ratio in birds. We were also interested in the relation between these blood metabo-
lites and the steroid hormones testosterone and corticosterone, which likewise have
been linked to variation in individual body condition. Generally, good body condi-
tion is positively correlated to circulating levels of testosterone whereas individuals
in worse condition exhibit higher levels of corticosterone (Kitaysky et al. 1999;
Perez-Rodriguez et al. 2006). Both plasma testosterone and maternal condition were
positively correlated to primary sex ratio in peafowl (Pavo cristatus) while plasma
corticosterone showed a negative relation (Pike & Petrie 2005). In female quail,
manipulation of testosterone did not affect faecal levels of corticosterone, and
neither did corticosterone implantation affect faecal levels of testosterone (Pike &
Petrie 2006). Thus, the causality of the suggested triangular relation between testos-
terone, corticosterone and body condition needs further studies as well as the path-
ways by which these hormones exert their effects on offspring sex ratio.

We used the homing pigeon as model species, a non seasonal breeder with a
modal clutch size of two eggs which are laid 44 hours apart (Pike 2005; Goerlich et
al. 2009). The readiness to breed and the regularity in oviposition make pigeons a
suitable species to investigate mechanisms underlying offspring sex manipulation.
But most importantly, so far three independent experimental studies have shown
pigeon mothers to shift their primary offspring sex ratio, especially of the first egg,
in response to manipulation of maternal body condition (a decrease inducing a
female biased primary sex ratio; Pike 2005), testosterone (inducing a male bias;
Goerlich et al. 2009) and corticosterone (inducing a female bias; Müller et al.
Chapter 5). 

Our experimental design and treatment was basically a repeat of our previous
study (Goerlich et al. 2009), but including crucial additional measurements. We first
investigated under un-manipulated standard settings whether maternal body
condition is correlated to blood plasma concentrations of testosterone, corticos-
terone, cholesterol and glucose, and which of these parameters predicts embryo sex
of first eggs. Subsequently, we treated the same females with testosterone asking
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whether the elevation of testosterone directly affects embryo sex or rather asserts its
effects via influencing circulating levels of corticosterone, cholesterol or glucose.
Having females produce a baseline and a treatment clutch gave us the opportunity
to make inter- and intra-individual comparisons to test the effects of testosterone
elevation on these parameters. We conducted the experiment in two successive
blocks with two different groups of females. The females used in the first block
arrived at our laboratory in poor body condition. By giving birds the possibility to
feed ad libitum we were able to test the suggestion of Cameron and Linklater (2007),
whether the change in maternal body condition would predict primary offspring
sex.

Furthermore, after females had received testosterone, we measured testosterone
concentrations in the outer yolk layer to explore treatment or sex related variation
in order to test whether embryo sex is more likely to be affected by maternal
plasma or yolk hormones. 

II. Methods

II-1 Animals and experimental design

The experimental set-up consisted of 2 successive blocks of 30 breeding pairs;
during both blocks pairs produced a pre-implantation 1st clutch and a post-implan-
tation 2nd clutch (see Fig. 6.1). During both blocks females were sacrificed after the
1st egg of the 2nd clutch, while males from the 1st block were re-used in the 2nd

block.
Preceding the experiments we housed the birds, which we obtained from

several Dutch breeders, in unisex outdoor aviaries. During the experimental
clutches we kept each breeding pair in single cages within one room and provided
ad libitum food and water. Treatment alternated over the cages and females were
distributed evenly across the experimental groups based on age. Birds had auditory
contact to all and visual contact to some, except neighbouring, pairs. Light was set
constant at a LD 14:10h cycle, room temperature was constant at 22ºC (see Goerlich
et al. (2009) for more details). 

During both clutches we blood sampled females during the phase of rapid yolk
deposition which lasts about 6.5 days (Fig. 6.1; Birrenkott et al. 1988). We expected
maternal hormone and metabolite levels at this time point to be adequate predic-
tors of offspring sex and/or yolk hormone levels. All birds were sampled in one
session and for each individual we noted the time between entering the room and
retrieval of the sample. After measuring glucose concentrations the fresh blood
samples were centrifuged and the plasma frozen at –20°C until hormone analysis
(see below). During lights-on the nests were checked once per hour to ascertain
timing of oviposition. After removal of the 1st egg during clutch 1 pairs received
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dummy eggs to ensure clutch completion after which the male was moved to an
outdoor aviary awaiting the next experimental clutch. When all pairs had
completed their 1st clutches, we implanted females subcutaneously with 14 mm
Silastic tubes (Raumedic®, inner diameter 1 mm, outer diameter 3 mm) filled with
10 mm crystalline testosterone (Sigma Chemical Co., St. Louis, MO), or empty sham
implants (see Goerlich et al. (2009) for more details). Three days later each female
was paired with the same male as during the 1st clutch. During clutch 2, directly
after oviposition of the 1st egg, females were sacrificed using CO2, then stored
overnight at 10°C. The next day females were measured (tarsus 0.1 mm), and
oviducts and ovaries were removed to measure follicles for a concurrent study on
ovarian dynamics (Goerlich et al. Chapters 7 & 8). We also retrieved all the implants
except from 2 testosterone treated females, and therefore excluded these birds from
the clutch 2 analyses. 
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Figure 6.1. Experimental time line and sampling schedule.



During both clutches freshly laid eggs were placed in to an incubator at 38°C for
72 hours. This period ensures sufficient embryonic tissue for DNA sex determina-
tion while avoiding major changes in yolk hormone levels due to embryo metabo-
lism (Gilbert et al. 2007). Following incubation the eggs were frozen at –20°C for
further analyses.

The 2nd block mimicked exactly the same experimental protocol except that
females started the 1st clutch in a better body condition. Males were re-used during
the 2nd block, however assigned to the other treatment group and another cage.
All experimental procedures were carried out under approval of the animal experi-
mentation committee of the University of Groningen (license DEC 4347D).

II-2 Molecular sexing

Albumen and yolk were weighed to the nearest 0.001 g and yolks were frozen until
hormone analysis (see below). Embryonic DNA was extracted with Chelex and the
two homologous genes CHD-W (females) and CHD-Z (males and females) were
amplified by polymerase chain reaction (PCR) using the primers P2 and P8 (Walsh
et al. 1991; Griffiths et al. 1998). Control samples of known females (two-bands) and
males (one band) were incorporated in every PCR and in every gel electrophoresis.
Eggs which did not develop a visible embryo after 3 days of incubation were
considered as not fertilized. We failed to determine the sex of 1 egg in the pre-
implantation testosterone group.

II-3 Hormone analysis

(a) Testosterone and corticosterone extraction
After separation of the yolk and albumen we took a small subsample (ca. 100 mg)
of the outermost yolk layer (layers still visible after 3 days of incubation). In all
extractions we incorporated control plasma or yolk pools to calculate inter-extrac-
tion variation. In brief, we added ca. 5000 cpm radioactive labelled testosterone
(PerkinElmer Life and Analytical Sciences BV) to all samples to calculate hormone
recovery. Testosterone plasma samples were extracted once with 2.5 ml of diethyl
ether/ petroleum benzine, 70:30 (vol/ vol), followed by a single extraction with 1
ml 70% Methanol. After drying under a nitrogen stream the sample pellets were re-
suspended in Phosphate buffered saline with 1% gelatine (PBSG) 1:1 according to
the original volume of the plasma sample. The yolk subsamples (ca. 100 mg) we
took of the outermost yolk layer (still visible after 3 days of incubation) were
treated similarly, only the diethyl ether/ petroleum benzine extraction step was
repeated once. 

Corticosterone extraction and assay procedure was based on the Steroid
Hormone Assay Protocol, MPI of Ornithology, Andechs (Goymann et al. 2006). To
calculate recoveries, we added ca. 2500 cpm radioactive labelled corticosterone
(PerkinElmer Life and Analytical Sciences BV) to all samples. We extracted plasma
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samples twice with dichloromethane, and, similar to the testosterone extraction,
once with 70% Methanol. After drying, the pellets were dissolved in PBSG.

Average recoveries for plasma testosterone were 65% (range 49–78%), plasma
corticosterone 80 % (61 - 99%), outer yolk layer 74% (57– 83%). 

(b) Radioimmunoassay (RIA)
Testosterone concentrations in plasma and yolk samples were measured using a
commercial RIA kit (Active®Testosterone Coated-Tube RIA DSL-4000 kit, Diagnostic
Systems Laboratories) with a detection limit of 0.02 ng/ml. We incorporated assay
controls and standard curves in duplicates, the serial dilution reaching from 20
down to 0.078 ng/ml. To perform the corticosterone RIA we added antiserum (B3-
163, Endocrine Sciences) and tritiated corticosterone to all samples and standard
curves. After 30 minutes incubation we separated bound and free fractions by
adding dextran-coated charcoal, centrifuging 14 minutes thereafter and decanting
the supernatant into scintillation vials. Detection limit was 0.01 ng/ml.
Corticosterone concentrations of some samples fell below detection limit and were
substituted with 0.01 ng/ml for calculations. RIA concentrations were corrected for
initial plasma volume/yolk mass and calculated as pg/mg yolk, and ng/ml
plasma, respectively. We calculated the coefficients of variation (CV) based on assay
controls and standard curves. Average inter-assay CVs were 6.4% (testosterone),
and 12.1% (corticosterone), average intra-assay CV 3.1% (testosterone), and 6.5%
(corticosterone).

II-4 Blood glucose and plasma cholesterol

Glucose concentration (mmol/l) was measured directly after blood sampling in
whole blood  by applying a small drop of blood (ca. 5 µl) to commercial strips
(OneTouch® Ultra®, LifeScan Inc.; detection limit 1.1 mmol/l, mean CV 2.1%).
Plasma cholesterol was quantified using NobiCal (HITADO Diagnostic Systems), a
commercial kit based on photometrical measurement with a detection limit of 0.08
mmol/l, mean CV 0.95%)

Plasma testosterone, corticosterone, cholesterol, and blood glucose levels were
analyzed in a subset of animals, equally distributed across blocks, experimental
groups and both embryo sexes. Sample sizes are given throughout the text and in
tables. 

II-5 Statistical analyses

We restricted our analyses to 1st eggs since especially these showed biases in
primary sex ratio in our previous and other studies on pigeons (Pike 2005; Goerlich
et al. 2009; Dijkstra et al. Chapter 2; Müller et al. Chapter 5). We fitted generalised
linear mixed models (GLMM) with hierarchical levels (MlwiN 2.02), nesting clutch
sequence within female ID within block to control for our experimental design. The
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significance of variables was tested using the Wald statistic, which follows a chi-
square distribution. Non-significant interactions were removed in the model
following the backward stepwise method (Grafen & Hails 2002). Models which did
not require a hierarchical structure were calculated using SPSS (16.0). 

We approximated female body condition by calculating the un-standardised
residuals from a mixed model with female body mass as the dependant (4 measure-
ments taken at consecutive time points during the experimental clutches, Fig. 6.1),
tarsus as the predictor, and female ID as random factor (n = 220, Wald χ21 = 9.572,
p < 0.0001). 

Yolk and plasma testosterone, as well as plasma corticosterone were log trans-
formed to achieve an overall normal distribution. However, including only data
from the 1st clutch, the variables log testosterone and log corticosterone only
approximated normal distribution. We therefore tested the pre-implantation rela-
tion between the untransformed plasma parameters and residual body mass calcu-
lating the Spearman’s (testosterone and corticosterone) or the Pearson’s correlation
coefficients (residual body mass, cholesterol, glucose) but used the log transformed
values in the general linear mixed models to avoid violating model robustness.

Hormone profiles are known to vary with the stage of the ovulation cycle
(Alonso-Alvarez & Velando 2003; Jensen & Durrant 2006). Plasma testosterone was
significantly affected by the reproductive stage of the female at blood sampling, in
a way that levels were higher shortly before oviposition, thus levels varied nega-
tively with the interval (in days) between blood sampling and oviposition (B: -
0.195, SE: 0.085, Wald χ21 = 5.294, p = 0.02).
Plasma corticosterone levels rose significantly with the time between entering the
animal room and taking the blood sample (mean 271 sec, SD ± 119, range 70 – 561; B:
0.002, SE: 0.001, Wald χ21 = 9.572, p = 0.002). To account for variation in relation to the
reproductive stage and time of sample retrieval we incorporated both the sampling
time and the interval between blood sampling and oviposition in all our models.

Sex ratio (0 or 1) was transformed with the logit link function for binary data
(Rasbash et al. 2005). We first analyzed the relation between the measured parame-
ters and embryo sex of 1st eggs during the 1st pre-implantation clutch by testing
each parameter separately, thus either plasma testosterone, corticosterone, choles-
terol, glucose or residual mass as predictor. To further explore the relation of the
latter parameters to each other and 1st egg sexes we performed GLMMs testing
several predictor variables in one model. However, since we did not possess all
measurements of all females we calculated four separate models in order to retain
sufficient data points in each model in relation to the predictor (see Table 6.2).
Other subsets did not provide enough data to properly estimate the model.

To test effects of testosterone treatment and analyze inter- as well as intra - indi-
vidual changes we used the 1st pre-implantation clutch as the within female control
for the 2nd post-implantation clutch. We fitted models with clutch number, female
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ID, and block as levels and the interaction of treatment x clutch sequence as
predictor of group sex ratio, plasma hormones, metabolites, or residual mass during
both clutches. Subsequently we incorporated block not as level but as categorical
predictor to investigate differences between the successive experimental blocks.

Log yolk testosterone concentrations were analyzed with a two-level model
(female ID and block), with treatment, embryo sex, and their interaction as predic-
tors.

Based on Cameron and Linklater (2007) and Cameron et al. (2008) we calculated
change in female mass, log testosterone, log corticosterone, cholesterol and glucose.
As dependant we calculated the change in sex of the 1st egg from the 1st to the 2nd

clutch to make our analyses sensitive for individual propensities to produce a
certain sex. From 37 females we collected a fertilized 1st egg during both clutches
and we divided the change in sex of 1st eggs in 4 categories: 1st clutch daughter    __>
2nd clutch son; 1st daughter __> 2nd daughter; 1st son __> 2nd son; 1st son __> 2nd

daughter. We then applied multinomial regressions with change in female mass or
the respective plasma parameter as predicting variable and the 4 compositions as un-
ordered categorical dependants, with 1st son __> 2nd daughter as reference category.

In all tests, significance levels were set to alpha < 0.05 (two-tailed) and graphs
represent means ± SE.

III. Results

III-1 Correlations between maternal plasma parameters and residual body mass 
and their influence on the sex of first eggs during the pre-implantation 
clutch 1

On day 7 after pair formation plasma levels of testosterone and corticosterone
showed a negative correlation (Table 6.1; Fig. 6.2). We found no relation between
both hormones and residual body mass. But, according to our expectations,
residual body mass was positively correlated to plasma cholesterol (Table 6.1; Fig
6.3). Blood glucose was not correlated to any of the other parameters (Table 6.1).

None of the measured parameters significantly predicted sex of 1st eggs, either
when tested separately (testosterone, n = 24, B: –0.88, SE: 1.63, Wald χ21: 0.29, p =
0.59; corticosterone, n = 27, B: –0.03, SE: 0.71, Wald χ21: 0.001, p = 0.97; cholesterol,
n = 43, B: –0.19, SE: 0.23, Wald χ21: 0.68, p = 0.41; glucose, n = 27, B: –0.05, SE: 0.23,
Wald χ21: 0.04, p = 0.84; residual body mass, n = 44, B: 0.01, SE: 0.01, Wald χ21: 1.35,
p = 0.25), or when included into one GLMM (Table 6.2A – D). However, in model B
and C both cholesterol and residual body mass showed a trend towards significance,
with cholesterol being negatively associated with 1st egg sexes, while residual mass
showed a positive association (Table 6.2A – D). In neither model did sampling time
or interval between blood sampling and oviposition reach significance (all p > 0.09).
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Table 6.1. Results of correlations among maternal plasma parameters and residual body mass
during the pre-implantation clutch 1.

Residual Plasma Plasma Blood 
body mass corticosterone cholesterol glucose

Plasma testosterone rs -0.26 -0.69 -0.03 0.31
p 0.17 < 0.001 0.87 0.18
n 31 20 30 21

Residual body mass r 0.16 0.40 0.01
p 0.40 0.003 0.97
n 31 53 33

Plasma corticosterone rs 0.25 -0.01
p 0.17 0.96
n 31 19

Plasma cholesterol r 0.23
p 0.21
n 32

Note. Significant results are depicted in bold.
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Table 6.2.. A) – D): Results of GLMMs combining different data subsets predicting sex of first eggs
during the first pre-implantation clutch.

B SE Wald χ21 p

A) GLMM (n = 16)
Plasma testosterone 1.59 4.78 0.11 0.74
Plasma corticosterone 0.80 2.00 0.16 0.69
Residual body mass 0.08 0.06 2.20 0.14

B) GLMM  (n = 22)
Plasma testosterone 1.06 2.48 0.18 0.67
Plasma cholesterol -1.64 0.97 2.87 0.09
Residual body mass 0.12 0.06 3.27 0.07

C) GLMM  (n = 27)
Plasma corticosterone 0.50 0.89 0.32 0.57
Plasma cholesterol -1.08 0.59 3.37 0.07
Residual body mass 0.02 0.02 2.24 0.14

D) GLMM (n = 27)
Blood glucose -0.06 0.22 0.07 0.79
Residual body mass 0.01 0.01 0.48 0.49
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Figure 6.3. The correlation between residual female body mass and plasma cholesterol concentra-
tions measured during the pre-implantation clutch 1 on day 7 after pair formation.



III-2 The effect of testosterone implantation on maternal plasma parameters and
residual body mass, comparing both pre- and post- implantation clutch 1 
and 2

To analyze the effects of testosterone treatment within females and between treat-
ment groups we tested the interaction of treatment x clutch sequence on plasma
concentrations of testosterone, corticosterone and cholesterol (measured during the
phase of rapid yolk deposition, Fig. 6.1) and blood glucose (measured on an indi-
vidual level after oviposition, Fig. 6.1). Since the variables were corrected in the
statistical models, we listed absolute concentrations of all plasma parameters as
well (Table 6.3A).

Compared to the pre-implantation levels and the controls, testosterone treat-
ment significantly elevated plasma testosterone within the physiological range, but
none of the other parameter were affected (Table 6.3B; Fig. 6.4A – D). 

III-3 The effect of testosterone implantation on sex ratio of first eggs, fecundity, 
and fertility, comparing both pre- and post- implantation clutch 1 and 2

Based on a similar experiment in 2005 (Fig 6.5A; Goerlich et al. 2009) we predicted
1st eggs of testosterone manipulated females to contain more sons compared to
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Table 6.3. A) Concentrations of maternal plasma hormones and metabolites during the pre- and
post- implantation clutch 1 and 2. B) Results of GLMM testing the effects of treatment x clutch
sequence on maternal plasma parameters and residual body mass.

A) Absolute levels Clutch 1 Clutch 2

Parameter Control Testosterone Control Testosterone

Plasma testosterone (ng/ml) 1.7 ± 0.4 (16) 1.8 ± 0.5 (15) 2.7 ± 0.4 (28) 3.1 ± 0.3 (26)
Plasma corticosterone (ng/ml) 1.4 ± 0.4 (18) 1.1 ± 0.3 (14) 1.3 ± 0.5 (14) 1.1 ± 0.2 (15)
Plasma cholesterol (mmol/l) 8.7 ± 0.3 (27) 8.9 ± 0.3 (26) 9.1 ± 0.4 (28) 9.9 ± 0.3 (27)
Blood glucose (mmol/l) i) 13.1 ± 0.3 (26) 13.1 ± 0.3 (25) 14.7 ± 0.2 (14) 14.2 ± 0.4 (19)
Residual body mass –5.6 ± 9.7 (28) –15.7 ± 5.8 (26) 13.8 ± 8.0 (29) –8.3 ± 5.2 (26)

B) GLMM results Treatment*clutch seq.

Parameter B SE Wald χ21 p

Plasma testosterone (ng/ml) 0.274 0.138 3.95 0.047
Plasma corticosterone (ng/ml) –0.087 0.263 0.108 0.74
Plasma cholesterol (mmol/l) 0.735 0.461 2.547 0.11
Blood glucose (mmol/l) i) –0.642 0.514 1.565 0.21
Residual body mass –4.403 9.484 0.216 0.64

Note. Values are presented ± SE. Sample sizes are included in parentheses. Significant results are depicted in bold.
i) Measured after oviposition of first egg.



sham implanted controls. Surprisingly, in the current experiment, primary sex ratio
did not differ between treatment groups (treatment x clutch seq.: Wald χ21= 1.242,
p = 0.27, n = 92). To validate the significance of our previous findings, we pooled
the data sets from both testosterone experiments (2005 and 2006). The interaction
between year x treatment x clutch sequence (Wald χ21 = 4.108, p = 0.043) indicated
that the effect of testosterone treatment on primary sex ratio was significantly
different between the 2005 and the 2006 experiment. The most likely underlying
cause is analyzed in the next section. 

III-4 Block effects on female body mass and primary sex ratio of first eggs

Basically, set-up and treatment were the same between the experiments, however
2005 was conducted in one block consisting of 58 pairs. In 2006 we set up two
successive experimental blocks of 30 pairs each. Compared to females used in the

Maternal hormones, condition, and primary sex ratio

139

–1.0

–0.5

1.0

re
si

du
al

 p
la

sm
a 

ch
ol

es
te

ro
l (

m
m

ol
/l)

clutch sequence
1 2

testosterone
control

0.0

0.5

pre post

A B

C D

12.5

13.0

15.0

bl
oo

d 
gl

uc
os

el
 (m

m
ol

/l)

clutch sequence
1 2

13.5

14.5

pre post

14.0

–0.3

–0.2

0.3

re
si

du
al

 p
la

sm
a 

te
st

os
te

ro
ne

 (n
g/

m
l)

0.0

0.2

pre post re
si

du
al

 p
la

sm
a 

co
rti

co
st

er
on

e 
(n

g/
m

l)

pre post

0.1

–0.1

–0.3

–0.2

0.3

0.0

0.2

0.1

–0.1

Figure 6.4. The effect of testosterone implantation on A. plasma testosterone, B. corticosterone, C.
cholesterol during the phase of rapid yolk deposition, and D. blood glucose at oviposition,
comparing both pre- and post- implantation clutch 1 and 2. Depicted are the residuals of the linear
regression between the plasma parameter and the interval between blood sampling and oviposi-
tion (and time until sampling for corticosterone). See text for statistics. Graphs represent mean ± SE.



2nd block, in the 1st block females started the experiment in relatively low body
condition and gained weight during the course of the experimental clutches (Fig.
6.5B). In contrast, females of 2005 remained stable in mass across the two experi-
mental clutches (Fig. 6.5B). Based on these circumstances we examined the sex ratio
data for block effects and the influence of change in maternal mass.

During the 1st block, group sex ratio of 1st eggs changed positively from clutch 1
to clutch 2, while  it changed negatively during the 2nd block, irrespective of treat-
ment group (Fig. 6.5A; treatment x block x clutch nr. Wald χ21 = 2.316, p = 0.13). The
interaction of block x clutch number significantly predicted group sex ratio of 1st
eggs (Fig. 6.5A; Wald χ21 = 7.235, p = 0.007). None of the plasma parameters
showed this pattern (corticosterone: p = 0.80; cholesterol: p = 0.69; testosterone:
p =0.38; glucose (oviposition): p = 0.62). Yet, female body mass also changed signifi-
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cantly with block x clutch seq. (Fig. 6.5B; Wald χ21 = 108.682, p < 0.001), again
irrespective of treatment (Fig. 6.5B; treatment x block x clutch nr.: Wald χ21 =1.185,
p = 0.28). Following Cameron and Linklater (2007) we tested whether the change in
female mass from clutch 1 to 2 predicted the change in sex of 1st eggs (4 categories;
Fig. 6.6) which it significantly did (Wald χ23 = 9.81, p = 0.02). Females that gained
weight switched from a daughter to a son, whereas females that lost weight tended
to switch from a son to a daughter. No trend in weight change was apparent in
females that consistently produced sons or daughters (Fig. 6.6).

Change in 1st egg sex was not related to change in the plasma parameters
(∆ testosterone n = 24, p = 0.70; ∆ corticosterone n = 17, p = 0.8; ∆ cholesterol n = 36,
p = 0.08; ∆ glucose n = 16, p = 0.08). However, the sample size concerning change in
glucose was only half of that in the body-mass-change model, and given the
borderline significance it is likely that a larger sample size would have rendered a
significant p value. 

Differences in the amount of infertile eggs between treatment groups were
negligible and testosterone did not negatively affect female fecundity or egg
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Figure 6.6. Categories of embryo sex composition of first eggs from the pre-implantation clutch 1
and post-implantation clutch 2 in relation to change in female body mass.

Table 6.4. Amount of first eggs produced during the pre- and post- implantation clutch 1 and 2,
presented separately for the successive experimental blocks.

Block 1 Block 2

Clutch 1 Clutch 2 Clutch 1 Clutch 2

No. of eggs fertile infertile fertile infertile fertile infertile fertile infertile

Control 12 3 14 1 11 2 12 2
Testosterone 10 3 9 3 13 1 12 3



fertility (Table 6.4). Also differences between blocks were small, and it is therefore
unlikely that any biases in offspring sex ratio had arisen from mechanisms acting
on the secondary sex ratio level, for example sex-specific oocyte fertilization, sex-
specific embryo mortality, or neglect of eggs of the un-preferred sex.

III-5 The effect of testosterone implantation on testosterone concentrations in 
the outer yolk layer of first eggs during the post- implantation clutch 2

The embryonic disc is embedded in the outermost yolk layer of the follicle and the
immediate surrounding hormones levels might affect chromosome segregation
during meiosis. In that case we would expect to find sex related variation in outer
layer testosterone concentrations. However, we could not detect differences
between testosterone and control eggs (Fig. 6.7; n control = 15, testosterone = 14;
Wald χ21 = 0.436, p = 0.51), or male and female eggs (Fig. 6.7; n control: male = 9,
female = 5; testosterone: male = 6, female = 7; Wald χ21 = 1.355, p = 0.24), or egg sex
x treatment (Wald χ21 = 0.397, p = 0.53). Also actual levels of maternal plasma
testosterone did not predict yolk testosterone concentrations in the outer layer
(Wald χ21 = 0.015, p = 0.90) nor did change in maternal mass (Wald χ21 = 0.033,
p = 0.86).

IV. Discussion 

IV-1 Correlations between maternal plasma parameters and residual body mass 
and their influence on the sex of first eggs during the pre-implantation 
clutch 1

Our results from the first un-manipulated clutch confirm the co-variation between
hormones, residual mass, cholesterol and glucose only to a certain extent. During
egg production testosterone and corticosterone showed a negative correlation
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which is conceivable since testosterone levels are usually elevated during pair
formation and pre-breeding (Feder et al. 1977) whereas corticosterone levels are
expected to be low if animals have the possibility to balance their energetic needs
by feeding unrestrictedly (Landys et al. 2006). Our findings support the literature
on the negative correlation between testosterone and corticosterone (Roberts et al.
2007), however, since testosterone treatment did not affect plasma corticosterone
levels (see below), the nature of the relationship needs further studies. A way to
obtain better insight on the regulation and bioavailability of both hormones would
be measurements of plasma binding globulins (Swett & Breuner 2008). Neither
testosterone nor corticosterone was related to female residual mass under the ad
libitum food conditions. Yet, residual mass was positively correlated with plasma
cholesterol, which supports the idea of this metabolite being a suitable indicator of
an individual’s body condition (Alonso-Alvarez et al. 2002). Blood glucose levels
did not correlate with any of the other factors. Mobilising glucose plays an impor-
tant role in energy metabolism (Remage-Healey & Romero 2001) but we kept our
birds in breeding cages which provided sufficient space for activity to a certain
extent, but not for energy demanding flight activities. And with ad libitum food
provided, glucose concentrations might be regulated at a stable level, therefore
lacking the correlation to residual mass.

Despite evidence in the literature on the correlation of testosterone, corticos-
terone, cholesterol, glucose, or residual mass with primary sex ratio (Alonso-
Alvarez & Velando 2003; Pike & Petrie 2005; reviewed by Pike & Petrie 2003;
Alonso-Alvarez 2006) we could only find weak support for these relations.
According to our expectations, residual mass was positively related to embryo sex
in all the models. Surprisingly however, cholesterol tended to be negatively associ-
ated with embryo sex when incorporating residual mass, and testosterone or corti-
costerone into the analyses.

The lack of significant predictors might be due to the fact that plasma hormone
and metabolite concentrations are fluctuating during the course of egg production
(Gayathri et al. 2004; Jensen & Durrant 2006). Our blood samples provide only a
limited snapshot of these variations, thereby perhaps missing the time point crucial
for sex determination. Different sampling regimes (pre- vs. post egg laying) might
explain the discrepancy in effects between our and the previously mentioned studies.

IV-2 The effect of testosterone implantation on maternal plasma parameters and
residual body mass, comparing both pre- and post- implantation clutch 1 
and 2

Testosterone implantation elevated plasma testosterone levels within a range being
comparable to the 2005 experiment, and therefore we considered our treatment to
be effective and a repeat of the previous study (Goerlich et al. 2009). Testosterone
treatment did not affect corticosterone levels or the other indices related to
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maternal body condition, although as mentioned before, measurements of binding
globulins would be useful to more accurately investigate the effects of testosterone
on corticosterone. 

Since none of the investigated parameters were altered by testosterone eleva-
tion, it is possible that elevated testosterone directly influences sex determination of
first eggs, providing the mother is in homeostasis (Goerlich et al. 2009). However,
the experimental females of the current study underwent drastic changes in body
mass contrary to the previous experiment. Females used in the previous study were
housed at the experimental facilities for a longer time period preceding the experi-
ment, whereas females of the current study were acquired after being discharged
by pigeon breeders at the end of the summer flight season. This means that the
females used in the first block came from an intensive workload schedule with
restricted food into an experiment under ad lib food conditions leading to a
pronounced gain in body mass. In contrast, birds used in the second block were
first housed in unisex outdoor aviaries for 2 months under ad lib conditions. Until
the start of the experimental clutch these females gained in mass but then, maybe
due to re-housing, lost mass 

IV-3 The effect of testosterone implantation and change in female mass on sex 
ratio of first eggs, comparing both pre- and post- implantation clutch 1 and 2

Testosterone treated females did not overproduce male embryos compared to
control females, contradicting our earlier findings (Goerlich et al. 2009). The signifi-
cant difference in treatment effects on primary sex ratio of first eggs between the
current (2006) and previous (2005) study strongly suggests that different factors
were operating. Indeed, opposed to 2005, the females in 2006 underwent drastic
changes in body mass between the experimental clutches, which might have been a
stronger cue in offspring sex adjustment than elevated levels of maternal plasma
testosterone. We found that a positive change in maternal mass strongly predicted a
positive change in sex of the first egg produced in clutch 1 and 2. Interestingly, also
in feral horses Cameron and Linklater (2007) showed the change in female mass
from pre- to post – conception to be a much stronger predictor of offspring sex ratio
than a single measurement of maternal condition at the time of conception
(Cameron et al. 1999). We also found a trend that change in glucose predicted
change in primary sex ratio, which was shown in mammals as well (Cameron et al.
2008). However, probably due to the small sample size this effect did not reach full
statistical significance.

IV-4 The effect of testosterone implantation on testosterone concentrations in 
the outer yolk layer of 1st eggs during the post- implantation clutch 2

Regarding potential mechanisms underlying biased offspring sex ratio, meiotic
drive has been suggested by several researchers (Howe 1977; Krackow 1995; Correa
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et al. 2005; Rutkowska & Badyaev 2008). It is not clear yet, whether chromosome
segregation during meiosis I could be affected by circulating maternal plasma
hormones or rather by maternal hormones in the yolk. In case of the latter, we
would expect to find sex-specific patterns in yolk hormone concentrations, which
have been demonstrated in some species (Müller et al. 2002; Gilbert et al 2005;
Rutstein et al. 2005). In the homing pigeon we did not detect sex-specific variation
in total yolk testosterone (Goerlich et al. 2009) nor in concentrations of the outer
yolk layer (this study), which is immediately adjacent to the embryonic disc.
However, in the current study testosterone did not affect the sex of first eggs and
we cannot exclude that in our previous study testosterone treatment did elevate
concentrations in the outer layer of the yolk. Nevertheless, change in maternal mass
did not predict outer yolk layer testosterone, it is therefore unlikely that the effect
on embryo sex was mediating via the yolk.

Overall, we cannot reject the occurrence of meiotic drive as it might not be yolk
testosterone levels directly influencing meiosis, but another yolk hormone or
metabolite influenced by our treatment (Goerlich et al. 2009) or by changes in
maternal mass (this study). However, under these assumptions it remains unclear
why in homing pigeons, meiotic drive should be restricted to first eggs.

Remarkably, despite elevated maternal plasma testosterone levels, total and
outer yolk layer testosterone concentrations did not differ between treatment
groups. Thus pigeons might be able to regulate yolk hormone concentrations inde-
pendently from their own circulating levels.

Until now, four independent experimental studies on homing pigeons found
mothers to bias the sex ratio of their first eggs: testosterone treatment (Goerlich et al.
2009) or a positive change in mass resulted in a male biased sex ratio (this study),
whereas under corticosterone treatment (Müller et al. Chapter 5) or following nega-
tive changes in mass females produced more daughters (Pike 2005; this study).
Despite the lack of a causal link between testosterone, corticosterone and residual
body mass in the current study, these factors frequently correlate under natural
conditions. Our findings suggest that the mechanism of primary sex manipulation
is affected not only by the absolute values but by the complex interactions between
maternal hormones and (indices of) residual body mass.
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