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Abstract 

Thyroid hormones (THs) – triiodothyronine (T3) and thyroxine (T4) – are essential for 

embryonic development in vertebrates. All vertebrate embryos are exposed to THs from 

maternal origin. The natural variation of maternal THs probably represents a pathway of 

maternal effects that can modify offspring phenotype. However, potential fitness 

consequences of variation of maternal TH exposure within the normal physiological range 

and without confounding effects on the mother have never been experimentally 

investigated. We experimentally manipulated the levels of yolk T3 and T4 within the 

physiological range in a species in which the embryo develops outside the mother’s body, 

the Rock Pigeon (Columba livia) eggs. Making use of the natural difference of yolk 

testosterone between the two eggs of pigeon clutches, we were also able to investigate 

the potential interaction between THs and testosterone. Elevated yolk TH levels enhanced 

embryonic development and hatching success, and reduced body mass but not tarsus 

length between day 14 and fledging. The yolk hormones increased plasma T4 concen-

trations in females but reduced it in males, in line with the effect on metabolic rate at 

hatching. Plasma concentrations of T3 and testosterone were not significantly affected. 

The effects of treatment did not differ between eggs with high or low testosterone levels. 

Our data indicate that natural variation in maternal yolk TH levels affects offspring 

phenotype and embryonic survival, potentially influencing maternal and chick fitness.  

 

Keywords: 

Bird, Hatching success, Maternal effect, Nestling development, Yolk thyroid hormone, Yolk 

testosterone 
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Introduction 

In recent decades, maternal effects have been widely recognised as one of the major 

inducers of adaptive phenotypic plasticity (Mousseau and Fox 1998). Prenatal maternal 

effects, although often overlooked, are especially important, since they act on the embryo 

when it is especially sensitive to the early organizing effects of environmental cues. 

Maternal hormones are excellent tools for the mother to translate environmental 

information to her embryo (anticipatory maternal effects, Marshall and Uller 2007), as her 

own hormone production is affected by the environment and maternal hormones can 

reach the embryo in many taxa, from insects to humans. (e.g. mammals: Dloniak et al. 

2006; Helle et al. 2013; birds: Groothuis et al. 2005; Gil 2008; von Engelhardt and 

Groothuis 2011; reptiles: Uller and Olsson 2006; Warner et al. 2009; fish: McCormick 

1998, 1999; Brown et al. 2014; insects, Mousseau and Dingle 1991; Sonobe and Yamada 

2004). Birds have been the most widely used model for the study of maternal hormones 

because they have relatively large eggs and their embryos develop outside their mothers’ 

body, facilitating experimental research. Almost all these studies have focused on 

androgens. However, thyroid hormones (THs) of maternal origin are known to be present 

in avian egg yolks already since the early 1990s (Prati et al. 1992). There are at least four 

reasons for the importance of yolk thyroid hormones as maternal signals. First, THs are 

indispensable for normal embryonic development, growth and metabolism (McNabb et al. 

1998; van Herck et al. 2013). Second, essential proteins involved in cellular function of 

THs, like TH-receptors, TH-transporters, and deiodinating enzymes, are already expressed 

long before the embryonic thyroid gland becomes functional (Flamant and Samarut 1998; 

Darras et al. 2011; van Herck et al. 2012), suggesting responsivity to maternal THs in early 

development. Third, accumulating evidence indicates that  the hypothalamus-pituitary-

thyroid (HPT) axis can regulate the function of the hypothalamus-pituitary-gonad (HPG) 

axis (Flood et al. 2013; Sechman 2013; Duarte-Guterman et al. 2014), suggesting that 

androgen and TH mediated maternal effects should not be studied in isolation from each 

other. Fourth, unlike steroids, which are made of an abundant precursor, cholesterol, the 

production of THs requires an essential component, iodine, that cannot be synthesized de 

novo but has to be taken up from the environment. Therefore, unlike androgens, THs may 

be a costly investment resulting in an evolutionary trade-off for the mother between 

allocating the hormones to self or to her offspring. Indeed we recently found evidence for 

regulation of yolk TH deposition independent from the TH levels in maternal circulation 

depending on food conditions (Hsu et al. 2016). The variation in yolk TH deposition thus 

probably represents an important mediator of maternal effects that is still unexplored. 
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The hormone L-thyroxine (T4) is produced by the thyroid gland, transported to target 

tissue by the circulation where it is converted to its biologically active metabolite 3,5,3’-

triiodothyronine (T3). This hormone affects several metabolic processes, growth, 

differentiation, brain development and behaviour. Currently, the best knowledge about 

the potential effects of maternal THs on offspring comes from (bio)medical studies on 

human mothers affected by hypothyroidism and experiments on rodent models, and 

aquacultural studies on the development of fish. The human studies indicate that not only 

maternal hypo- or hyper-thyroxinemia can lead to detrimental effects on foetal 

development (e.g. Morreale de Escobar et al. 2004a, b; Andersen et al. 2013), but also 

that normal variation in TH levels in the mother correlates with foetal birth weight (Shields 

et al. 2011; Medici et al. 2013). In fish, TH manipulation by immersion of eggs generally 

enhances organ differentiation, embryonic development and larval growth and survival, 

but high doses sometimes lead to morphological abnormalities (reviewed in Brown et al. 

2014). All these studies have suggested essential roles of maternal THs in embryonic 

development. The actual ecological significance and fitness consequences, however, still 

require experimental studies manipulating maternal THs within the natural range to 

verify. 

In terrestrial animals, experimental data on the effects of maternal THs on offspring 

development are very scarce and, although interesting, were based on supra-physiological 

dosages. In birds, the only available study that manipulated maternal thyroid hormone 

levels in the egg mimicking elevated maternal deposition was conducted in Japanese 

quails (Coturnix japonica) by oral dosing of the hens with T4, resulting in increased T3 and 

T4 levels in both maternal blood plasma and egg yolks (Wilson and McNabb 1997). 

Embryos from females treated with the highest dose had significantly larger pelvic 

cartilage weight although embryo plasma THs levels were not significantly higher (Wilson 

and McNabb, 1997). These authors did not find an effect on hatching success, but in an 

early study in chickens (Gallus domesticus), in ovo injection of T4 or thiourea (an anti-

thyroid agent) at the end of embryonic development showed that T4 accelerated hatching 

while thiourea blocked hatching (Balaban and Hill 1971).  

Recently we found that eggs of the rock pigeon, Columba livia, the wild ancestor of 

domesticated pigeons, contained both T3 and T4 and that these levels varied with food 

conditions (Hsu et al. 2016), suggesting that yolk TH levels could be a mediator of prenatal 

maternal effects. In this present study, we tested the effects of elevated prenatal TH 

exposure within the physiological range by injection in freshly laid eggs, mimicking 

elevated maternal hormone deposition. In the rock pigeons, the modal clutch size is two. 

In the previous experiment where we measured TH levels in un-incubated eggs, we 

documented that androgen levels (testosterone and androstenedione) are much higher in 



Effects of yolk thyroid hormones 

 

 
185 

the second egg (B-egg) than in the first egg (A-egg) (also see Goerlich et al. 2009), whereas 

the within-clutch variation for T3 or T4 does not show a systematic pattern across the 

laying order (Hsu et al. 2016, see Supplementary methods for more details). This species 

therefore provides an excellent model to study yolk THs not only for their general effects 

on offspring development, but also under different concentrations of yolk androgens. 

Based on the available literature on TH effects we analysed the effect of the treatment on 

timing and success of hatching, metabolic rate at hatching, and growth until fledging. In 

order to study a possible pathway for the effects, we assessed whether plasma THs and 

testosterone levels in chicks were modulated by prenatal THs exposure. 

 

Materials and Methods 

Species and Housing 

This study was conducted from June to August 2014, in a large pigeon aviary (45m long × 

9.6 m wide × 3.75 m high) at the outdoor animal facility of University of Groningen under 

ad libibum food and water conditions. All pigeons were outbred wild type rock pigeons, 

descendants of wild caught birds. At the start of the experiment, 146 pigeons (70 females 

and 76 males) were present. In order to induce breeding, 78 nest-boxes with a nest-bowl 

and nesting materials were provided. All experimental procedures were approved by the 

Animal Welfare Committee and the Animal Welfare Body of University of Groningen (DEC 

No. 5635G). 

 

Egg collection and experimental procedure 

Nest-boxes were checked every morning between 9:00 to 11:00. Any newly-laid egg was 

marked with a permanent marker, collected and replaced with a dummy egg. Collected 

eggs were then stored in a climate cell (a chamber where temperature and humidity can 

be controlled) between 12 and 16 °C and relative humidity ca. 50% for no longer than 4 

days. Once a sufficient number of eggs was collected, we injected half of the eggs with 50 

µl TH solution (TH-eggs, the dose was to elevate yolk TH levels by 2 SD according to our 

previous data, Hsu et al. 2016, also see Supplementary materials and Fig. S6.1) and the 

other half with 50 µl saline (0.9% NaCl; C-eggs) as control. After injections, a pair of TH- 

and C- eggs matched for laying order, weight and date of laying was returned to the 

colony but cross-fostered to a genetically-unrelated nest for incubation.  
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In total we injected 160 eggs. TH-eggs and C-eggs were not significantly different in egg 

mass (mean±SD: TH-eggs, 16.60±1.33 g; C-eggs, 16.61±1.24 g; t test, t157.337=0.037, 

P=0.971) or storage duration (Mann-Whitney U test, U=3161, P=0.8925).  

 

Measurements 

The researchers were kept blind from knowing the egg injection treatment of each egg 

while taking all measurements. 

 

Hatching time and hatching success 

Pigeon eggs take 17-19 days to hatch (Johnston and Janiga 1995). On day 16 after egg 

injection, we collected the eggs again (nests were again provided with dummy eggs). Eggs 

were illuminated with a flashlight to evaluate embryo development. Eggs that were clearly 

well-developed were put in an incubator at 37.5 °C and >70% relative humidity until they 

hatched. 

The incubator was checked every 4 hours from 9:00 to 21:00. The hatching time of a new 

hatchling was estimated as accurately as possible based on checking time and the dryness 

of their down feather. After hatching, the chick body mass was measured with a digital 

scale to the nearest 0.1 g and tarsus length was measured with a digital calliper to the 

nearest 0.01 mm, after which the chick was put back in the incubator until the indirect 

calorimetry (see Indirect calorimetry). After the indirect calorimetry, a drop of blood was 

taken from the medial metatarsal vein of each chick for molecular sexing. Chicks were 

then paired by body mass and opposite hormone treatment and then allocated to 

genetically-unrelated foster nests. Only those chicks that were successfully paired in this 

manner were included in the growth analysis. 

 

Chick growth 

Among the 99 chicks that successfully hatched, we generated 33 experimental pairs that 

hatched on the same day as another egg of the same laying order, but with opposite 

injection treatment. These pairs of chicks were included for the analysis of body growth 

and plasma hormone levels. 

Chick growth was regularly followed by measuring their body mass and tarsus length every 

second day until post-hatching day 14, and every third day from post-hatching day 14 to 

day 23 or day 26. In our colony, pigeon fledglings are usually able to fly on ca. day 25 after 
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hatching. If chicks already flew out of the nest before day 26, we abandoned taking the 

biometry on day 26. On day 14 we also took a blood sample of ca. 500 µl with 1 ml 

syringes (BD Plastipak™) and 25G needles (100 Sterican®, B.Braun). All syringes were pre-

heparinized on the day of blood-sampling and the blood samples were immediately spun 

down to separate plasma. Plasma samples were then stored in -20°C until hormone assay. 

 

Indirect calorimetry 

To measure the oxygen consumption rate of pigeon chicks within 24 hours after hatching, 

we used a four-channel open-flow system with a modified incubator where chicks were 

kept at 37.5 °C. To induce resting metabolic rate (RMR) the incubator was covered with a 

thick black cloth to induce darkness in order to reduce chick activity and any potential 

disturbance. All measurements lasted for 1.5 to 3 hours, depending on how quickly we 

could obtain a relatively stable period of oxygen consumption rate for at least one hour. 

For details see Supplementary maerialss.  

 

Molecular sexing 

Our protocol of molecular sexing was the same as described previously (Goerlich et al., 

2009, 2010).  

 

Hormone extraction and assay 

We used radioimmunoassay to quantify the concentrations of testosterone (T), and two 

THs: triiodothyronine (T3) and thyroxine (T4), in the blood plasma of day 14 pigeon chicks.  

 

Testosterone (T) 

For T extraction and radioimmunoassay, we followed the same protocol as Goerlich et al. 

(2009) with slight adjustments according to the amount of plasma and the expected T 

levels (for details see Supplementary materials). T was measured using a commercial RIA 

kit (TESTO-CT2, Cisbio Bioassays, Codolet, France). Standards were prepared using dilution 

series from a pre-prepared stock and ranged from 0.08-20 ng/ml T. Recoveries were 

calculated by comparison to non-extracted 
3
H-labelled testosterone and averaged 83% 

(SD=4.8%). Because we did not have prior knowledge of pigeon plasma T levels at this age 

but we already have abundant and reliable data on T levels in egg yolks of pigeons, we 
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used ‘pools’ of extracted yolk with known concentrations instead of pools of plasma as 

external quality controls. The intra-assay CV for T was 2.99%. 

  

Thyroid hormones (T3 and T4) 

Total T3 and T4 levels in pigeon chick plasma were measured by standard radio-

immunoassay. This includes using antibodies (20-TR40 and 20TR-45) from Fitzgerald 

Industries International (US-Ireland) and a standard in hormone-free human serum (Byk-

Sangtec Diagnostica, Germany) (van der Geyten et al. 2001). [3’-
125

I]T3 and [3’,5’-
125

I]T4 

were prepared using the chloramine-T method according to Visser et al. (1977), using 
125

I 

from PerkinElmer (Zaventem, Belgium) and unlabelled 3,5-T2, 3,3’,5-T3 from Henning 

Berlin GmbH (Berlin, Germany). The T3 RIA had a detection limit of 2 fmol and an intra-

assay variability of 2.2%. The T4 RIA had a detection limit of 5 fmol and an intra-assay 

variability of 2.8%. For the T3 RIA cross-reactivity with T4 was 0.1–0.5%, whereas for the 

T4 RIA cross-reactivity with T3 was 3.5%. All samples were measured within a single assay. 

 

Statistical analysis 

All data were analysed with general and generalized linear mixed model by the package 

lme4 (Bates et al. 2014) in R 3.0.2 (R core team 2013). Alpha was set at 0.05 and P values 

of linear mixed models were derived from log-likelihood ratio tests (LRT). Model residuals 

and VIFs (Variance Inflation Factor, using the function vif.mer, HLP/Jaeger lab blog 2011) 

were all checked for assessing homogeneity, normality and model collinearity. All VIFs 

were less than 2 and no substantial multi-collinearity occurred. For all models, TH-

injection and laying order (representing different T levels) were included as fixed factors 

as they were the main interests of this study. Sex was also included as a fixed factor in 

most models, except for the models of embryo development and hatching success 

because we did not sex unhatched eggs. In all models, two interaction terms (TH-injection 

by sex and TH-injection by laying order) were tested, and only presented when P<0.05 or 

for the sake of comparison with other models. When significant interaction effects were 

found, post-hoc interaction contrasts were tested by R package phia (Holm-adjusted P 

values were presented, de Rosario-Martinez 2015). Egg mass is strongly associated with 

many traits of chicks (Krist 2011) and therefore was included as a covariate. Furthermore, 

the nest where eggs were laid and the nest where eggs were incubated, were considered 

as random factors in the models for the parameters before and around hatching (embryo 

development, hatching success, time to hatch, body mass and tarsus length at hatching). 

For the parameters measured at or after day 14, only the nest where chicks were hatched 
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was included as a random factor. In the model of RMR, we took natural log on both RMR 

data and chick body mass as metabolic rate has a well-established association with body 

mass (Nagy et al. 1999; Glazier 2008; Hudson et al. 2013). In this model, body mass was of 

course included as a covariate, and the nests where the eggs were laid and incubated 

were considered as random factors. Details on the statistical models that were not 

presented can be found in the supplementary materials. 

In some models strong correlations between model residuals and fitted values were 

detected, likely resulting from the shrinkage effects of mixed models. In these cases, 

parametric bootstrapping model comparisons with 1000 times simulation (package 

pbkrtest, Halekoh and Højsgaard 2014) were run to confirm whether the LRT P values 

were biased. In all such cases, LRT and parametric bootstrapping model comparisons gave 

very similar results, and LRT P values were therefore presented. 

In most variables, there was at least one outlier (see Supplementary materials and Fig. 

S6.2). These outliers did not always belong to the same individuals and the real cause was 

very difficult to identify. To avoid influential points that may have unbalanced effects, we 

therefore ran the statistical models twice: including and excluding the outliers, and report 

the results of both in the text.   

 

Results 

Hatching success and hatching time 

At incubation day 16, TH-eggs had a significantly higher proportion of developing embryos 

(C-eggs 63.75%, TH-eggs 77.5%, P=0.041). TH-eggs also had a significantly higher hatching 

success (C-eggs 52.5% and TH-eggs 71.25%, P=0.019, for model details see Table S6.1). As 

for hatching time, in the model where the outliers were removed, TH-injection did not 

have a significant overall effect, nor did egg laying order or the interaction between TH-

injection and egg laying order (P>0.14, for details see Table S6.2). When including the 

outliers, there was a significant interaction of treatment by laying order (P=0.046, Table 

S6.2, Fig. S6.3). Post-hoc interaction analysis indicated that TH-injection accelerated 

hatching only on B-eggs (second eggs of a clutch, Holm-adjusted P=0.020), but not on A-

eggs (first eggs of a clutch, Holm-adjusted P=0.952). Irrespective of whether the outliers 

were excluded or not, B-eggs  required on average about 0.8 days less to hatch than A-

eggs (P<0.001, Table S6.2, Fig. S6.3). 
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Chick body mass, tarsus length, and metabolic rate at hatching 

On the day of hatching, none of the predictors in the model (TH-injection, laying order, sex 

and their interactions) yielded significant effects on chick body mass or tarsus length, 

when the outliers were excluded (all P’s>0.1, Table S6.3). Including the outliers led to a 

significant but unexpected sex difference such that females had longer tarsi than males on 

the hatching day (P=0.017, Table S6.3). For RMR, in the model excluding the outliers, we 

found a significant interaction between TH-injection and chick sex (estimate±SE= 

-0.078±0.030, t=-2.587, P=0.009), suggesting that TH-injection raised RMR in female chicks 

but reduced it in male chicks (Fig. S6.4). This interaction was only approaching significance 

if the outliers were included (Table S6.3). The main effects of TH-injection, egg laying 

order and chick sex, were all non-significant, irrespective of whether the outliers were 

excluded or included. 

 

Plasma hormone levels at day 14 

Regardless of the inclusion or exclusion of the outliers, neither the in ovo TH-injection nor 

the egg laying order had significant effects on plasma T3 or T4 levels (P>0.2). However, in 

both cases there was a significant interaction between TH-injection and sex for plasma T4 

levels (P<0.01, Table S6.4), but not for plasma T3 levels (Fig. 6.1A). This indicates that TH-

females had higher plasma T4 than C-females (χ
2

1=8.021, Holm-adjusted P=0.009, Fig. 

      

Figure 6.1 Mean±SE of plasma T3 (A) and T4 (B) levels across sexes between in ovo TH-injection 

treatments at post-hatching day 14 (outliers excluded). In ovo TH-injection did not significantly 

influence chick plasma T3 levels (A) while it showed sex-specific effects plasma T4 (B). Filled 

circle: TH-chicks; open circle: C-chicks. (**, P<0.01; *, P <0.05; ·, P<0.1; ns, P>0.1). 
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6.1B), while TH-males tended to have lower plasma T4 than C-males (χ
2

1=3.331, Holm-

adjusted P=0.068, Fig. 6.1B), similar to the above-mentioned effect on metabolic rates. 

The interaction between TH-injection and egg laying order only showed a significant effect 

on plasma T3 levels when the outliers were removed (P=0.018, Table S6.4), suggesting 

that TH-injection reduced plasma T3 levels in chicks from A-eggs but increased it in chicks 

from B-eggs (Fig. S6.5). 

For plasma T, regardless of the inclusion or exclusion of the three outliers, the treatment 

of TH-injection did not show significant effects, nor its interaction by sex or by egg laying 

order (P>0.08, Table S6.4). However, only in the model where the outliers were excluded, 

the effect of laying order was significant, indicating chicks from B-eggs had significantly 

lower plasma T levels (estimate±SE=-0.024±0.01, t=-2.315, P=0.020).  

 

Chick body mass and tarsus length at day 14 and day 23 

At day 14 post-hatching, TH-injection significantly reduced chick body mass (P=0.028, 

Table 6.1, Fig. 6.2A), but not tarsus length (P=0.524, Table 6.1, Fig. 6.2B), when the outliers 

were removed from the model. In the same model, males also showed significant larger 

body mass (P=0.003) and longer tarsi (P=0.004), reflecting the sexual dimorphism in this 

species. In contrast, when the outliers were included, not only the effect of TH-injection 

Table 6.1 Linear mixed models of chick body mass and tarsus length at day 14. The nest where 

chicks were raised was considered as the random factor. 

 Estimates SE t P
 

Estimates SE t P 

Body mass 

at day 14 
(outliers included, N=66) (outliers included, N=62) 

TH injection
 

-4.925 5.566 -0.885 0.366 -10.078 4.592 -2.195 0.028 

Laying order 

(B-eggs) 
2.993 7.085 0.422 0.658 -4.087 5.149 -0.794 0.401 

Sex (male) 9.348 6.162 1.517 0.117 14.294 4.829 2.960 0.003 

Egg mass -0.426 3.083 -0.138 0.884 0.616 2.306 0.267 0.821 

Tarsus length 

at day 14 
(outliers included, N=66) (outliers included, N=63) 

TH injection
 

<0.000 0.263 0.000 >0.999 -0.149 0.249 -0.598 0.524 

Laying order 

(B-eggs) 
-0.101 0.430 -0.235 0.805 -0.357 0.305 -1.169 0.224 

Sex (male) 0.790 0.318 2.489 0.012 0.787 0.275 2.863 0.004 

Egg mass -0.030 0.172 -1.175 0.848 0.108 0.137 0.791 0.414 

P values were derived from log-likelihood ratio test. 
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became non-significant (P=0.366), but also the sex effect on body mass (P=0.117). The 

effect of egg laying order was not significant (P>0.2) no matter the outliers were included 

or not. 

In order to test whether any of the three plasma hormones sampled at this day predicted 

chick body mass and tarsus length, we added these data into the model. When all outliers 

were excluded, none of the three hormones significantly associated with chick body mass 

(P>0.27), but plasma T3 showed a negative association (estimate±SE=-0.717±0.194, t=-

3.689, P=0.001, Fig. S6.6) and T a positive association (estimate±SE=14.821±2.699, 

t=5.492, P<0.001, Fig. S6.6) with chick tarsus length. When the outliers were included, 

plasma T3 and T did not significantly predict chick tarsus length, nor did plasma T4 (P>0.1). 

Unexpectedly, in this model plasma T3 showed a positive association with chicks’ body 

mass (estimate±SE=11.572±4.991, t=2.319, P=0.02). 

At day 23 post-hatching, a couple of days before leaving the nest, TH-chicks were still 

significantly lighter than C-chicks (P=0.001, Fig. 6.3A, Table 6.2), but the tarsus length of 

TH-chicks was not significantly different from that of C-chicks (P= 0.340, Fig. 6.3B, Table 

6.2), when excluding the outliers. This result remained the same even when the outliers 

were included (P=0.016 and 0.692, respectively, Table 6.2). Interactions between TH-

injection and laying order and between TH-injection and sex were not significant (P>0.34). 

At this age, no matter the outliers were included or excluded, males were significantly 

larger than females, both in body mass (P=0.001) and tarsus length (P=0.004, Table 6.2). 

      

Figure 6.2 Mean±SE of body mass (A) and tarsus length (B) at post-hatching day 14 (outliers 

excluded). In ovo TH-injection significantly decreased chick body mass, irrespective of sex 

(P=0.028, N=62) but did not significantly influence tarsus length (P=0.524, N=63). Filled circle: 

TH-chicks; open circle: C-chicks. 
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At this age, when all outliers were excluded, the levels of the three plasma hormones 

sampled 10 days earlier still did not correlate with body mass, similar to what we found at 

day 14. Tarsus length at day 23, which showed a significant correlation with plasma T3 and 

T at day 14, still showed an almost significant correlation with plasma T3 concentrations 

(P=0.054) while the concentrations of plasma T4 and T did not correlated with tarsus 

length at this age (P=0.356 and 0.644, respectively). When all outliers were included, none 

of these plasma hormones showed any significant correlations with body mass and tarsus 

length (all P>0.12, data not shown).  

 

Survival 

Out of the 66 chicks, only 1 chick died before fledging. After fledging, 5 chicks died before 

the winter time. Among these 6 chicks, 4 were from TH-eggs and 2 from a C-egg. These 

mortality rate were not significantly different (Chi-square test with Yates’ continuity 

correction, χ
2

1=0.183, P=0.669). In our housing condition, there was no recorded death 

during the winter time. 

 

Table 6.2 Linear mixed models of chick body mass and tarsus length at day 23. The nest where 

chicks were raised was considered as the random factor. 

 Estimates SE t P
 

Estimates SE t P 

Body mass 

at day 23 
(outliers included, N=65

b
) (outliers included, N=62) 

TH injection
 

-10.157 4.152 -2.446 0.016 -11.270 3.333 -3.381 0.001 

Laying order 

(B-eggs) 
-4.929 6.027 -0.818 0.393 -8.557 5.011 -1.708 0.080 

Sex (male) 15.811 4.865 3.250 0.001 13.083 4.043 3.236 0.001 

Egg mass -0.492 2.519 -0.196 0.841 2.352 2.100 1.120 0.244 

Tarsus length 

at day 23 
(outliers included, N=65

a
) (outliers included, N=61) 

TH injection
 

-0.088 0.231 -0.381 0.692 -0.157 0.171 -0.917 0.340 

Laying order 

(B-eggs) 
-0.459 0.354 -1.297 0.180 -0.400 0.310 -1.289 0.188 

Sex (male) 1.011 0.276 3.666 <0.001 0.649 0.225 2.889 0.004 

Egg mass -0.046 0.145 -0.321 0.732 -0.041 0.122 -0.338 0.719 

P values were derived from log-likelihood ratio test. 
a
 N=65 because one chick died at day 20 and was thus removed. 
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Discussion 

This study, to our knowledge, is the first study (together with a complementary study on 

great tits: Ruuskanen et al. 2016) experimentally investigating the effects of prenatal 

exposure to maternal thyroid hormones within the physiological range on offspring 

development without potentially confounding effects by interfering with the mother. We 

found that TH-injection in ovo affected fitness relevant traits: enhancing hatching success, 

reducing chick body mass from the second week after hatching till around the time of 

fledging, and affecting metabolic rate and plasma TH concentration in a sex-specific way. 

Most of the key results did not change by the inclusion or exclusion of the few outliers in 

our results and thus are considered robust. In most other cases, the models including the 

few outliers resulted in inconsistent results, for example, the significant longer tarsi of 

females at hatching irrespective of treatment (see Results and Table S6.3), which 

contradicts the well-known sexual dimorphism in this species with males being larger 

(Johnston and Janiga 1995). Including the outliers also yielded in the inconsistency 

between the results on hormone concentrations and metabolic rate. Although all results 

are explicitly presented in this paper, for sake of conciseness and consistency our 

discussion is based on the results from the models without the few outliers as these seem 

to have in some cases a disturbing and unbalanced effect on the analyses. 

The increase in hatching success by the physiologically-relevant elevation of yolk TH levels 

is consistent with the essential role of THs in embryonic development (birds: McNabb et 

      

Figure 6.3 Mean±SE of body mass (A) and tarsus length (B) at post-hatching day 23 (outliers 

excluded). In ovo TH-injection significantly decreased chick body mass, irrespective of sex 

(P=0.001, N=62) but did not significantly influence tarsus length (P=0.340, N=61). Filled circle: 

TH-chicks; open circle: C-chicks. 
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al. 1998; fish: Brown et al. 2014). Our finding that the treatment increased the proportion 

of eggs with well-developed embryos two days before the expected hatching day suggests 

that higher prenatal TH exposure may help counteract some hurdles in embryonic 

development. A beneficial effect on the budget for energy utilization could be a possible 

explanation. Studies in commercial strains of turkeys showed that supplementation of 

iodine, a critical and perhaps limiting component of THs (Hsu et al. 2016), in the maternal 

diet increased egg hatchability (Christensen and Donaldson 1994; Christensen and Davis 

2001), and increased embryonic gluconeogenesis (Christensen and Donaldson, 1994). 

However, in Japanese quails, orally T4-dosed females laid eggs containing high yolk T3 and 

T4 levels but those eggs did not have higher hatching success than controls (Wilson and 

McNabb 1997). But in that study, the hens were made hyperthyroid (Wilson and McNabb 

1997). This might have deviated yolk TH levels from the normal physiological range and 

altered the physiological state in females, which may have affected other egg substances, 

too. 

Although TH-injection enhanced the proportion of well-developed embryos and hatching 

success, we did not find effects on body mass or tarsus length in the hatchlings. One 

possible explanation could be that elevated yolk THs have helped low-quality chicks, that 

should have failed to hatch otherwise, successfully emerge out of the eggs, which may 

have masked differences between the experimental and control groups. Alternatively, 

prenatal THs within the physiological range may function in a subtle way that only 

manifests itself in a later stage of development due to an organizational influence with 

lasting effects on metabolic or endocrine function. From our data, the latter seems 

plausible. First, we found that in ovo TH-injection resulted in a lower body mass at day 14 

as well as around the time of fledging. Second, we did not find a difference in survival 

between TH- and C-chicks.  

According to our results, modified T4 production by the chicks is probably not the direct 

cause of this lower body mass, because the effect of treatment on plasma T4 levels was 

sex-specific (Fig. 6.1), in contrast to the effect on body mass (Figure 6.2, 6.3). Due to the 

limited amount of blood plasma, we could not measure corticosterone and growth 

hormone levels. These hormones might mediate the effects of prenatal treatment given 

their demonstrated relationship with THs (McNabb et al. 1998; Cogburn et al. 2000; 

Brown et al. 2014). Our finding that only body mass was affected by the treatment and 

tarsus length was not (Fig. 6.2, 6.3) is consistent with the synergistic effect between 

growth hormone and T3 on the reduction of the deposition of body fat (Cogburn et al. 

2000). Also, given the role of THs on metabolism, the treatment could have elevated 

metabolic rate, resulting in higher energy expenditure at the cost of lower body mass. 

Intriguingly, when we removed the outliers, the metabolic rates of the nestlings were 
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affected by TH-injection in a sex-specific manner, consistent with the effect of plasma 

concentration of T4 at day 14. This seems to provide a link between metabolism and 

endogenous T4 production, but neither of them could support the sex-independent 

effects of TH-injection on chick body mass. In order not to disturb parental care, we did 

not measure metabolic rate at later ages when an effect on body mass became apparent. 

Therefore, the possible mechanisms underlying the sex-independent effects on body mass 

and the sex-specific effects on plasma T4 require further study. 

The lower body mass of chicks from TH-treated eggs could alternatively be a side-effect of 

the increased hatching success of the treatment by biasing chick quality. The higher levels 

of yolk THs might have helped the hatching process of low quality chicks that would not 

have hatched otherwise. However, if this is the case, we might expect also shorter tarsi or 

lower survival in TH-chicks, which we did not find. 

As mentioned above, we found some sex-specific effect of prenatal yolk THs. Intriguingly, 

albeit not significance, plasma T3 actually showed an opposite pattern from plasma T4, 

suggesting that early exposure to THs probably affect the sex-specific conversion by 

deiodinase from T4 to T3 (e.g. Chan et al. 2005), although the actual mechanism is still 

unclear.  

In conclusion, our data indicate that natural variation of concentrations of maternally-

derived THs in bird eggs can have clear and in some aspects sex-specific effects that are 

biologically relevant. The effect on embryo survival and hatching is clearly fitness 

enhancing whereas the negative effect on nestling body mass might be detrimental. This 

may pose a trade-off for the mother in how much thyroid hormone to allocate. Indeed, in 

an earlier study we found that T3 concentrations in the egg were higher in a poor food 

condition (Hsu et al. 2016). Poor food can lead to lower-quality eggs with less nutrients 

(e.g. Williams 1996; for our species: Hsu et al. 2016) and thus lower hatching success (Krist 

2011; Williams 2012), so that especially in that case mothers may prioritise to boost 

hatching success by elevated allocation of T3 at the cost of lower fledging weight since by 

that time the juvenile offspring is less vulnerable. Although our study was conducted on 

ad libitum food conditions, perhaps masking potential effects on survival and hampering 

the translation of the results to the field situation, the fact that chick body mass was still 

affected by the treatment around fledging does show that ad libitum food is not 

necessarily overruling biological relevant findings. Nevertheless, whether the adjustment 

of yolk THs deposition is an adaptive maternal effect preparing offspring for the upcoming 

environmental context can be tested by applying parental food restriction after the 

hatching of chicks and following up this study with manipulations in the field. Given the 
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potential effects of THs on energy utilization, underlying mechanisms and the ultimate 

fitness consequences all need further studies. 
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Supplementary Materials 

Supplementary methods 

Study species 

The Rock Pigeon (Columba livia livia) is an altricial species with a modal clutch size of 2. 

The second egg is laid about 44 hrs after the first (Levi 1998; Goerlich et al. 2010), 

resulting in asynchronous hatching of the two chicks with an interval of about 24 hrs 

(Johnston and Janiga 1995). Both parents take part in parental care, feeding the chicks 

during the first 7 days with crop milk (Johnston and Janiga 1995). Average fledging age is 

25 days, after which the parents gradually stop feeding, and the fledglings gradually 

become independent after ca. 40 days post-hatching. 

 

Preparation of thyroid hormone solution and in ovo injection 

We prepared a solution of T3 (3,3’,5-triiodo-L-thyronine, >95% HPLC, CAS number 6893-

02-3, Sigma-Aldrich) and T4 (L-thyroxine, ≥98% HPLC, CAS number 51-48-9, Sigma-Aldrich) 

mixture aiming to raise both T3 and T4 levels in pigeon egg yolks by ~2 standard deviation. 

According to our previous data (Fig. S6.1, Hsu et al. 2016), the mean±SD of total amount of 

T3 and T4 in pigeon egg yolks in our colony are 3.576±0.586 and 10.058±3.532 ng/yolk, 

respectively. Our hormone solution therefore contained 1.172 ng T3 and 7.064 ng T4 per 

50 µl. We first dissolved T3 and T4 separately in 0.1 M NaOH and subsequently serially 

diluted this with 0.9% NaCl to twice of the target concentration, after which we mixed T3 

and T4 solutions together. 0.9% NaCl was used as the control solution. The whole 

procedure was proceeded with 50 ml plastic tubes (TPP® 91050) in order to avoid THs 

being absorbed by glass containers. The pH values of the hormone solution and the 

control was the same. 

The hormone solution was then sieved through a cellulose acetate disposable filter unit 

with 0.2 µm pore diameter (FP30/0,2 CA-S, Whatman®) for sterilization and divided into 2 

ml Eppendorf tubes in a lamina flow hood. The tubes of hormone solution were then 

stored at -20 °C until use. The control saline was stored in a glass injection bottle in a 

fridge. One day before the injection, one or two tubes of the hormone solution were 

thawed overnight in a fridge. On the day of injection, the hormone solution was 

transferred to a 2 ml glass vial with rubber cap one to two hours prior to injection in the 

lamina flow hood. Then we put the hormone solution, the control solution along with the 

eggs together at the room temperature, allowing them all to reach similar temperature 

while injecting. The injection protocol was the same as for our previous in ovo 
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testosterone injection experiment (Müller 2013; Hsu et al. Chapter 3, this thesis). In brief, 

the eggs were put sideways for a couple of minutes before injection to let the yolk flow to 

the top of the egg. Disposable U-100 insulin syringes with 29G needles (Terumo® 

BS05M2913) were used to puncture the eggshell and inject the hormone solution or saline 

into the yolk.  

 

Indirect calorimetry 

We used a four-channel open flow system to measure the oxygen consumption rate of 

pigeon chicks within 24 hours after hatching. This device was the same as used by Eising et 

al. (2003) except we only used 4 channels instead of 8. As the thermoregulatory ability of 

pigeon chicks is not yet fully developed at hatching, we accommodated the measuring 

chambers with a modified incubator, in which the temperature was set at 37.5 °C, the 

same as the temperature at which they hatched. The volume of the measuring chamber 

was 0.4 l. Air flow was set at 12 l/h. To induce resting metabolic rate (RMR) the incubator 

was covered with a thick black cloth to induce darkness in order to reduce chick activity 

and any potential disturbance. All measurements lasted for 1.5-3 hours, depending on 

how quickly we could obtain a relatively stable period of oxygen consumption rate for at 

least one hour. All data for each metabolic chamber were separately stored by a 

computer. A computer program calculated the oxygen consumption based on the 

formulas in Hill (1972) to correct for volume changes that occur when the respiratory 

quotient is below 1, and to express oxygen consumption in standard temperature and 

pressure. 

Following Dietz et al. (2007), we fitted data for each chick with a continuous piecewise 

regression algorithm (NONLIN 2.5, shareware program, P.H. Sherrod, based on the 

nonlinear least-squares algorithm described in Dennis et al. 1981), in order to determine a 

stable period in which the average oxygen consumption rate was calculated and used as a 

representative value of each chick. The formula was 

𝑌 = 𝑎 + 𝑏1𝑋 − [𝑟(𝑏1 − 𝑏2) ln(1 + 𝑒(𝑋−𝑐) 𝑟⁄ )] 

where a is the intercept, b1 is the slope of the first part, b2 is the slope of the second part 

of the regression, c is the estimated breakpoint between the two phases, and r is a 

smoothness parameter set at 0.5 (Dietz et al., 2007). When either b1 or b2 was close to 0 

and the other was not, the stable phase is clearly indicated, and the estimated breakpoint 

marked the start (when b2 was close to 0) or the end (when b1 was close to 0) of the stable 

phase. When both slopes are very similar and close to 0 (in this case the algorithm gives a 

minus estimated breakpoint and an unreasonably large confidence interval), we treated 
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the whole measuring duration as one single stable period. In most cases this formula 

sufficiently fitted the data. Only in 2 cases, neither b1 nor b2 was close to 0. We then 

expanded the formula to three instead of two phases: 

𝑌 = 𝑎 + 𝑏1𝑋 − [𝑟(𝑏1 − 𝑏2) ln(1 + 𝑒(𝑋−𝑐1) 𝑟⁄ )] − [𝑟(𝑏2 − 𝑏3) ln(1 + 𝑒(𝑋−𝑐2) 𝑟⁄ )] 

where b1, b2, and b3 are the slopes of the three parts and c1 and c2 are the two estimated 

breakpoints between three phases. 

After determining the stable period, the measurements during the last 10 minutes for 

each chick were discarded because of potential disturbance by the researcher, and the 

rest data falling inside the stable period were averaged and the mean was used to 

represent the oxygen consumption rate of individual chick. 

 

Growth curve analysis 

We also analysed the growth curves of pigeon chicks in this study. The growth of pigeon 

chicks is sigmoidal, violating the assumption of using a repeated-measured linear mixed 

model. In order to avoid complex computational problems while fitting a non-linear 

mixed-effects model, we instead extracted the asymptotes and the inflection points from 

the growth curve in body mass and tarsus length for each individual chick and run general 

linear mixed models. The results of growth curve analysis were completely consistent with 

the results around fledging (day 23 after hatching). They were therefore not presented in 

the text but only in the supplementary results. 

The growth curves were fitted with logistic growth model:  

𝑓(𝑡) = 𝐴𝑠𝑦𝑚 (1 + 𝑒(𝑥𝑚𝑖𝑑−𝑡 𝑠𝑐𝑎𝑙⁄ ))⁄  

where t is the chick age; Asym and xmid represent the asymptote and the inflection point 

of the growth curve and scal represents the inverse of the growth rate constant (Tjørve 

and Tjørve 2010). R package nlme (Pinheiro et al. 2014) was used to fit individual data to 

the growth curve.  

 

Analysis of testosterone (T) 

For T extraction, we weighed ca. 150 mg of plasma (accuracy 1 mg) and added 150 µl 

MilliQ water as well as 20 µl of 
3
H-labelled testosterone to trace the recovery of extracted 

hormone during the extraction procedure. This solution was incubated overnight in a 

fridge and then extracted in 2 ml of diethylether/petroleumbenzin (DEE/PB, 70/30 v/v) by 
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vortexing for 60 seconds. Extracted samples were centrifuged at 2000 rpm (672 g) for 3 

minutes (4 °C) to separate the ether phase. The samples were snap-frozen and the 

ether/hormone phase decanted into a fresh 5 ml tube. The extraction procedure was 

repeated once with an additional 2 ml of DEE/PB, vortexed for 30 seconds. Next, the 

extracts were dried under nitrogen. Hormone extracts were rinsed in 2 ml of 70 % 

methanol to precipitate any lipids and stored overnight at -20 °C. Subsequently, the tubes 

were centrifuged at 2000 rpm (672 g) for 5 minutes (4 °C), decanted into a fresh 5 ml tube, 

re-dried under nitrogen and stored at -20 °C. 

Prior to the assay, extracts were dissolved in 90 µl of phosphate-buffered-saline with 

gelatin (PBSG). From this solution, 20 µl was mixed with scintillation cocktail (Ultima Gold, 

Perkin Elmer, Groningen, the Netherlands) and radioactivity counted on a liquid 

scintillation counter. Subsequently, 25 µl of each sample was used for T determination 

using a commercial RIA kit (TESTO-CT2, Cisbio Bioassays, Codolet, France). Standards were 

prepared using dilution series from a pre-prepared stock and ranged from 0.08-20 ng/ml 

T. Recoveries were calculated by comparison to non-extracted 
3
H-labelled testosterone 

and averaged 83 % (SD 4.8%). ‘Pools’ of yolk were used as external controls and intra-

assay CV for T was 2.99 %. 

 

Outliers 

In most variables, we spotted at least one outlier, which did not always belong to the 

same individuals. The real cause of the presence of these outliers is very difficult to 

identify, but outliers can sometime be too influential, biasing the results in an unreliable 

manner. For example, contradicting the well-known sexual dimorphism in this species 

with males being larger (Johnston and Janiga 1995), one of the females had the longest 

tarsus at hatching than all male and female chicks. Although this female was from a TH-

injected egg, including this data point only led to a significant sex difference such that 

females having longer tarsi at hatching, contradicting the known sex difference in this 

species, but did not suggest possible sex-specific effects of the TH-injection (P=0.436). This 

makes the results inconsistent. The data of plasma T levels also contained three large 

outliers, possibly due to active begging of the chicks at the time of blood sampling 

(Goodship and Buchanan 2006, 2007), but the real cause was unknown. The only common 

feature of the three outliers was that they were all from TH-chicks. Including these three 

data points thus biased the results towards detecting an effect of TH-injection. 

Unfortunately, in generalized linear mixed models, methods of detecting influential 

outliers like in GLMs are not satisfying because a proper way of estimating “leverage” is 
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not yet developed (Nieuwenhuis et al. 2012). We therefore decided to run the statistical 

models twice: including and excluding the outliers.  

For each variable, we applied the boundary of mean±2SD to determine which data points 

would be regarded as outliers (the dashed line in Fig. S6.2). As there are systematic 

differences between the two eggs of a clutch in the rock pigeons (e.g. egg size and yolk 

androgens levels, Hsu et al. 2016), for variables around hatching (time to hatch, body mass 

and tarsus length at hatching), we calculated the boundaries depending on the laying 

order. For metabolic rates on the day of hatching, the boundaries were calculated based 

on the distribution of mass-specific rate of oxygen consumption for each sex. For the 

variables from day 14 onwards, the boundaries were calculated sex-specifically because of 

the appearance of a clear sexual dimorphism. As for binomial data, like embryonic 

development and hatching success, the detection of outliers was not relevant. 

 

Supplementary results 

Growth curve analysis 

The asymptotes of body mass, according to the logistic growth model (see Supplementary 

methods), were consistent with the results of body mass at day 23, namely that TH-

injection significantly decreased the asymptotic body mass, but not tarsus length (body 

mass, P=0.031 or 0.035; tarsus length, P=0.755 or 0.724; Table S6.5), regardless of the 

inclusion or exclusion of the outliers. The inflection point (the midpoint of the growth 

curve) were also unaffected by TH-injection in either case (P>0.08, Table S6.5). 

Intriguingly, while removing the outliers, egg laying order showed a significant effect on 

the asymptotes of tarsus length, suggesting that the estimated asymptotic tarsus length 

for chicks from B-eggs was shorter than chicks from A-eggs (P=0.015, N=61, Table S6.5). 

Moreover, in addition to the expected sex difference on the asymptotic body mass and 

tarsus length, the inflection point of tarsus growth appeared slightly but significantly later 

in males when outliers were removed, suggesting that males reached the midpoint of 

tarsus growth at later ages than females (P=0.014, N=63). 
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Supplementary tables and figures 

 Table S6.1 Generalized linear mixed models of embryo development and hatching success (N=160). 

Binomial distribution and logit link function was specified. The nest where eggs were laid and the 

nest where eggs were incubated were considered as random factors. 

 

 

 

 

 

 

 

 

Table S6.2 Linear mixed models of time needed to hatch. The interaction between hormone 

injection and laying order was separately added and all statistics about the main effects were from 

the model leaving out the interaction term. 

 Estimates SE t P
 

Time to hatch     

(Outliers included, N=99)     

TH injection
 

-0.107 0.065 -1.640 0.096 

Laying order (B-eggs) -0.814 0.084 -9.742 <0.001 

Egg mass -0.026 0.039 -0.663 0.496 

Sex (male) 0.054 0.069 0.794 0.419 

TH injection × Laying order 
 

-0.253 0.128 -1.975 0.046 

(Outliers excluded, N=96)     

TH injection -0.080 0.055 -1.443 0.141 

Laying order (B-eggs) -0.863 0.069 -12.580 <0.001 

Egg mass 0.003 0.034 0.075 0.943 

Sex (male) -0.002 0.056 -0.027 0.990 

TH injection × Laying order  -0.110 0.115 -0.954 0.343 

P values were derived from log-likelihood ratio test.  

 Estimates SE z P
 

Embryo development     

TH injection
 

0.783 0.382 2.047 0.041 

Laying order (B-eggs) -0.079 0.423 -0.187 0.852 

Egg mass 0.144 0.174 0.829 0.407 

Hatching success     

TH injection
 

0.999 0.426 2.344 0.019 

Laying order (B-eggs) -0.180 0.435 -0.414 0.679 

Egg mass 0.095 0.189 0.503 0.615 
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Table S6.3 Linear mixed models of chick body mass, tarsus length, and RMR at hatching. The nest 

where eggs were laid and the nest where eggs were incubated were considered as random factors. 

In the model of RMR, both RMR and chick body mass were natural-log transformed. 

 Estimates SE t P
 

Estimates SE t P 

Body mass 

at hatching 
(Outliers included, N=99) (Outliers excluded, N=91) 

TH injection
 

0.169 0.097 1.735 0.091 0.148 0.098 1.506 0.147 

Laying order 

(B-eggs) 
0.106 0.112 0.939 0.341 0.019 0.103 0.189 0.845 

Egg mass 0.734 0.050 14.810 <0.001 0.610 0.054 11.227 <0.001 

Sex (male) -0.101 0.101 -1.002 0.305 -0.070 0.098 -0.718 0.461 

Tarsus length 

at hatching 
(Outliers included, N=99) (Outliers excluded, N=94) 

TH injection
 

-0.008 0.081 -0.095 0.917 -0.051 0.078 -0.656 0.498 

Laying order 

(B-eggs) 
0.069 0.093 0.746 0.463 0.027 0.091 0.297 0.778 

Egg mass 0.184 0.041 4.511 <0.001 0.151 0.038 3.934 <0.001 

Sex (male) -0.199 0.083 -2.401 0.017 -0.107 0.080 -1.331 0.174 

RMR 

at hatching 
(Outliers included, N=96) (Outliers excluded, N=90) 

TH injection
 

<0.001 0.016 0.008 0.992 0.003 0.015 0.161 0.871 

Laying order 

(B-eggs) 
0.001 0.018 0.080 0.927 -0.010 0.015 -0.715 0.461 

Body mass 0.466 0.114 4.076 <0.001 0.605 0.098 6.148 <0.001 

Sex (male) -0.007 0.016 -0.410 0.700 -0.005 0.015 -0.340 0.731 

TH injection × 

Sex 
-0.057 0.033 -1.695 0.086 -0.078 0.030 -2.587 0.009 

P values were derived from log-likelihood ratio test.  
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Table S6.4 Results of linear mixed models of plasma hormone levels (T3, T4, and testosterone) at 

day 14. The nest where chicks were raised was considered as the random factor. Interaction effects 

were separately added for testing and only reported when P<0.05 or for comparison purpose. All 

statistics about the main effects were from the model leaving out the interaction term. 

 Estimates SE t P
 

Estimates SE t P 

Plasma T3 (Outliers included, N=66) (Outliers excluded, N=62) 

TH injection
 

-0.041 0.153 -0.268 0.785 -0.090 0.125 -0.722 0.447 

Laying order 

(B-eggs) 
-0.169 0.182 -0.929 0.333 -0.171 0.151 -1.128 0.238 

Sex (male) 0.082 0.165 0.497 0.602 0.073 0.137 0.536 0.580 

Egg mass 0.022 0.081 0.277 0.753 0.041 0.067 0.622 0.508 

TH injection × 

Laying order 
0.462 0.311 1.485 0.130 0.568 0.243 2.336 0.018 

Plasma T4
 

(Outliers included, N=65
a
) (Outliers excluded, N=63) 

TH injection
 

0.498 0.678 0.735 0.445 0.567 0.686 0.827 0.397 

Laying order 

(B-eggs) 
0.358 1.053 0.340 0.722 0.770 0.884 0.872 0.362 

Sex (male) -0.180 0.812 -0.222 0.812 -0.426 0.771 -0.562 0.559 

Egg mass 0.450 0.429 1.048 0.276 0.310 0.380 0.816 0.393 

TH injection × 

Sex 
-5.105 1.447 -3.528 0.001 -4.229 1.431 -2.955 0.010 

Plasma T (Outliers included, N=66) (Outliers excluded, N=63) 

TH injection
 

0.058 0.035 1.678 0.085 -0.000 0.008 -0.005 0.996 

Laying order 

(B-eggs) 
0.022 0.036 0.611 0.524 -0.024 0.010 -2.315 0.020 

Sex (male) 0.015 0.035 0.417 0.661 0.014 0.009 1.575 0.105 

Egg mass 0.005 0.016 0.311 0.744 0.003 0.004 0.806 0.419 

P values were derived from log-likelihood ratio test. 
a
 One sample of T4 value was unavailable due to insufficient amount of plasma for RIA.  
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Table S6.5 Results of linear mixed models of the growth model parameters of chick body mass and 

tarsus length. The nest where chicks were raised was considered as the random factor.  

 Estimates SE t P
 

Estimates SE t P 

Asym of 

body mass 
(Outliers included, N=65

b
) (Outliers excluded, N=64) 

TH injection
 

-11.116 5.087 -2.185 0.031 -8.855 4.222 -2.097 0.035 

Laying order 

(B-eggs) 
-7.253 5.735 -1.265 0.188 -4.298 5.924 -0.726 0.447 

Sex (male) 15.813 5.362 2.949 0.003 13.635 4.848 2.813 0.005 

Egg mass -0.099 2.563 -0.039 0.975 0.290 2.483 0.117 0.895 

xmid of 

body mass 
(Outliers included, N=65

b
) (Outliers excluded, N=63) 

TH injection
 

-0.732 0.499 -1.468 0.137 -0.431 0.488 -0.885 0.366 

Laying order 

(B-eggs) 
-0.432 0.701 -0.616 0.518 -0.100 0.665 -0.150 0.873 

Sex (male) -0.032 0.578 -0.055 0.953 -0.314 0.557 -0.564 0.554 

Egg mass -0.345 0.296 -1.167 0.226 -0.256 0.286 -0.894 0.355 

Asym of 

tarsus length 
(Outliers included, N=65

a
) (Outliers excluded, N=61) 

TH injection
 

-0.071 0.237 -0.302 0.755 -0.063 0.188 -0.336 0.724 

Laying order 

(B-eggs) 
-0.474 0.296 -1.599 0.100 -0.590 0.244 -2.415 0.015 

Sex (male) 1.121 0.262 4.279 <0.001 0.939 0.213 4.419 <0.001 

Egg mass 0.013 0.129 0.098 0.925 0.066 0.107 0.614 0.514 

xmid of 

tarsus length 
(Outliers included, N=65

b
) (Outliers excluded, N=63) 

TH injection
 

0.036 0.111 0.324 0.738 0.158 0.092 1.715 0.081 

Laying order 

(B-eggs) 
-0.175 0.152 -1.153 0.231 -0.067 0.113 -0.596 0.535 

Sex (male) 0.203 0.128 1.591 0.102 0.247 0.102 2.427 0.014 

Egg mass -0.043 0.065 -0.663 0.496 -0.010 0.050 -0.210 0.827 

P values were derived from log-likelihood ratio test. Asym: asymptotes estimated from the logistic 

growth model; xmid: the inflection point estimated from the logistic growth model. 
a
 N=65 because one chick died at day 20 and was thus removed.  
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Figure S6.1 Previous data of the total content of yolk T3 (A) and T4 (B) in pigeon eggs, re-drawn from 

Hsu et al. 2016. Eggs from the same nest was linked. No significant difference of yolk T3 and T4 

across laying order was found (GLMM, P>0.09, Hsu et al. 2016). Therefore we pooled data to 

calculate mean and standard deviation, which was 3.576±0.586 ng/yolk for T3 and 10.058±3.532 

ng/yolk for T4.  
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Figure S6.2 (A-D) Scatter plots of measured variables around hatching. (A) Time to hatch. (B) Body 

mass at hatching. (C) Tarsus length at hatching. (D) Oxygen consumption rate on the hatching day. 

The horizontal axis simply presents data indices. The dashed lines indicate the boundary of 

mean±2SD. The points that fall outside the dashed lines are considered potential outliers.   
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Figure S6.2 (E-G) Scatter plots of measured plasma hormone levels at day 14 after hatching. (E) 

Plasma triiodothyronine (T3) levels. (F) Plasma thyroxine (T4) levels. (G) Plasma testosterone (T) 

levels. The horizontal axis simply presents data indices. The dashed lines indicate the boundary of 

mean±2SD. The points that fall outside the dashed lines are considered potential outliers.   
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Figure S6.2 (H-K) Scatter plots of biometric data at day 14 and 23. (H) Body mass at day 14. (I) Tarsus 

length at day 14. (J) Body mass at day 23. (K) Tarsus length at day 23. The dashed lines indicate the 

boundary of mean±2SD. The points that fall outside the dashed lines are considered potential 

outliers.   
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Figure S6.2 (L-O) Scatter plots of estimated parameters from the growth curves. (L) Asymptotic body 

mass. (M) Age of the midpoint (xmid) of the body mass growth curve. (N) Asymptotic tarsus length. 

(O) Age of the midpoint (xmid) of the tarsus length growth curve. The horizontal axis simply presents 

data indices. The dashed lines indicate the boundary of mean±2SD. The points that fall outside the 

dashed lines are considered potential outliers.   
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Figure S6.3 Mean±SE for time needed to hatch in pigeon eggs (A: outliers excluded; B: outliers 

included). When the outliers were excluded (A), there was no significant interaction effect between 

yolk thyroid hormones injection and egg laying order (P=0.343). However, while the outliers were 

included (B), the interaction became significant (P=0.046), suggesting that thyroid hormones 

injection accelerated hatching in the second eggs (post-hoc interaction analysis, Holm-adjusted 

P=0.020) but not in the first eggs (P=0.952) Filled circles: TH-eggs; open circles: C-eggs. (*, P<0.05; 

ns, P>0.1).  
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Figure S6.4 Mean±SE for resting metabolic rates (RMR) of pigeon chicks on the day of hatching. 

When the outliers were excluded (A), the interaction between yolk thyroid hormones injection and 

chick sex was significant (P=0.009, Table S6.3), suggesting TH-injection influenced chick RMR 

towards opposite directions in different sexes. The post-hoc interaction analysis suggested that the 

difference of RMR within each sex did not reach statistical significance (Holm-adjusted P=0.09 for 

either sex). Nevertheless, across sexes, the contrasts of difference between treatments were 

significant (Holm-adjusted P=0.01), suggesting that TH-injection increased RMR in female chicks but 

decreased it in males. When the outliers were included (B), the interaction only approached 

significance (P=0.086, Table S6.3). Filled circles: TH-chicks; open circles: C-chicks. 
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Figure S6.5 Mean±SE for chick plasma T3 (A) and T4 (B) levels at post-hatching day 14 across egg 

laying order (outliers excluded). When the outliers were excluded, the interaction between TH- 

injection and laying order showed a significant effect on plasma T3 (P=0.018, Table S6.4) but not on 

plasma T4. The post-hoc interaction analysis showed although within each laying order, the 

difference of plasma T3 between treatments did not reach statistical significance, the contrasts of 

difference across laying orders were significant (Holm-adjusted P=0.02), suggesting that TH-injection 

reduced plasma T3 in chicks hatched from the first eggs of a clutch while increased it in chicks 

hatched from the second eggs of a clutch. Such a significant contrast was not observed in plasma T4. 

Filled circles: TH-chicks; open circles: C-chicks. (*, P <0.05; ·, P<0.1; ns, P >0.1).  
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Figure S6.6 When the outliers were removed, chick plasma T3 levels at day 14 negatively correlated 

with chick tarsus length on the same day (A, P=0.001), while plasma T levels positively correlated 

with chick tarsus length (B, P<0.001). Model residuals were extracted from the model leaving out T3 

or T, respecitvely. The regression lines depict the linear predictive curve and the shaded areas 

represent 95% confidence intervals. 




