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Abstract 

Many plant and animal species reduce the number of propagules if resources are 

insufficient for all young to survive. In many birds, mothers induce hatching asynchrony 

among siblings in the nest by their incubation pattern, creating a disadvantage in late-

hatching chicks. This facilitates rapid and selective brood reduction in poor food 

conditions. However, avian mothers deposit relatively large amounts of testosterone into 

late-laid eggs, boosting their competitive abilities, creating a paradox. We hypothesized 

that since testosterone was shown to have costs too, the benefits of maternal 

testosterone may outweigh its costs in good food conditions but has detrimental effects in 

poor food conditions. We found strong support for this in rock pigeons by manipulating 

both maternal testosterone exposure and food conditions. This resolves the paradox, 

indicating co-evolution of two maternal effects (inducing hatching asynchrony and 

maternal testosterone deposition) and explains inconsistent results of egg hormone 

manipulations in the literature. 
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Introduction 

The adaptive importance of maternal effects has been increasingly recognized over the 

past 15 years. Maternal effects occur when the phenotype of the offspring is influenced by 

the phenotype of their mother above and in addition to the direct genetic effects. Such 

non-genetic heritability may be adaptive if mothers provide a reliable “weather forecast” 

to their offspring by transferring information to them that induces adaptive adjustment of 

their phenotype to the predicted circumstances (Mousseau and Fox 1998; Marshall and 

Uller 2007). One of such signals is hormones. In many taxa, from insects to mammals, 

including humans, mothers expose their embryos to maternal hormones that can have 

organizing effects on their morphology, brain and behaviour (Carere and Balthazart 2007; 

Groothuis and Schwabl 2008). An especially flourishing research field is the study of 

maternal androgens in bird eggs, as in these species the embryo develops outside the 

mothers body, facilitating experimental research. In many avian species concentrations of 

egg androgens of maternal origin vary systematically with the environment as well as 

among the different eggs of the same nest. A leading hypothesis is this field is the so-

called Hatching Asynchrony Adjustment Hypothesis (HAAH).  Hatching asynchrony is the 

phenomenon that chicks of the same nesting attempt, called a clutch, emerge from the 

eggs at different and predictable time intervals after each other. This is because the eggs 

are produced with at least an interval of one day whereas the mothers starts incubation 

before all eggs are laid. As a consequence, chicks from the later laid eggs emerge later 

from the egg than those from earlier laid eggs. Since the late hatching chicks have a delay 

in growth they have a disadvantage in the sibling competition in which all chicks compete 

with each other for parental food provisioning, Since in many bird species later-laid eggs 

contain higher concentrations of maternal androgens, the Hatching Asynchrony 

Adjustment Hypothesis (Schwabl 1993; Groothuis et al.  2005b), proposes that this 

increased deposition of maternal androgens in late-hatching eggs functions to 

compensate the competitive disadvantage of the chicks of these eggs. Indeed, 

experimental manipulation of egg androgens, especially testosterone, has revealed that 

these hormones stimulate the competitive ability of the chick. 

This well cited example of a hormone mediated adaptive maternal effect has spurred a lot 

of studies of hormone-mediated maternal effects in birds and other species (for reviews 

see Groothuis et al 2005b; Groothuis and Schwabl 2008; von Engelhardt and Groothuis 

2011). However, this has also led to an increase of studies showing inconsistent effects, in 

which manipulation of egg androgen concentrations resulted in different outcomes, with 

sometimes even opposite effects in the same species (reviewed in von Engelhardt and 
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Groothuis 2011). This seems to have led to a waned interest in hormone-mediated 

maternal effects as a potential adaptation.  

In addition, the hypothesis creates a significant paradox that has not yet been realized 

sufficiently. Hatching asynchrony itself has always been interpreted as an adaptation  

(Lack 1947, 1954, 1968; reviewed in Sockman et al. 2006; M.S. Müller and Groothuis 2013), 

begging the question why mothers would first create hatching asynchrony by adjusting 

their incubation pattern and then counteract this by hormone deposition in the egg? 

Because resources are limited, mothers must trade off offspring quality with offspring 

quantity and in both plants and animals, maternal effects have been shown to help solve 

this trade-off (Mock and Parker 1997). Not only in birds but also in other species such as 

mammals (e.g. Frank et al. 1991), mothers can maximize the quantity of good quality 

offspring they can successfully rear given the breeding conditions by overproducing 

offspring, creating competitive asymmetries among siblings and allowing sibling rivalry to 

efficiently downsize the brood when food is scarce, preventing dividing the few resources 

over too many offspring. If maternal hormones function to counteracting such effect, this 

adaptive hatching asynchrony, created by starting to incubate eggs when still producing 

new eggs for the same clutch, seems difficult to explain.  

One possible answer is that rather than being an adaptive maternal effect, in some species 

hatching asynchrony may be a costly side-effect of early onset of incubation because it 

reduces the risk of predation of already laid eggs or preserves their viability (Viñuela 2000; 

Arnold 2011). This is unlikely because the bulk of the evidence indicates that while 

eliminating hatching asynchrony reduces brood reduction, it comes at a serious cost to 

offspring quality, undermining the total brood value, whereas not much evidence exists 

for the egg viability hypothesis (for an extensive discussion see Groothuis et al. 2005b).  

A more likely resolution to the paradox created by the HAAH is that yolk androgens 

actually have different effects depending on the environmental context in such a way that 

it acts in concert with the context-dependent effects of hatching asynchrony, either 

facilitating brood survival in good conditions or brood reduction in poor food conditions. 

Although exposure to yolk androgens has been shown to have numerous beneficial effects 

on timing of hatching, development, growth, and competitive ability of offspring 

(reviewed in von Engelhardt and Groothuis 2011), prenatal exposure to elevated maternal 

androgens also carries costs. For example, in zebra finches (Taeniopygia guttata), the 

resting metabolic rate of chicks hatched from testosterone-injected eggs was significantly 

higher than in control chicks in both the nestling stage (14-15 days, Tobler et al. 2007) and 

the adult stage (5-7 months, Nilsson et al. 2011). Similar results are also found in 2 and 7 

months old pied flycatchers (Ficedula hypoleuca, Ruuskanen et al. 2013). Prenatal 
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exposure to elevated androgen levels were also found to suppress immune function in 

Chinese painted quails, Coturnix chinensis (Andersson et al. 2004), black-headed gulls, 

Chroicocephalus ridibundus (Groothuis et al. 2005a; W. Müller et al. 2005), eastern 

bluebirds, Sialia sialis (Navara et al. 2005), and jackdaws, Corvus monedula (Sandell et al. 

2009). Prenatal androgen exposure may also modulate the balance between anti-oxidant 

capacity and oxidative damage (e.g. Tobler and Sandell 2009; Galván and Alonso-Alvarez 

2010; Noguera et al. 2011; Tobler et al. 2013; Treidel et al. 2013). It is therefore well 

conceivable that a different balance between these costs and benefits of elevated 

maternal androgen exposure arise depending on the amount of resources provided by the 

environment as these resources may enable the chick to bear the costs of maternal 

androgens. In a good year, when food resources are abundant, chicks receive enough food 

to support their higher energy expenditure and the challenge to their immune system. But 

in a poor year, when the available resources are not sufficient to bear these costs, the 

costs are likely to outweigh the benefits, causing high yolk androgen exposure to have 

negative rather than positive effects on survival. If this is the case, yolk androgens would 

in good environmental conditions increase the competitive ability of later-hatched chicks 

and boost their survival, mitigating the effects of hatching asynchrony, while in poor 

environmental conditions higher levels of yolk androgens become detrimental and 

facilitate adaptive brood reduction, strengthening the effect of hatching asynchrony (M.S. 

Müller and Groothuis 2013).  In this way two pathways for maternal effects have co-

evolved for maximizing maternal fitness. 

The essential step in testing these context-dependent effects of yolk androgens would be 

to combine a manipulation of yolk androgens at the time of egg laying, mimicking elevated 

maternal deposition and of food availability during the chick rearing phase in a full 

factorial design. To our knowledge, no such experiment has yet been conducted. In this 

study, using the rock pigeons (Columba livia) as a study species, we combined in ovo 

testosterone injections in freshly laid eggs, and food restriction treatment after hatching 

of the chicks (so that the foods manipulation could not affect egg quality) in a two by two 

design. The rock pigeon is an excellent species for this as its modal clutch size is only two 

(Johnston and Janiga 1995), with the second egg always containing much higher amounts 

of testosterone in the yolk than the first one and showing substantial hatching asynchrony 

with the second chick being smaller than the first one (Goerlich et al. 2009; Hsu et al. 

2016). In this study, we applied a within-clutch design and only used first-laid eggs, 

containing low levels of maternal testosterone, from different but synchronous pairs to 

create new experimental clutches, in which one egg was injected with testosterone 

solution to the level of second eggs, and the other with vehicle as control. Both eggs were 

cross-fostered to foster parents. Half of these experimental clutches produced broods that 
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were reared in experimentally-imposed poor food conditions while the other half were 

raised in a good food conditions. Over the course of the experiment, we monitored 

various aspects of growth and development as well as immune function. We expected to 

see beneficial effects of elevated yolk testosterone levels in chick growth and immune 

function under the good food condition, and detrimental effects, especially enhanced 

early mortality of chicks, in the poor food condition. 

 

Materials and Methods 

Housing  

The pigeons used in this study came from our colony housed in a large outdoor aviary 

(45m long × 9.6m wide × 3.75m high). They were in early April 2012 re-housed in several 

smaller identical aviaries (4.01m long × 1.67m wide × 2.2 m high), two pairs in each aviary, 

in the animal facility of the Centre for Behaviour and Neurosciences of the University of 

Groningen. Because their pair-bonds can last for their entire lifetime (Johnston and Janiga 

1995), we selected already established pairs when known, or randomly paired males with 

females if their partner identity was unknown. Established and random breeding pairs 

were assigned to the two food condition treatment groups in an equal proportion. After 

re-housing them in the smaller aviaries, pigeons were given at least one week to acclimate 

before the experiment started. 

Each aviary was provided with standard food for pigeons (KASPER
TM

 6712), and for 

streptopelia (KASPAR
TM

 6721) (see Table S3.1), water, and a mixture of small stones and 

pigeon grit ad libitum, until the food treatment started. To initiate breeding, two nest 

boxes (60 cm long × 50 cm deep × 36 cm high) with nest materials and a nest bowl were 

placed into each aviary. 

All experimental and animal care procedures were under the approval of the animal 

welfare committee of University of Groningen (DEC No. 5635D) and complied with Dutch 

law. 

 

Egg collection, incubation, hatching time and the creation of experimental broods 

This experiment was conducted from May until September of 2012.  In early May, we 

opened the nest boxes to induce breeding. Nest boxes were checked every morning and 

all freshly-laid eggs were collected, marked by permanent markers, and replaced with a 

dummy egg so parents would continue incubating. We only used first-laid eggs (A-eggs) 

for the experiment. Collected A-eggs were stored in a climate cell with relatively constant 
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temperature (12-16°C) and humidity (40-50%) for no more than three days, until a large 

enough batch of eggs had been collected for allocating eggs to experimental pairs. We 

paired A-eggs by matching laying date and mass as closely as possible, and then injected 

one egg in each pair with testosterone solved in sesame oil (T-eggs, see Egg injections for 

dosage) and the other with sesame oil only (C-eggs). After injection, these eggs were 

immediately returned to an unrelated foster nest for incubation. Between T- and C-eggs, 

there were no significant differences in mass (mean±SD: T-eggs, 17.00±1.27g, N=95; C-

eggs, 17.07±1.38g, N=95; t=0.383, P=0.7021) and laying date (Mann-Whitney U test, 

P=0.9779).  

In order to record the hatching time as accurately as possible, on day 16 of incubation, all 

eggs were again replaced by dummy eggs and placed into an incubator until hatching. The 

incubator was maintained at constant 37.5 °C and the humidity was kept higher than 75%. 

The incubator was checked every four hours between 9:00-21:00 hr. Based on this time to 

hatching was estimated. For hatchlings that were found at 9:00 hr., the dryness of their 

down was taken into consideration on the estimation of the hatching time.  

For each hatchling, body mass, head-bill length, tarsus length, and wing length were 

measured, and a small blood sample (< 75μl) was taken from the medial metatarsal vein 

for sexing. In order to increase the sensitivity of our experimental design, we aimed to 

create experimental broods that only differed in yolk T injection, but as similar as possible 

on all other aspects, especially those that likely influence sibling competition. Therefore, 

chicks of opposite treatments (T- or C-injection) were paired in a way that matched body 

mass and hatching time as closely as possible and were returned to a foster nest. Within 

the pair returning to the same nest, there was indeed no statistically significant difference 

in hatching time (N=29, t=-1.79, P=0.084), and body mass (t=-1.229, P=0.229). 

Furthermore, because pigeons have slight but significant sexual size dimorphism (Johnston 

and Janiga 1995), which may also influence sibling competition and reduce the power to 

detect effects of yolk T, chicks were swapped to increase the number of sex-matched T-C 

paired broods wherever possible within two days post-hatching, directly after the sex was 

determined, but only when they had similar body masses. This way we successfully 

created 19 T-C pairs of chicks (10 pairs in good food condition and 9 pairs in poor food 

condition) and only these 19 pairs were included in the growth analysis (at day 8 and day 

26, see Statistical analysis). 
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Egg injections 

The testosterone levels in the yolks of experimental eggs were manipulated by in ovo 

injection. Either 50 µl T solution or pure sesame oil was injected into the egg yolk using a 

0.5 ml U-100 insulin syringe (0.33mm(29G) needle×12.7mm syringe, BD Micro-Fine
TM

). We 

dissolved crystalline testosterone (Fluka) in sterilized sesame oil at a concentration of 920 

ng T/ml oil, so that injecting 50 µl of this solution elevated the amount of testosterone in 

these A-egg yolks (mean T=23 ng per yolk, N=11) to the amount naturally present in B-

eggs (second-laid eggs, mean T=69 ng per yolk, N=11), as measured by radioimmunoassay 

using a commercial kit (‘Spectria 68628’, ORION Diagnostica, Espoo, Finland, cross 

reactivity to A4 and 5α-DHT was 1.7% and 2.6 respectively, all others <0.31%; recoveries 

averaged 82.2%; intra-assay CV=1.4%). During injection, eggs were placed sideways for a 

few minutes, allowing the yolk to float up. Then the eggshell was punctured ca. 30° to 45° 

above from the blunt end by a needle attached to an insulin syringe filled with T solution 

or sesame oil. After withdrawing the syringe, the hole in the eggshell was sealed by a small 

piece (ca. 25mm
2
) of artificial skin (Hansaplast

 TM
).  

 

Food treatment 

On day 16 of incubation (ca. two days before chicks hatched), the food treatment started. 

Pigeons in the good food condition group were provided with the grain mixtures as in the 

standard food condition plus ad libitum pigeon pellet (KASPAR
TM

 P40, see Table S3.1), 

supplemented with vitamin powder (Supralith 
TM

). Pigeons in poor food conditions were 

fed with 33g “chicken” grain mixture per pair per day, the amount of average daily food 

consumption by a pair of adult pigeons according to our previous measurements. In order 

to accommodate increased energy demands as chicks grew, we provided the food-

restricted group with additional food when chicks were older than one week, based on 

Jacquin et al. (2012). For every 7-day-old or older chick, we gave 8g additional food; for 

every 14-day-old or older chick, 16g additional food was provided. 

After the experiment, the percentage of body mass loss in adult pigeons in poor food 

conditions was significantly higher than adults in good food conditions (good food 

condition, mean±SE=-6.31±0.75, N=67; poor food condition, mean±SE=-13.77±1.16, N=45; 

t=5.395, P<0.0001), indicating that our experimental food restriction significantly reduced 

energy availability in the adults. 
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Molecular sexing 

Our molecular sexing procedure followed the protocol described in Goerlich et al. (2009, 

2010). The DNA of pigeon chicks was extracted with Chelex (Walsh et al. 1991) from blood 

samples stored in 70% ethanol. Polymerase Chain Reaction (PCR) with primers P2 (5’-

TCTGCATCGCTAAATCCTTT-3’) and P8 (5’-CTCCCAAGGATGAGRAAYTG-3’) were used to 

amplify the two homologous genes CHD-W (females) and CHD-Z (males and females) on 

the sex chromosomes (Griffiths et al. 1998). For every PCR and gel electrophoresis, control 

samples of a known female (two bands) and male (one band) were also included. Chicks 

were sexed within the first 2-3 days after hatching so that same-sex pairs could be created 

early in the nestling period. 

 

SRBC test and haemagglutination assay 

We used sheep red blood cells (SRBC) as antigens to test the immunocompetence of 

pigeon fledglings. This method has been long used to induce the response of humoral 

immunity and considered as a good estimator in avian species (e.g. Deerenberg et al. 1997; 

Ros et al. 1997; Hanssen et al 2004; Rutkowska et al. 2012).  All SRBC used in this study 

were from one identical sheep and stored in Alsever’s solution (S.B.-0011, Harlan
TM

, UK). 

New SRBC in Alsever’s solution was washed with phosphate buffered saline (PBS) and 

diluted to 2% SRBC solution in PBS (5×10
8
 cells/ml). When chicks were about one month 

old and maternal antibodies were no longer present (Hasselquist and Nilsson 2009), every 

pigeon fledgling was immunized with 0.5 ml 2% SRBC solution via intraperitoneal injection. 

Two days prior to injection, a blood sample (100-200 μl) was taken from the brachial vein 

(pre-treat samples). Six days after SRBC injection, at the day of peak antibody production, 

(Ros et al. 1997; Casagrande et al 2012), another blood sample was taken (post-treat 

samples). Both blood samples were centrifuged to separate the plasma from blood cells. 

The plasma samples were then stored at -20°C until the haemagglutination assay. 

The protocol of haemagglutination assay was based on Ros et al. (1997) to determine the 

titters of anti-SRBC antibodies. The frozen plasma samples were thawed under room 

temperature and placed in a water bath at 56°C for 30 min to remove proteins that will 

lyse the sheep red blood cells. Then 20 μl of the plasma was taken and diluted 1:1 in PBS 

in the first column of a U-shaped microtiter plates, and further diluted in a series of 2
2
, 2

3
, 

2
4
… to 2

12
. Twenty μl of freshly-washed 2% SRBC solution was added to every well and all 

titter plates with samples were incubated at 37°C for one hour. Based on the presence of 

haemagglutination, the antibody titters were scored visually as the highest dilution of 

plasma by Bernd Riedstra, who was experienced to this assay and blind to all treatments 
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on pigeons. The scores were then represented as integers on a log2 scale. If the plasma 

was enough, we did a second duplicate and took the mean score from the two duplicates 

of one plasma sample.  

 

Growth monitoring 

Chick body mass, head-bill length, tarsus length, and wing length were measured every 

two days in the first two weeks after hatching, and every three days from two weeks to 26 

days post-hatching. Body mass was measured using a digital scale with an accuracy of 1g. 

Head-bill length and tarsus length were measured with digital callipers to the nearest 0.01 

mm. Head-bill length was measured from the back of the skull to the tip of the bill. The 

length of the tarsometatarsal bone on the right leg was measured as "tarsus length". Wing 

length was measured from the carpus to the tip of the skin (when chicks did not have 

primaries) with a digital calliper to the closest 0.01 mm or to the tip of the longest primary 

feathers with a ruler to the closest 0.5 mm. All wing length data were measured from the 

right wing. All body measurements were taken by the same experimenter (BYH). 

 

Statistical analysis 

All statistical analyses were performed with the software R 3.0.2 (R Core Team 2013).  

For analysing hatching success, hatching time, and hatchling body mass we did not include 

food treatment as predictor as this treatment started only just before the time of hatching. 

For hatching success, we used a binomial linear model, with hormone injection as the 

independent variable, and egg mass included as a covariate. For hatching time, we used 

the Mann-Whitney U test to test the effects of hormone injection because the majority of 

the hatching time formed two peaks (Fig. S3.1), leading to the residual distribution of the 

data from a linear model against normality, violating the assumption of using a linear 

model. To analyse hatchling body mass, we used a general linear model (GLM), including 

hormone treatment, egg mass, and sex as independent variables. We additionally tested 

the interaction between hormone treatment and sex for sex-specific effects of prenatal T. 

Because the sample size for T chicks in poor food condition after day 8 decreased to a low 

value due to the high mortality in this group (see Results), yielding a very low statistical 

power, we analysed the effects of the treatments at day 8 and day 26, the former just 

before mortality substantially increased and the latter just before fledging for chicks 

reared in the good food condition. For the latter, however, only chicks in the good food 

condition were included because of the high mortality in the other group. These analyses 
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were run with a general linear mixed model (R package lme4, Bates et al. 2014), using log-

likelihood ratio tests to compute p values. We used the identity of brood as the random 

factor, hormone treatment, food treatment, and sex as fixed factors. Additionally, because 

egg mass is known to strongly influence nestling body mass (Krist 2011), we also included 

it as a covariate in the mixed model. The interactions between hormone and food 

treatment (only for day 8), and between hormone treatment and sex (for both day 8 and 

day 26) were also tested. Significant interactions were then further analysed with the 

package phia (de Rosario-Martinez 2015) for pair-wise comparisons (Holm-adjusted P 

values were presented). The results of the four biometric variables showed clear 

consistency, with effects on body mass being the most pronounced and representative. 

Therefore, only the results of body mass were presented in the text and the other three 

(head-bill, tarsus and wing length) in the supplementary materials. 

For our analyses of immunocompetence, the final scores derived from the SRBC-

haemagglutination test were calculated by subtracting the score of the pre-treat sample 

from the score of a post-treat sample from the same chick. General linear models were 

used, with hormone treatment, food treatment, and sex included as independent 

variables. Although the original data were not normally distributed, the residuals did not 

significantly violate normality (Shapiro-Wilk test, P=0.083). The interaction of hormone by 

sex, and hormone by food were also tested, but the interpretation of the main effects was 

all based on the model without any interaction terms. 

 

Results 

Hatching success, hatching time, and hatchling body mass 

We injected 190 eggs in total (95 T-eggs and 95 C-eggs) and 93 eggs hatched successfully 

(48.95%). Among the 93 successfully hatched eggs, 44 were C-eggs and 49 were T-eggs 

and this was not significant (N=190, P=0.407). Heavier eggs were more likely to hatch 

successfully (estimate±SE=0.338±0.117, z=2.895, P=0.004). There was no difference in 

time of hatching between T- and C eggs (Mann-Whitney U test, W=1080, P=0.852). 

Among the 93 hatchlings, 3 of them developed abnormally and were therefore excluded 

from the study. T-treatment did not affect hatchling body mass (estimate±SE= 

-0.204±0.158, t=-1.291, P=0.200) and it was also not affected by sex (estimate±SE= 

-0.044±0.158, t=-0.281, P=0.780) or the interaction between sex and hormone treatment 

(P=0.971). Only egg mass significantly predicted hatchling body mass (estimate±SE= 

0.612±0.060, t=10.152, P<0.001).  
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Chick survival 

In good food conditions, chick survival was 100%, regardless of hormone treatment. As 

predicted, in poor food condition, T-chicks had significantly lower survival than C-chicks 

(Gehan-Wilcoxon test, N=18, P=0.0489, Fig. 3.1). Testing the survival curves of the four 

combinations of food treatment and T injection gave a highly significant result (Gehan-

Wilcoxon test, N=38, P< 0.001, Fig. 3.1). 

 

Body mass at day 8 and day 26 after hatching 

Again according to our hypothesis, the mixed model for day-8 body mass showed that the 

interaction effect of T treatment and food treatment was significant (estimate±SE= 

-18.843±7.798, t=-2.416, P=0.014, Fig. 3.2). Post-hoc interaction analysis indicated that T-

 

Figure 3.1 Survival curves of T-and C-chicks. In good food conditions (solid line), chicks from 

both egg injection treatment had 100% survival so curves for T- and C-chicks overlap completely. 

In poor food conditions (dashed lines), T chicks (red) had lower survival than C chicks (blue). 
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chicks were heavier than C-chicks only in the good food condition (Holm-adjusted 

p=0.004), but not in the poor food condition (Holm-adjusted p=0.648). Sex was not 

significant (estimate±SE=2.151±5.229, t=0.411, P=0.649) nor the interaction effect of T 

treatment and sex (estimate±SE=-5.359±7.729, t=-0.693, P=0.447).  

For body mass at day 26, when chicks are about to fledge, we found that in the chicks 

reared in the good food condition, T-chicks were almost significantly heavier than C-chicks 

(estimate±SE=10.900±5.601, t=1.946, P=0.058, Fig. 3.3). Neither sex nor egg mass showed 

significant effects at this age (P=0.312 and 0.397, respectively). The interaction between T 

treatment and sex was not significant, either (P=0.276). 

 

Immunocompetence 

Among all chicks that survived to complete the SRBC test (N=66), T-fledglings showed 

significantly lower immune response against SRBC than control chicks (estimate±SE= 

-1.794±0.676, t=-2.655, P=0.010, Fig. 3.4), consistent with the literature. Post-hatching 

food restriction also showed a highly significant negative effect on the immune response 

(estimate±SE=-3.127±0.750, t=-4.169, P<0.001, Fig. 3.4). The interaction between 

hormone and food treatment, however, did not have significant effects (P=0.180). Males 

also showed significantly weaker immune response than females (estimate±SE= 

-1.957±0.674, t=-2.905, P=0.005), while there was no sex-specific effects of hormone 

 

Figure 3.2 Mean±SE of chick 

body mass at day 8 after 

hatching. Close dots: chicks from 

T-injected eggs; open dots: 

chicks from vehicle-injected eggs. 

Post-hoc analysis: **, P<0.01; ns, 

P>0.05 
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treatment (P=0.699). We further tested whether these effects still hold if we only included 

the fledglings from the sex-matched broods, the same broods as in the analysis of growth 

(N=28), and the results were generally consistent: T-injection and food treatment still 

showed a significant negative effect (P=0.041 and 0.0005, respectively) but the sex 

difference was not significant anymore (P=0.101), probably due to the lower sample size. 

For this smaller dataset, none of the tested interactions were significant (all P’s>0.33). 

 

Discussion 

In many animal species mothers favour some progeny over others. A prevalent strategy is 

to adjust offspring numbers to prevailing food conditions by creating core and marginal 

young, of which the former will survive at the cost of the latter under poor food conditions. 

Birds, creating hatching asynchrony by their incubation pattern, are the best studied 

example of this. An additional layer of complexity has been added with the detection of 

substantial amounts of maternal androgens in egg yolk that systematically vary with laying 

order and hatching asynchrony. The hatching asynchrony adjustment hypothesis (HAAH) 

states that mothers produce clutches with increasing concentrations of maternal 

androgens over the laying sequence to counteract the detrimental effects of late-hatching 

in last-laid eggs (Schwabl 1993, 1996; Groothuis et al. 2005b) and support the survival of 

the whole brood. This created the following paradox: why would avian mothers create 

hatching asynchrony to disadvantage late-hatching chicks for efficient brood culling when 

 

Figure 3.3 Mean±SE of chick body 

mass at day 26, around fledging. 

Close dots: chicks from T-injected 

eggs; open dots: chicks from 

vehicle-injected eggs 
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environmental resources are too low to raise the entire brood and then provide them with 

extra yolk androgens to counteract this effect? Our findings provide a solution to this 

paradox. We found that exposure to elevated yolk androgens did indeed benefit late-

hatching (so called marginal) nestlings under food-rich conditions by enhancing growth 

(Fig. 3.2, 3.3), but it caused higher mortality when food conditions were poor (Fig. 3.1). 

This is the first experimental evidence using a full factorial design for context-dependent 

effects of maternal hormones, and provides a solution to the HAAH paradox. Here we 

place within-clutch patterns of maternal androgens into a different framework, stating 

that context-dependent effects of yolk androgens work in coordination with the context-

dependent effects of hatching asynchrony in supporting adaptive brood survival in good 

breeding conditions and adaptive brood reduction in poor breeding conditions. Therefore 

maternally-engineered competitive asymmetries within broods arising from variation in 

yolk androgens and hatching asynchrony together allow parents to maximize the number 

of offspring they rear without compromising their quality. With such an elegantly-shaped 

system, selection might favour mothers not to adjust the within-clutch pattern of T 

deposition, namely only depositing higher androgen concentrations in late-laid eggs in 

good conditions. This may explain why most studies did not find evidence for such 

maternal adjustment depending on food conditions (Hsu et al. 2016 and the reviewed 

literature therein). 

 

 

Figure 3.4. Mean±SE of the 

scored anti-SRBC antibody titters 

from haemagglutination assay. 

Close dots: chicks from T-injected 

eggs; open dots: chicks from 

vehicle-injected eggs. 
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Many of our individual results fall in line with previous research. For example, several 

other studies have also demonstrated beneficial effects of experimentally-elevated yolk 

androgens on the early growth of nestlings (Schwabl 1996; Eising et al. 2001; Groothuis et 

al. 2005a; Navara et al. 2006; W. Müller et al. 2007). Furthermore, similar to our findings, 

several other studies have found that exposure to elevated yolk androgens can reduce 

survival (Sockman and Schwabl 2000; W. Müller et al. 2007, 2009; Muriel et al. 2015). But 

we show for the first time with a factorial design, that the direction of the effects of 

maternal androgens depend on prevailing food conditions during the chick-rearing period.  

An increase in growth in chicks exposed to elevated levels of yolk testosterone might be 

due an increase in begging behaviour, as has been found in several studies (e.g. Schwabl 

1996; Eising and Groothuis 2003), which would result in higher food delivery by the 

parents. What remains unresolved is the mechanism by which elevated yolk testosterone 

induced detrimental effects, especially the strong increase in mortality in poor conditions. 

In our study, most nestling mortality occurred after 8 days of age. The energy and nutrient 

demands of chicks most likely peak around 10 days after hatching in this species, when the 

inflection point of the growth curve, at which the growth rate reaches its maximum 

(Tjørve and Tjørve 2010), occurs. This period of high resource allocation toward growth 

was even more pronounced in T chicks (as observed in larger mass in T-chicks at day 8 and 

a marginally significant body mass around fledging). Together with higher energy 

requirements due to the fact that yolk testosterone increases metabolic rate (Tobler et al. 

2009; Nilsson et al. 2011; Ruuskanen et al. 2013) and begging behaviour (Schwabl 1996, 

Eising and Groothuis 2003; von Engelhardt et al 2006; Noguera et al. 2013) these higher 

requirements for energy may have had fatal effects on the energy balance of chicks from T 

treated eggs in poor food condition. 

The context-dependent effects of yolk androgens we proposed may explain the relatively 

frequent inconsistencies in the effects of in ovo injections of androgens. As listed in table 

4.1 of von Engelhardt and Groothuis (2011), 7 studies showed an increase in growth, 2 a 

decrease, and 8 other studies showed no or inconsistent results. Likewise, 4 studies 

showed an increase in survival, 3 a decrease and 3 no effect. Interestingly, the most cited 

study for the detrimental effects of yolk testosterone on survival, the study on American 

kestrels (Falco sparverius, Sockman and Schwabl 2000), was conducted in a poor food year 

(K.W. Sockman, personal communication). A replication of that study on the closely 

related Eurasian kestrel in a good year found a positive effect (F. tinnunculus, Dijkstra, 

Boonekamp and Groothuis, in prep.). Similarly, a recently published field study on spotless 

starling reported that only among the second broods, when the food availability has 

generally deteriorated compared to when the parents raised the first broods, nestling 

mortality was significantly higher for the nestlings from androgen-treated eggs (Muriel et 
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al. 2015). Another study by Cucco et al. (2009) who injected different doses of 

testosterone into grey partridge (Perdix perdix) egg yolks and supplemented the diet with 

β-carotene in half of the chicks from each testosterone treatment, found that 

supplemented β-carotene can “remedy” the immunosuppressive effects induced by 

higher levels of yolk testosterone. It is therefore important that in the future such studies 

should take the food condition into account.  

Out data also indicated that T-chicks showed a weaker response to an immune challenge 

(injected sheep red blood cells), even in the food-rich condition. This is consistent with 

several findings in other avian species (Andersson et al. 2004; Groothuis et al. 2005a; W. 

Müller et al. 2005; Navara et al. 2005; Sandell et al. 2009), suggesting that prenatal 

exposure to androgens is immunosuppressive. We found no effect of testosterone 

treatment on immune function in the chicks reared under poor food conditions but this 

may be because of two reasons: first, many chicks have died before the SRBC test, so that 

only the high quality chicks survived in this group, in contrast to those in the good food 

condition. Second, it might be due to a floor effect as food restriction induced already a 

very strong suppression of the immune response  The latter explanation suggests that high 

resource inputs are required to maintain a good immune function (Hasselquist and Nilsson 

2012). It is possible that the high rate of energy expenditure associated with maternal 

testosterone exposure combined with the low rates of energy inputs due to poor food 

conditions left insufficient resources for maintaining the immune system. 

In conclusion, our results indicate the co-evolution of two pathways for maternal effects 

that are adaptive for the mother and, because of her favouritism for certain offspring, not 

necessarily for all offspring, suggesting that mothers have here the upper hand in the 

parent-offspring conflict. The context dependent effects can well explain discrepancies in 

the literature in this field that are currently hampering progress. These context dependent 

effects should be taken into considerations in future studies when testing potential fitness 

effects of exposure to elevated levels of maternal testosterone.  
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Supplementary materials 

Supplementary results 

Day 8 after hatching 

For head-bill length, the interaction between T treatment and food conditions was 

approaching significance (estimate±SE=-1.078±0.667, t=-1.617, P=0.082), showing a 

consistent trend with the interaction effect found in body mass (Fig. S3.2A). Sex was not 

significant (estimate±SE=-0.041±0.648, t=0.064, P=0.941), nor was the interaction 

between T treatment and sex (P=0.126).  

For tarsus length, the interaction between T treatment and food conditions was also 

significant (estimate±SE=-1.608±0.784, t=-2.053, P=0.033. Fig. S3.2B), consistent with the 

result in body mass. Post-hoc interaction analyses showed that in the good food condition, 

T-chicks had almost significantly longer tarsi (Holm-adjust P=0.051) than C-chicks while in 

the poor food condition there was no significant difference of tarsus length between T- 

and C-chicks (Holm-adjusted P=0.438). Similarly, no sex difference (estimate±SE= 

0.133±0.582, t=0.228, P=0.802) or sex-specific effect of T treatment (P=0.750) was 

observed. 

For wing length, the interaction between T treatment and food conditions was not 

significant (estimate±SE=-3.405±2.772, t=-1.228, P=0.188), although it still showed similar 

pattern as in other biometric variables (Fig. S3.2C). Sex was also non-significant 

(estimate±SE=0.832±1.509, t=0.552, P=0.544), nor was the interaction between T 

treatment and sex (P=0.933). 

 

Day 26 after hatching 

At this age, in contrast with body mass, much larger variations were observed in the three 

skeletal variables. T-chicks still showed higher averages than C-chicks in tarsus and wing 

length (Fig. S3.3), but the difference was all non-significant (head-bill length, estimate±SE= 

-0.137±0.660, t=-0.208, P=0.823; tarsus length, estimate±SE=0.503±0.420, t=1.199, 

P=0.220; wing length, estimate±SE=4.218±2.602, t=1.621, P=0.103).  
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Supplementary table and figure 

Table S3.1 Macronutrient components of grain mixtures in food treatment. 

Macronutrient components of grain mixtures in food treatment. 

Grain mixture Tortelduivenvoer 

(KASPER
TM

 6721) 

Sierduivenvoer 

(KASPER
TM

 6712) 

Duivenkorrel
a 

(KASPER
TM

 P40) 

Gemengd graan 

met broken mais 

Protein 11.90% 13.30% 15.60% 10.10% 

Fat 5.20% 3.40% 2.80% 2.40% 

Cellulose 6% 4.40% 2.10% 2.80% 

Ash 2.40% 2.40% 4% 1.60% 

Standard food ad lib. ad lib.   

Good food
b
 ad lib. ad lib. ad lib.  

Poor food       33g /pair-day 
a
 also contains calcium 0.6%, potassium 0.6%, lysine 6g, sodium 0.1%, E 672 vitamin A 19000 lE/kg, 

vitamin E 100 lE/kg, E 671 vitamin D3 300 lE/kg, and copper 12mg/kg 
b
 also supplemented with Supralith TM supplementation powder every one or two days. Supralith 

contains vitamin A 9000 IE/kg, vitamin D3 3000 IE/kg, vitamin E1 8.5 mg/kg, Calcium 17%, linolz 0.5% 

and raw ashes 80%. Supralith also contains potassium iodide, which provides iodide 1.5 mg/100g. 

 

 

 

  

 

Figure S3.1 Histogram of the 

time from returning to hatch. 
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Figure S3.2 Mean±SE of chick head-bill length (A), tarsus length (B), and wing length (C) at day 8 

after hatching. Close dots: chicks from T-injected eggs; open dots: chicks from vehicle-injected eggs. 
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Figure S3.3 Mean±SE of chick head-bill length (A), tarsus length (B), and wing length (C) in the good 

food condition at day 26 after hatching. 

  



Chapter 3. 

 

 

124 

 




