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Manipulation of prenatal thyroid hormones does not affect growth or physiology in 1 

nestling pied flycatchers  2 
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What is already known  17 

Maternal hormones are a means for mothers to adapt their offspring to expected 18 

environmental conditions. Thyroid hormones are key metabolic hormones in vertebrates, 19 

involved in embryonic development, growth, thermoregulation and reproduction but hardly 20 

studied as maternal effects. Studies on maternal THs have so far given contrasting results that 21 

could be attributed to species or context differences. 22 

What this study adds 23 

We found that elevated yolk thyroid hormones did not affect growth, contradicting results 24 

from a previous study in a closely related species. This suggests that maternal THs may have 25 

context-dependent effects. 26 
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Abstract 27 

Hormones transferred from mothers to their offspring are thought to be a tool for 28 

mothers to prepare their progeny for expected environmental conditions, thus increasing 29 

fitness. Thyroid hormones (THs) are crucial across vertebrates for embryonic and postnatal 30 

development and metabolism. Yet, yolk THs have mostly been ignored in the context of 31 

hormone-mediated maternal effects. In addition, the few studies on maternal THs have 32 

yielded contrasting results that could either be attributed to species or to environmental 33 

differences. In this study, we experimentally elevated yolk THs (within the natural range) in a 34 

wild population of a migratory passerine, the European pied flycatcher Ficedula hypoleuca, 35 

and assessed their effects on hatching success, nestling survival, growth and oxidative status 36 

(lipid peroxidation, antioxidant enzyme activity and oxidative balance). We also sought to 37 

compare our results with those on a closely related species, the collared flycatcher Ficedula 38 

albicolis that has strong ecological and life-history similarities with our species. We found no 39 

effects of yolk THs on any of the responses measured. We could only detect a weak trend on 40 

growth: elevated yolk THs tended to increase growth during the second week post hatching.  41 

Our results contradict the findings of previous studies including those in the collared 42 

flycatcher. However, differences in fledging success and nestling growth between both species 43 

in the same year suggest a context-dependent influence of the treatment. This study should 44 

stimulate more research on maternal effects mediated by thyroid hormones, and their potential 45 

context-dependent effects.  46 
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Introduction 47 

Maternal effects are all the non-genetic influences of a mother on her offspring and 48 

receive increasing attention in evolutionary and behavioral ecology (Moore et al. 2019; Yin et 49 

al. 2019). Via maternal effects, mothers may influence the fitness of their progeny by adapting 50 

their phenotype to expected environmental conditions (Mousseau and Fox 1998; “adaptive 51 

maternal effects” in Marshall and Uller 2007), and a recent meta-analysis found strong 52 

support for adaptive effects (Yin et al. 2019). Maternal effects are observed in plants, 53 

invertebrates and vertebrates, and can have many possible mediators (Danchin et al. 2011; 54 

Kuijper and Johnstone 2018). One intriguing pathway is via the hormones transmitted from 55 

the mother to her progeny. These hormone-mediated maternal effects have been found to 56 

profoundly influence offspring phenotype in many different taxa (e.g. in mammals, Dantzer et 57 

al. 2013; birds, von Engelhardt and Groothuis 2011; reptiles, Uller et al. 2007 and 58 

invertebrates, Schwander et al. 2008). Most studies in the field of hormone-mediated maternal 59 

effects have focused on steroid hormones, such as glucocorticoids and androgens (Groothuis 60 

and Schwabl 2008; von Engelhardt and Groothuis 2011). However, mothers transfer other 61 

hormones to their embryo (Williams and Groothuis 2015), including thyroid hormones 62 

(Ruuskanen and Hsu 2018).  63 

Thyroid hormones (THs) are metabolic hormones produced by the thyroid gland and 64 

are present in two main forms: thyroxine (T4) and triiodothyronine (T3). T3 has a greater 65 

affinity with thyroid hormone receptors and is therefore responsible for most of the receptor-66 

mediated effects. T4, on the other hand, is mostly a precursor of T3, although it may carry non-67 

genomic effects (i.e. independent of  TH receptors) (Davis et al. 2016). Thyroid hormones 68 

have pleiotropic effects that serve several biologically important functions across vertebrates 69 

(Ruuskanen and Hsu 2018), and have been studied previously to some extent in various taxa 70 

(e.g. in birds, Wilson and McNabb 1997; fish, Brown et al. 1988 and amphibians, Duarte-71 
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Guterman et al. 2010). In early-life, they participate in the maturation of multiple tissues (e.g. 72 

birds, McNabb and Darras 2015; mammals, Pascual and Aranda 2013), and interact with 73 

growth hormones to increase growth (e.g. structural growth: Wilson and McNabb 1997; 74 

McNabb and Darras 2015). THs also regulate metabolism, and, during adult life, are necessary 75 

for normal reproductive functions (e.g. birds, McNabb and Darras 2015; mammals, Norris 76 

and Carr 2013). In wild bird species, plasma THs correlate positively with metabolic rate 77 

(Elliott et al. 2013; Welcker et al. 2013), and studies on mammalian model species found 78 

mechanistic evidence on the influence of THs on metabolism (Mullur et al. 2014). THs can 79 

alter the concentration of sodium and potassium in the cells (Haber and Loeb 1986; Ismail-80 

Beigi et al. 1986), hence requiring ATP consumption to restore a normal gradient, which in 81 

turn stimulate metabolism (Mullur et al. 2014).  82 

THs could further influence cell oxidative status, a biomarker that may underlie life-83 

history trade-offs and ageing (Metcalfe and Alonso-Alvarez 2010) via multiple pathways. 84 

Oxidative stress occurs when the reactive oxygen species (ROS) production exceeds the 85 

capacity of antioxidant defenses (Monaghan et al. 2009). It results in oxidative damage on, for 86 

example, DNA, lipids and proteins (Monaghan et al. 2009). As previous studies have shown 87 

that accelerated growth could increase oxidative stress (e.g. Alonso-Alvarez et al. 2007; Stier 88 

et al. 2014), the stimulating effects of THs on growth and metabolism likely contribute to the 89 

production of ROS, hence increase oxidative stress (Asayama et al. 1987; Villanueva et al. 90 

2013).  91 

Studies on the effect of maternal thyroid hormones on offspring development in wild 92 

animals are scarce. In humans and rats, hypothyroid condition of the mother impairs brain 93 

development and cognition in her children (Moog et al. 2017). A potential problem here is that 94 

in mammalian species, maternal thyroid variation or manipulation inevitably influences other 95 

aspects of maternal physiology, which confounds the direct effects on the offspring. 96 
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Oviparous species, such as birds, are therefore suitable models for studying the role of 97 

maternal hormones on the progeny because embryos develop in eggs outside the mother’s 98 

body and maternally-derived hormones are deposited in egg yolks (Prati et al. 1992; Schwabl 99 

1993). This allows the measurement and experimental manipulation of maternal hormone 100 

transfer to be independent of maternal physiology. Together with their relatively well-known 101 

ecology and evolution, birds have become the most extensively studied taxa in research on the 102 

function of maternal hormones (Groothuis et al. 2019). 103 

Maternal thyroid hormones have long been detected in egg yolks of chicken (Hilfer 104 

and Searls 1980; Prati et al. 1992) and Japanese quail (Wilson and McNabb 1997). To date, 105 

only three studies have investigated the effects of physiological variation in yolk THs on 106 

offspring development (great tits, Parus major, Ruuskanen et al. 2016; rock pigeons, 107 

Columba livia, Hsu et al. 2017; collared flycatchers, Ficedula albicollis, Hsu et al. 2019). 108 

These studies revealed potential biological relevance and fitness consequences but also some 109 

discrepancies on the role of yolk THs. For example, yolk THs improved hatching success in 110 

rock pigeons (Hsu et al. 2017) and in collared flycatchers (Hsu et al. 2019) but had no effect 111 

in great tits (Ruuskanen et al. 2016). Moreover, TH injection in great tit eggs increased 112 

offspring growth in males but decreased it in females (Ruuskanen et al. 2016). Conversely, 113 

yolk THs decreased growth during the second half of the nestling phase in rock pigeons (Hsu 114 

et al. 2017), whereas they increased early growth, but decreased later postnatal growth in 115 

collared flycatchers (Hsu et al. 2019). Finally, great tits showed no response to elevated yolk 116 

THs in resting metabolic rate (RMR) (Ruuskanen et al. 2016), whereas RMR was increased in 117 

females but decreased in males rock pigeon hatchlings (Hsu et al. 2017). These studies 118 

suggest that yolk THs may exert costs and benefits on the offspring in a species-specific 119 

manner. Another non-mutually exclusive hypothesis is that yolk THs may have context-120 

dependent effects if the costs and benefits of THs differ across environments. For example, if 121 



 

6 

 

prenatal THs increase RMR (as suggested by Hsu et al. 2017), the elevated RMR may lead to 122 

increased growth in benign conditions, but decreased growth when resource availability is 123 

poor (Auer et al. 2015). Therefore, further studies on other species and contexts are needed to 124 

understand these contradicting findings. 125 

Moreover, the study on collared flycatchers is the only one so far that investigated the 126 

association between yolk THs and oxidative stress in offspring (Hsu et al. 2019). This study 127 

surprisingly showed no adverse effect of yolk THs on whole blood oxidative damage or 128 

oxidative balance, despite the early growth-enhancing effects in the same study (Hsu et al. 129 

2019). This absence of influence on oxidative stress contradicts the general knowledge of 130 

THs, with hyperthyroid tissues exhibiting higher oxidative damage in mammals (liver and 131 

heart, Venditti et al. 1997; brain, Adamo et al. 1989), calling for additional studies to confirm 132 

or contradict these findings.  133 

To explore the origin of the discrepancies between previous studies (i.e. species- or 134 

context-dependency), we conducted a similar experiment as Hsu et al. (2019) in a closely 135 

related species with a similar ecological niche, the pied flycatchers (Ficedula hypoleuca). 136 

Pied and collared flycatchers are sister species that have very similar life-histories, 137 

reproductive ecology and morphology, and can also hybridize (Lundberg and Alatalo 1992). 138 

Importantly, the similarity between the two species offers us an opportunity to explore the 139 

potential role of the environment in modulating the effect of maternal hormones, which may 140 

contribute to explain the discrepancies of TH-related effects in the previous studies. To this 141 

end, we manipulated the concentrations of yolk THs in a wild population of pied flycatchers 142 

by injecting a combination of T4 and T3 in their eggs. We ensured that the treatment was 143 

within the physiological range. As proxies of environmental quality, we also collected data on 144 

temperature, precipitation, and fledging success of pied flycatchers. These data were then 145 

compared with those collected previously for collared flycatchers (Hsu et al 2019). If the 146 
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environmental contexts were similar between the two studies, we would expect to observe 147 

similar effects of elevated yolk THs, namely enhanced embryo development, hatching 148 

success, body mass and structural growth. By contrast, if the environmental context and the 149 

effects of elevated yolk THs differed between the studies, it would lend some support for the 150 

potential of context-dependent modulation. Finally, elevated yolk THs may result in higher 151 

oxidative stress (a general trend from the literature, e.g. Villanueva et al. 2013) either directly 152 

via the stimulating effects of THs on metabolism or indirectly via increased growth, or show 153 

no association with oxidative stress at all (as suggested by Hsu et al. 2019). 154 

Material and Methods 155 

 Study site and study species 156 

The experiment was conducted during the spring 2017 in Turku, South-West of 157 

Finland (60°26’N, 22°10'E). The study species is the pied flycatcher, a small (ca. 15 g) 158 

migratory passerine that breeds in Finland from May to July. Pied flycatchers are secondary 159 

cavity nesters that also breed in artificial nest boxes. At this latitude, females generally lay a 160 

single clutch of 5 to 8 eggs. 161 

 Nest monitoring and experimental design 162 

Yolk thyroid hormone concentrations were elevated via injections into unincubated 163 

eggs using a between-clutch design (i.e. all eggs of the same clutch received the same 164 

injection). In total, 29 clutches (170 eggs) received a thyroid hormone injection (hereafter TH-165 

treatment), and 28 clutches (169 eggs) received a control injection (hereafter CO-treatment). 166 

In two nests, one in each treatment, none of the eggs hatched due to desertion before 167 

incubation. These two clutches were therefore removed from the analysis. The final sample 168 

size is 28 TH-nests (166 eggs) and 27 CO-nests (164 eggs). 169 
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Nest boxes were monitored twice a week during nest construction until egg laying. On 170 

the morning when the fifth or sixth egg was laid, all eggs were temporarily removed from the 171 

nest for injection, replaced with dummy eggs and returned after injection. Nests were then 172 

visited every following morning to inject freshly laid eggs until clutch completion, marked by 173 

the absence of freshly laid eggs and females incubating their eggs. Females generally start 174 

incubating their eggs after the last egg has been laid. 175 

The clutches were randomly assigned to one of the treatments. In addition, treatments 176 

were alternated across clutches to balance the order of treatments within a day. Similarly, we 177 

also balanced the treatments across the laying period. There was no difference in the average 178 

(± SD) laying date (TH = 27.00 ± 2.64 vs. CO = 27.19 ± 2.65, 1 = 1st of May, Wilcoxon 179 

unpaired test, W = 402.5, p = 0.68), nor in the average (± SD) clutch size (TH = 5.93 ± 0.81 180 

eggs vs. CO = 6.07 ± 0.78 eggs, Wilcoxon unpaired test, W = 439.5, p = 0.26).  181 

 Preparation of the solution and injection procedure 182 

The thyroid hormone solution (TH solution) was composed of a mix of T4 (L-183 

thyroxine, ≥ 98% HPCL, CAS number 51-48-9, Sigma-Aldrich) and T3 (3,3’,5-triiodo-L-184 

thyronine, >95% HPCL, CAS number 6893-02-3, Sigma-Aldrich), first dissolved in 0.1M 185 

NaOH and then diluted in 0.9% NaCl. The concentration of each hormone was based on 186 

hormone measurements in 15 pied flycatcher eggs, from 15 clutches, collected during the 187 

spring 2016 in Turku. The average hormone contents of these eggs were the following: T4 = 188 

2.307 ng/yolk (SD = 0.654) and T3 = 0.740 ng/yolk (SD = 0.238).  We injected twice the 189 

standard deviation of each hormone (1.308 ng/yolk of T4 and 0.477 ng/yolk of T3), a standard 190 

and recommended procedure for hormone manipulation within the natural range (Ruuskanen 191 

et al. 2016; Hsu et al. 2017; Podmokła et al. 2018). The control solution (CO) was a saline 192 

solution (0.9% NaCl). 193 

Before the injection, the shell was disinfected with a cotton pad dipped in 70% 194 
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alcohol. The injection procedure consisted of four steps. First, a disposable and sterile 25G 195 

needle (BD Microlance ™) was used to pierce the shell. To locate the yolk, the egg was lit by 196 

a small torch from underneath. Second, the injection of 5µl was performed with a Hamilton® 197 

syringe (25 µl, Hamilton Company) directly into the yolk. Third, the hole in the shell was 198 

sealed with a veterinary tissue adhesive (3M Vetbond ™) and the eggs were marked with a 199 

permanent marker (Stabilo OHPen universal). Finally, all eggs of a clutch were returned to the 200 

nest at the same time, and the dummy eggs removed. 201 

 Nestling growth monitoring and blood sampling 202 

Nests were checked daily for hatching two days before the expected hatching date. 203 

The date of hatching for a particular nest was recorded as the day the first hatchlings were 204 

observed (day 0). Two days after hatching, nestlings were coded by clipping down feathers to 205 

identify them individually. Nestlings were ringed at day 7 after hatching. Body mass (0.01 g) 206 

was recorded at day 2, 7 and 12 after hatching. Tarsus (0.1 mm) and wing length (1 mm) were 207 

recorded at day 7 and 12. At day 12, blood samples from all nestlings were also collected (ca. 208 

40 µl) from the brachial vein in heparinized capillaries and directly frozen in liquid nitrogen 209 

for analyses of oxidative stress biomarker and molecular sexing. All nestlings from the same 210 

nest were sampled within 20 min. Samples were stored at -80°C until analyses. Finally, 211 

fledging was monitored from day 14 after hatching. Fledging date was recorded when all the 212 

nestlings had fledged from the nest, and fledging success (fledged/not) was scored for each 213 

hatchling.  214 

Finally, we collected data on temperature (hourly averages) and precipitation from the 215 

European Climate Assessment & Dataset (ECA&D, Klein Tank et al. 2002), and calculated 216 

the daily averages and length of periods of continuous rain, a key factor affecting mortality in 217 

flycatchers (Siikamäki 1996; Eeva et al. 2002). Temperature data (hourly averages) were 218 

extracted from a station located approximately 3 km away from our field site. To compare 219 
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environmental conditions between the collared flycatcher study by Hsu et al. (2019) and our 220 

study, we also collected similar data for the study period from a field station close to the 221 

collared flycatcher population (See Figs. A1 and A2 and Table A3, available online). In 222 

addition, we used overall fledging success as a proxy for environmental quality. In both 223 

populations, nest predation and adult mortality rates are low and are not main determinants of 224 

fledging success (Doligez and Clobert 2003; B. Doligez pers. comm.; S. Ruuskanen pers. 225 

comm). Thus, fledging success may be a good indicator of environmental conditions during 226 

the nestling phase. The data in Hsu et al. (2019) and in our experiment were collected on the 227 

same year (2017), and both nest-box populations were located in mixed forest habitats. 228 

 Sexing method  229 

DNA extraction procedure from the blood cells followed Aljanabi and Martinez 230 

(1997), using approximately 5 µl of whole-blood samples. The method of sexing followed 231 

that described by Ruuskanen and Laaksonen (2010) with minor changes on the PCR 232 

condition: 5 µl QIAGEN multiplex PCR kit + 0.1 µl of each primer (20 µM) + 1.8 µl H2O + 233 

3 µl DNA, yielding 10µl for the final PCR volume. The initial denaturation was at 95 °C for 234 

15 min, followed by 35 cycles of 95 °C for 30 s, 55 °C for 90 s, and 72 °C for 60 s. The 235 

samples were then held at 72 °C for 10 min and 20 °C for 5 mins. PCR products were 236 

analyzed with 3% agarose gel under 100 V for 90 min. 237 

 Oxidative stress analysis methods 238 

Samples from two individuals per clutch were analyzed. Whenever possible, one male 239 

and one female were chosen of approximately the same body mass since body mass is known 240 

to covary with oxidative status (Rainio et al. 2015). The average difference in mean body 241 

mass between the chicks selected for oxidative stress analysis within each clutch  is -0.01 g 242 

(SD = 0.43; range = -1.80–0.77 g). If samples from both sexes were not available for a clutch, 243 
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then two individuals of the same sex were selected. In total, 103 nestlings were included in 244 

the analysis (TH, N = 27 nests and 50 nestlings; CO, N = 27 nests and 53 nestlings). 245 

 Three biomarkers of oxidative status were measured: the activity of the antioxidant 246 

enzyme glutathione S-transferases (GSTs), the ratio of reduced and oxidized glutathione 247 

(GSH:GSSG ratio) and lipid peroxidation (using malonaldehyde, MDA, as a proxy) (Sheenan 248 

et al. 2001; Halliwell and Gutteridge 2015). GST enzymes catalyze the conjugation of toxic 249 

metabolites to glutathione (Sheenan et al. 2001; Halliwell and Gutteridge 2015). In normal 250 

cells, GST activity is expected to be lower than in damaged cells (Rainio et al., 2013). The 251 

GSH:GSSG ratio represents the overall oxidative state of cells, and a low ratio reveals 252 

oxidative stress (e.g. Rainio et al. 2013; Halliwell and Gutteridge 2015; Rainio et al. 2015). 253 

Lipid peroxidation is commonly measured with the thiobarbituric acid test (TBARS, Alonso-254 

Alvarez et al. 2008; Halliwell and Gutteridge 2015). This test relies on the ability of 255 

polyunsaturated fatty acids contained in cell membranes to readily react with oxygen radicals 256 

by donating a hydrogen atom. The fatty acid radical is unstable, and a chain of reactions 257 

occurs. Malonaldehyde is an end product of this reaction (Marnett 1999) and thus used as a 258 

measure of lipid peroxidation. 259 

Whole blood was first thawed and then diluted in 0.9% NaCl to achieve protein 260 

concentrations ranging 4–13 mg/ml. Overall protein concentration (mg/ml) was measured 261 

using BCA protein assay (Thermo Scientific) with a BSA standard (bovine serum albumin, 262 

Sigma). The methodology for measuring GST and GSH:GSSG ratio followed Rainio et al. 263 

(2015). The marker of lipid peroxidation, MDA, was analyzed using a 384-plate modification 264 

of TBARS-assay described by Espín et al. (2017). All biomarkers enzyme activities were 265 

measured in triplicate (intra-assay coefficient of variability [CV] <10% in all cases). 266 

 Statistical analysis 267 

Data were analyzed with the software R version 3.5.3 (R Core Team 2019). General 268 
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and generalized linear mixed models (LMMs and GLMMs, respectively) were performed 269 

using the R package lme4 (Bates et al. 2015). All mixed models included nest as a random 270 

intercept. P-values in LMMs were obtained by model comparison using Kenward-Roger 271 

approximation from the package pbkrtest (Halekoh and Højsgaard 2014). The significance of 272 

the predictors in GLMMs was determined by parametric bootstrapping with 1,000 simulations 273 

using the package pbkrtest. Model residuals were checked for normality and homogeneity by 274 

visual inspection. Significant interactions were further analyzed by post-hoc comparison with 275 

the package phia (de Rosario-Martinez 2015). Estimated marginal means and standard errors 276 

(EMMs ± SE) were derived from models using the package emmeans (Lenth 2019). 277 

To analyze hatching success, a dummy code was given to each egg: 0 for unhatched 278 

egg and 1 for hatched egg. A GLMM was performed with a binomial error distribution (logit 279 

link). Treatment was included as the predictor and two covariates were included: the average 280 

temperature over the egg laying period and clutch size. Fledging success was coded similarly: 281 

0 for dead and 1 for fledged nestling. A similar GLMM was fitted, with treatment as a 282 

predictor and the average temperature over the nestling period and brood size at day 2 as 283 

covariates. 284 

Duration of the embryonic period and duration of the nestling phase were fitted in 285 

separate linear models with treatment as the fixed effect, and the average ambient temperature 286 

over these two phases as covariates to control for potential temperature-related effects (Olson 287 

et al. 2006; Salaberria et al. 2014). Laying date and brood size were added as additional 288 

covariates for nestling phase duration as they both may influence nestling growth and thereby 289 

nestling phase duration (Williams 2012).  290 

Early body mass (i.e. at day 2 after hatching) was analyzed separately from growth 291 

during the second week post-hatching (i.e. from day 7 to day 12) for two reasons. First, 292 

variation in the former may represent better the influence of maternal THs on prenatal 293 
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development, while the variation in the latter also reflects the influence during the postnatal 294 

stage when the yolk that contain the hormones is totally consumed. Second, including the 295 

three time points in a single model created a non-linear growth curve, hampering proper 296 

statistical analyses. The model to analyze early body mass included laying date and mean 297 

temperature between hatching and day 2 as covariates. To analyze growth between day 7 and 298 

12, we used the scaled mass index  by Peig and Green (2009), a recommended method to 299 

estimate changes in body condition. The SMI was calculated as follows: 300 

SMI𝑖 = 𝑀𝑖  × (𝐿0 𝐿𝑖)𝑏⁄  301 

where Mi and Li are body mass and tarsus length of the individual i, respectively. L0 is 302 

the mean value of tarsus length for the whole population (L0 = 17.0 mm, N = 228), and b is 303 

the slope estimate of a regression of ln-transformed body mass on ln-transformed tarsus 304 

length (b = 1.83). Furthermore, we analyzed growth in wing and tarsus length separately, 305 

given that THs may also influence structural size (e.g. Wilson and McNabb 1997), 306 

independently of mass. Models to analyze the morphological variables included sex as a fixed 307 

factor to test for potential sex-dependent effects of THs, as found by Hsu et al. (2017) and 308 

Ruuskanen et al. (2016). Treatment and age were added as fixed factors together with their 2- 309 

and 3- way interactions with sex. Brood size at day 2, laying date and average temperature 310 

were included as covariates. Individual identity was added as a random intercept to account 311 

for repeated measures. 312 

The models to analyze growth (SMI and structural size) included age and treatment as 313 

fixed factors. Brood size at day two, laying date and average daily temperature (between day 314 

3 and 7 for measurements at day 7, and between day 8 and 12 for measurements at day 12) 315 

were added as covariates, and nestling identity as an additional random intercept to account 316 

for repeated measures. 317 

The models of oxidative stress biomarkers (i.e. GST activity, MDA concentration and 318 
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GSH:GSSG ratio) included treatment and sex as the predictors, and brood size at day 2, laying 319 

date and mean daily temperature as covariates. Body mass at day 12, which was the day of 320 

blood sampling, as an additional covariate, because body mass is known to be associated with 321 

oxidative status (e.g. Rainio et al., 2015). In a separate model, body mass at day 12 was 322 

replaced with growth rate (in grams/day) between day 7 and 12, to test the association of 323 

growth rate on oxidative stress. Assay number was also added as a random intercept to 324 

account for inter-assay variation. Response variables were log-transformed to achieve normal 325 

distribution of the residuals. 326 

 Ethical note 327 

The study complied with Finnish regulation and was approved by the Finnish Animal 328 

Experiment Board (ESAVI/2389/04.10.07/2017) and by the Finnish Ministry of Environment 329 

(VARELY580/2017). 330 

Results 331 

Hatching and fledging success, duration of embryonic and nestling periods 332 

Hatching success (TH = 75.3% vs. CO = 76.8%) and fledging success (TH = 92.2% 333 

vs. CO = 92.3%) were similar between the two treatments (GLMMs, p > 0.71). Hatching 334 

success was not affected by clutch size or by ambient temperature during incubation 335 

(GLMMs, both p > 0.09). Likewise, fledging success was not correlated to brood size at day 2 336 

or ambient temperature (GLMMs, both p > 0.10). Duration of the embryonic period did not 337 

differ between the groups (t = -0.59, p = 0.56). Injection of yolk THs did not affect the 338 

duration of the nestling period either (t = -1.01, p = 0.32). Likewise, there was no association 339 

between laying date or brood size at day 2 and the duration of the nestling period (all t < 1.87, 340 

p > 0.07). Finally, there was no association between temperature and duration of embryonic or 341 
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nestling periods (all p > 0.09). 342 

Growth 343 

Experimental elevation of yolk thyroid hormones did not affect early postnatal body 344 

mass (day 2 Estimated marginal means [EMMs] ± SE: CO = 3.63 ± 0.13 g vs TH = 3.50 ± 345 

0.13 g), and neither did sex (Table 1). We detected a tendency of an interaction between 346 

treatment and age on nestling scale mass index (SMI) between day 7 and 12 that just did not 347 

reach statistical significance  (p=0.07, Table 1). Although the interaction was not significant, 348 

we performed post-hoc analyses to explore the trend further. We found that TH-treated 349 

nestlings tended to grow faster than control nestlings during the second week post-hatching 350 

(adjusted slopes ± SE = 1.32 ± 0.11 for CO nestlings, 1.61 ± 0.12 for TH nestlings, χ² = 3.41, 351 

Holm-adjusted p = 0.06, Fig. 1). Though, there was no significant difference in mass index 352 

between the treatments at day 7 (χ² = 0.06, Holm-adjusted p = 0.81) or day 12 (χ² = 1.04, 353 

Holm-adjusted p = 0.62), indicating that the interaction likely originates from small 354 

differences in the opposite directions at day 7 and day 12 between TH and control groups. On 355 

average, males had a slightly higher mass index than females between day 7 and day 12 356 

(EMMs ± SE: males = 80.78 ± 0.59, females = 79.86 ± 0.61 g, Table 1). For structural size 357 

measurements, tarsus and wing lengths, however, no effects of yolk TH treatment were 358 

detected (Table 1). Ambient temperature was negatively correlated with SMI, and positively 359 

associated with wing length (Table 1).  360 

Oxidative stress and oxidative damage 361 

Experimental elevation of yolk THs did not affect antioxidant enzyme activity (mean ± 362 

SE: CO and TH nestlings = 0.006 ± 0.0003 pmol GST/min/mg protein), oxidative damage on 363 

lipids (mean ± SE: CO = 0.051 ± 0.003 and TH = 0.053 ± 0.004 nmol MDA/mg protein) or 364 

oxidative status (mean ± SE: CO = 3.86 ± 0.47 and TH = 4.51 ± 0.73 GSH:GSSG ratio) 365 
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(Table 2). None of the other predictors or covariates (i.e. sex, body mass, growth rate, 366 

temperature and brood size) were associated with these oxidative stress biomarkers, except 367 

laying date, which was negatively correlated with MDA concentration (Table 2). 368 

Environmental context 369 

Patterns of temperature and precipitation during the different stages of breeding are 370 

shown in Figures A1 and A2 (available online) for pied flycatchers and collared flycatchers. 371 

There were only minor differences in mean temperature across the stages and species: For 372 

pied flycatchers, the average temperatures over the laying, incubation and nestling periods 373 

were 12.14 °C, 13.43 °C and 15.02 °C respectively, and for collared flycatchers 12.48 °C, 374 

13.67 °C and 14.56 °C.  Likewise, the number of days with rain was rather similar (Table A3, 375 

available online) and we could not reliably associate peaks in precipitation with peaks in 376 

nestling mortality (Fig. A4, available online). Importantly, however, collared flycatchers 377 

experienced lower fledging success (ca. 75%, Hsu et al. 2019) compared to pied flycatchers 378 

(ca. 90%) during the study year, whereas both species have similar fledging success of about 379 

90% when the environmental conditions are good (Qvarnström et al. 2009), suggesting that 380 

the collared flycatchers experienced harsher environmental conditions than the pied 381 

flycatchers. 382 

Discussion 383 

We replicated an experimental study on the effect of egg thyroid hormones on 384 

offspring development in collared flycatchers in a closely related and ecologically similar 385 

species, the pied flycatcher while at the same time monitoring environmental factors. This 386 

would allow us to study the generality of results found earlier but also potential 387 

environmentally dependent hormone effects. 388 

Overall, our results on pied flycatchers differ substantially from those on collared 389 
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flycatchers (Hsu et al. 2019). We found no effect of prenatal THs on hatching success or 390 

growth (in body mass, body condition or structural growth), where Hsu et al. (2019) found an 391 

increase in hatching success and in early growth, but lower growth during the second week of 392 

the nestling period. Because these two species are closely related and display ecological 393 

similarities (Lundberg and Alatalo 1992), we predicted that such discrepancies in the results 394 

could arise if THs influence growth differently in different environmental conditions. We 395 

observed that fledging success, a proxy for environmental harshness, was lower in collared 396 

than the pied flycatcher experiment. Yet, temperatures and rainfall did not generally seem to 397 

differ across the studies, suggesting that other environmental factors may interact with yolk 398 

THs. Furthermore, collared flycatchers generally have a slightly higher early body mass 399 

(Qvarnström et al. 2009) and a higher fledging mass (Myhrvold et al. 2015) than pied 400 

flycatchers. Yet, when comparing the present study with Hsu et al. (2019), collared flycatchers 401 

had a lower early body mass than pied flycatchers and a similar body mass close to fledging, 402 

suggesting poorer growth of collared flycatchers during the study year. Prenatal 403 

environmental conditions (i.e. during egg laying and incubation) were rather similar between 404 

the two species, and thus cannot explain why yolk THs enhanced hatching success and early 405 

body mass in collared flycatchers (Hsu et al. 2019) but not in pied flycatchers (this study). 406 

More experimental studies on the context-dependent effects of yolk THs are thus needed. 407 

Despite no clear differences in temperature and precipitation, the lower growth and 408 

survival of nestling collared flycatchers suggest that the environmental conditions may have 409 

been harsher in this population than in the pied flycatcher population. Such environmental 410 

conditions may have contributed to the contrasting results on the effects of yolk THs on 411 

postnatal growth. We can speculate that a potential underlying mechanism is linked to 412 

metabolic rates. Hsu and colleagues suggested that prenatal THs increase basal metabolic 413 

rates (Hsu et al. 2017). Increased basal metabolic rates may lead to decreased postnatal 414 
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growth in harsh conditions, such as for the collared flycatcher, but have no effect or even 415 

increase growth when resource availability is good, as the case in pied flycatchers. 416 

Nevertheless, despite the high degree of ecological similarity between the two species, the 417 

possibility that species difference actually explained the contrasting results remains to be 418 

examined. 419 

We observed no effect on antioxidant enzyme activity (GST) or in the oxidative 420 

balance (GSH:GSSG) and no increase in oxidative damage in lipids (MDA) in response to 421 

elevated yolk THs. The earlier study on collared flycatchers reported similar levels of 422 

oxidative stress biomarkers and found no increase in oxidative stress in response to elevated 423 

prenatal THs (Hsu et al. 2019). These results may suggest that egg THs do not affect the 424 

oxidative status of nestlings as it would be expected from the literature. However, the absence 425 

of detrimental consequences on oxidative stress may be due to the experimental design of 426 

both studies, with an increase in yolk THs within the natural range of the species. Thus, 427 

individuals may have been able to raise their antioxidant capacities (other than those 428 

measured in this study) to avoid oxidative damage. That said, physiological elevation (i.e. 429 

within the natural range) of yolk THs was necessary to get ecologically relevant results.  430 

Furthermore, due to fieldwork constraints, there are some limits to our approach. We 431 

measured a limited number of markers of oxidative status at a single time point in one tissue, 432 

and therefore lack an overview of the variation that may have happened over the course of the 433 

whole nestling phase, also in other tissues and for other biomarkers. Further studies with more 434 

comprehensive measures of oxidative stress would help understanding the relationship 435 

between yolk THs and oxidative stress. 436 

In conclusion, this study shows no convincing effect of yolk THs on nestling 437 

development. We found that yolk THs did not increase growth and incurred no extra oxidative 438 

damage, nor affected nestling survival. Our results differ from a study on a closely related 439 
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species, suggesting that the role of prenatal THs may differ according to the environment 440 

experienced by the progeny. The study adds to the small body of literature on so far largely 441 

neglected thyroid hormone-mediated maternal effects. Research on maternal THs would 442 

greatly benefit from further studies with the same species in different, experimentally 443 

manipulated, contexts. It would also profit from comparative studies on species with different 444 

life-histories that are likely to influence the effects induced by exposure to maternal THs. 445 



 

20 

 

Acknowledgements 446 

We thank Florine Ceccantini for her help on the field in Turku, Anne Rokka and Arttu 447 

Heinonen for their help on yolk TH analyses. We also thank Silvia Espin for providing help 448 

on the MDA assay. The study was funded by the Academy of Finland (grant no. 286278 to 449 

SR), Societas pro Fauna et Flora Fennica (grant to TS) and the University of Groningen (grant 450 

to TG). 451 

Literature Cited 452 

Adamo A.M., S.F. Llesuy, J.M. Pasquini, and A. Boveris. 1989. Brain chemiluminescence and 453 

oxidative stress in hyperthyroid rats. Biochem J 263:273–277. 454 

Aljanabi S.M. and I. Martinez. 1997. Universal and rapid salt-extraction of high quality 455 

genomic DNA for PCR-based techniques. Nucleic Acids Res 25:4692–4693. 456 

Alonso-Alvarez C., S. Bertrand, B. Faivre, and G. Sorci. 2007. Increased susceptibility to 457 

oxidative damage as a cost of accelerated somatic growth in zebra finches. Funct Ecol 458 

21:873–879. 459 

Alonso-Alvarez C., L. Pérez-Rodríguez, R. Mateo, O. Chastel, and J. Viñuela. 2008. The 460 

oxidation handicap hypothesis and the carotenoid allocation trade-off. J Evol Biol 461 

21:1789–1797. 462 

Asayama K., K. Dobashi, H. Hayashibe, Y. Megata, and K. Kato. 1987. Lipid peroxidation 463 

and free radical scavengers in thyroid dysfunction in the rat: a possible mechanism of 464 

injury to heart and skeletal muscle in hyperthyroidism. Endocrinology 121:2112–2118. 465 

Auer S.K., K. Salin, A.M. Rudolf, G.J. Anderson, and N.B. Metcalfe. 2015. The optimal 466 

combination of standard metabolic rate and aerobic scope for somatic growth depends 467 

on food availability. (W. Hopkins, ed.)Funct Ecol 29:479–486. 468 

Bates D.M., M. Mächler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-effects models 469 

using lme4. J Stat Softw 67:1–48. 470 

Brown C.L., S.I. Doroshov, J.M. Nunez, C. Hadley, J. Vaneenennaam, R.S. Nishioka, and 471 

H.A. Bern. 1988. Maternal triiodothyronine injections cause increases in swimbladder 472 

inflation and survival rates in larval striped bass, Morone saxatilis. J Exp Zool 473 

248:168–176. 474 

Danchin É., A. Charmantier, F.A. Champagne, A. Mesoudi, B. Pujol, and S. Blanchet. 2011. 475 

Beyond DNA: integrating inclusive inheritance into an extended theory of evolution. 476 

Nat Rev Genet 12:475–486. 477 

Dantzer B., A.E.M. Newman, R. Boonstra, R. Palme, S. Boutin, M.M. Humphries, and A.G. 478 



 

21 

 

McAdam. 2013. Density triggers maternal hormones that increase adaptive offspring 479 

growth in a wild mammal. Science 340:1215–1217. 480 

Davis P.J., F. Goglia, and J.L. Leonard. 2016. Nongenomic actions of thyroid hormone. Nat 481 

Rev Endocrinol 12:111–121. 482 

de Rosario-Martinez H. 2015. phia: Post-Hoc Interaction Analysis. R package version 0.2-1. 483 

Doligez B. and J. Clobert. 2003. Clutch size reduction as a response to increased nest 484 

predation rate in the collared flycatcher. Ecology 84:2582–2588. 485 

Duarte-Guterman P., V.S. Langlois, B.D. Pauli, and V.L. Trudeau. 2010. Expression and T3 486 

regulation of thyroid hormone- and sex steroid-related genes during Silurana 487 

(Xenopus) tropicalis early development. Gen Comp Endocrinol 166:428–435. 488 

Eeva T., E. Lehikoinen, M. Ronka, V. Lummaa, and D. Currie. 2002. Different responses to 489 

cold weather in two pied flycatcher populations. Ecography 25:705–713. 490 

Elliott K.H., J. Welcker, A.J. Gaston, S.A. Hatch, V. Palace, J.F. Hare, J.R. Speakman, et al. 491 

2013. Thyroid hormones correlate with resting metabolic rate, not daily energy 492 

expenditure, in two charadriiform seabirds. Biol Open 2:580–586. 493 

Espín S., P.S. Virosta, A.J.G. Fernández, and T. Eeva. 2017. A microplate adaptation of the 494 

thiobarbituric acid reactive substances assay to determine lipid peroxidation 495 

fluorometrically in small sample volumes. Rev Toxicol 34:94–98. 496 

Groothuis T.G.G., B.-Y. Hsu, N. Kumar, and B. Tschirren. 2019. Revisiting mechanisms and 497 

functions of prenatal hormone-mediated maternal effects using avian species as a 498 

model. Philos Trans R Soc B Biol Sci 374:20180115. 499 

Groothuis T.G.G. and H. Schwabl. 2008. Hormone-mediated maternal effects in birds: 500 

mechanisms matter but what do we know of them? Philos Trans R Soc B Biol Sci 501 

363:1647–1661. 502 

Haber R.S. and J.N. Loeb. 1986. Stimulation of potassium efflux in rat liver by a low dose of 503 

thyroid hormone: evidence for enhanced cation permeability in the absence of Na,K-504 

ATPase induction. Endocrinology 118:207–211. 505 

Halekoh, U., Højsgaard, S., 2014. A kenward-roger approximation and parametric bootstrap 506 

methods for tests in linear mixed models - The R Package pbkrtest. J. Stat. Softw. 59.  507 

Halliwell B. and J.M.C. Gutteridge. 2015. Free radicals in biology and medicine. Oxford 508 

University Press. 509 

Hilfer S.R. and R.L. Searls. 1980. Differentiation of the thyroid in the hypophysectomized 510 

chick embryo. Dev Biol 79:107–118. 511 

Hsu B.-Y., C. Dijkstra, V.M. Darras, B. de Vries, and T.G.G. Groothuis. 2017. Maternal 512 

thyroid hormones enhance hatching success but decrease nestling body mass in the 513 

rock pigeon (Columba livia). Gen Comp Endocrinol 240:174–181. 514 

Hsu B.-Y., B. Doligez, L. Gustafsson, and S. Ruuskanen. 2019. Transient growth-enhancing 515 



 

22 

 

effects of elevated maternal thyroid hormones at no apparent oxidative cost during 516 

early postnatal period. J Avian Biol. 50:e01919 517 

Ismail-Beigi F., R.S. Haber, and J.N. Loeb. 1986. Stimulation of active Na + and K + transport 518 

by thyroid hormone in a rat liver cell line: role of enhanced Na + entry. Endocrinology 519 

119:2527–2536. 520 

Klein Tank A.M.G., J.B. Wijngaard, G.P. Können, R. Böhm, G. Demarée, A. Gocheva, M. 521 

Mileta, et al. 2002. Daily dataset of 20th-century surface air temperature and 522 

precipitation series for the European Climate Assessment. Int J Climatol 22:1441–523 

1453. 524 

Kuijper B. and R.A. Johnstone. 2018. Maternal effects and parent-offspring conflict. 525 

Evolution 72:220–233. 526 

Lenth R. 2019. emmeans: Estimated Marginal Means, aka Least-Squares Means. R package 527 

version 1.3.2. 528 

Lundberg A. and R.V. Alatalo. 1992. The pied flycatcher. Poyser, London. 529 

Marnett L.J. 1999. Lipid peroxidation—DNA damage by malondialdehyde. Mutat Res Mol 530 

Mech Mutagen 424:83–95. 531 

Marshall D.J. and T. Uller. 2007. When is a maternal effect adaptive? Oikos 116:1957–1963. 532 

McNabb, F. M. A., and V. M. Darras. 2015. Thyroids. Pp. 535–547 in C.G. Scanes, ed. 533 

Sturkie’s avian physiology (Sixth Edition). Elsevier, London. 534 

Metcalfe N.B. and C. Alonso-Alvarez. 2010. Oxidative stress as a life-history constraint: the 535 

role of reactive oxygen species in shaping phenotypes from conception to death: 536 

Oxidative stress as a life-history constraint. Funct Ecol 24:984–996. 537 

Monaghan P., N.B. Metcalfe, and R. Torres. 2009. Oxidative stress as a mediator of life 538 

history trade-offs: mechanisms, measurements and interpretation. Ecol Lett 12:75–92. 539 

Moog N.K., S. Entringer, C. Heim, P.D. Wadhwa, N. Kathmann, and C. Buss. 2017. Influence 540 

of maternal thyroid hormones during gestation on fetal brain development. 541 

Neuroscience 342:68–100. 542 

Moore M.P., H.H. Whiteman, and R.A. Martin. 2019. A mother’s legacy: the strength of 543 

maternal effects in animal populations. Ecol Lett 22:1620-1628. 544 

Mousseau T.A. and C.W. Fox. 1998. Maternal effects as adaptations. Oxford University Press, 545 

New York. 546 

Mullur R., Y.-Y. Liu, and G.A. Brent. 2014. Thyroid hormone regulation of metabolism. 547 

Physiol Rev 94:355–382. 548 

Myhrvold N.P., E. Baldridge, B. Chan, D. Sivam, D.L. Freeman, and S.K.M. Ernest. 2015. An 549 

amniote life-history database to perform comparative analyses with birds, mammals, 550 

and reptiles. Ecology 96:3109–000. 551 



 

23 

 

Norris D.O. and J.A. Carr. 2013. Vertebrate endocrinology (Fifth Edition). Academic Press, 552 

San Diego, CA. 553 

Olson C.R., C.M. Vleck, and D. Vleck. 2006. Periodic cooling of bird eggs reduces 554 

embryonic growth efficiency. Physiol Biochem Zool 79:927–936. 555 

Pascual A. and A. Aranda. 2013. Thyroid hormone receptors, cell growth and differentiation. 556 

Biochim Biophys Acta BBA - Gen Subj, Thyroid hormone signalling 1830:3908–557 

3916. 558 

Peig J. and A.J. Green. 2009. New perspectives for estimating body condition from 559 

mass/length data: the scaled mass index as an alternative method. Oikos 118:1883–560 

1891. 561 

Podmokła E., S.M. Drobniak, and J. Rutkowska. 2018. Chicken or egg? Outcomes of 562 

experimental manipulations of maternally transmitted hormones depend on 563 

administration method - a meta-analysis: Maternal hormones and manipulation 564 

methods. Biol Rev 93:1499–1517. 565 

Prati M., R. Calvo, G. Morreale, and G. Morreale de Escobar. 1992. L-thyroxine and 3,5,3’-566 

triiodothyronine concentrations in the chicken egg and in the embryo before and after 567 

the onset of thyroid function. Endocrinology 130:2651–2659. 568 

Qvarnström A., C. Wiley, N. Svedin, and N. Vallin. 2009. Life-history divergence facilitates 569 

regional coexistence of competing Ficedula flycatchers. Ecology 90:1948–1957. 570 

R Core Team. 2019. R: A language and environment for statistical computing. R Foundation 571 

for Statistical Computing, Vienna, Austria. 572 

Rainio M.J., T. Eeva, T. Lilley, J. Stauffer, and S. Ruuskanen. 2015. Effects of early-life lead 573 

exposure on oxidative status and phagocytosis activity in great tits (Parus major). 574 

Comp Biochem Physiol Part C Toxicol Pharmacol 167:24–34. 575 

Rainio M.J., M. Kanerva, J.-P. Salminen, M. Nikinmaa, and T. Eeva. 2013. Oxidative status in 576 

nestlings of three small passerine species exposed to metal pollution. Sci Total 577 

Environ 454–455:466–473. 578 

Ruuskanen S., V.M. Darras, M.E. Visser, and T.G.G. Groothuis. 2016. Effects of 579 

experimentally manipulated yolk thyroid hormone levels on offspring development in 580 

a wild bird species. Horm Behav 81:38–44. 581 

Ruuskanen S. and B.-Y. Hsu. 2018. Maternal thyroid hormones: an unexplored mechanism 582 

underlying maternal effects in an ecological framework. Physiol Biochem Zool 583 

91:904–916. 584 

Ruuskanen S. and T. Laaksonen. 2010. Yolk hormones have sex-specific long-term effects on 585 

behavior in the pied flycatcher (Ficedula hypoleuca). Horm Behav 57:119–127. 586 

Salaberria C., P. Celis, I. López-Rull, and D. Gil. 2014. Effects of temperature and nest heat 587 

exposure on nestling growth, dehydration and survival in a Mediterranean hole-588 

nesting passerine. Ibis 156:265–275. 589 



 

24 

 

Schwabl H. 1993. Yolk is a source of maternal testosterone for developing birds. Proc Natl 590 

Acad Sci 90:11446–11450. 591 

Schwander T., J.-Y. Humbert, C.S. Brent, S.H. Cahan, L. Chapuis, E. Renai, and L. Keller. 592 

2008. Maternal effect on female caste determination in a social insect. Curr Biol 593 

18:265–269. 594 

Sheenan D., G. Meade, V.M. Foley, and C.A. Dowd. 2001. Structure, function and evolution 595 

of glutathione transferases : implications for classification of non-mammalian 596 

members of an ancient enzyme superfamily. Biochem J 360:1–16. 597 

Siikamäki P. 1996. Nestling growth and mortality of Pied Flycatchers Ficedula hypoleuca in 598 

relation to weather and breeding effort. Ibis 138:471–478. 599 

Stier A., A. Delestrade, S. Zahn, M. Arrivé, F. Criscuolo, and S. Massemin-Challet. 2014. 600 

Elevation impacts the balance between growth and oxidative stress in coal tits. 601 

Oecologia 175:791–800. 602 

Uller T., L. Astheimer, and M. Olsson. 2007. Consequences of maternal yolk testosterone for 603 

offspring development and survival: experimental test in a lizard. Funct Ecol 21:544–604 

551. 605 

Venditti P., M. Balestrieri, S. Di Meo, and T. De Leo. 1997. Effect of thyroid state on lipid 606 

peroxidation, antioxidant defences, and susceptibility to oxidative stress in rat tissues. 607 

J Endocrinol 155:151–157. 608 

Villanueva I., C. Alva-Sanchez, and J. Pacheco-Rosado. 2013. The role of thyroid hormones 609 

as inductors of oxidative stress and neurodegeneration. Oxid Med Cell Longev 610 

2013:15 pages. 611 

von Engelhardt N. and T.G.G. Groothuis. 2011. Maternal hormones in avian eggs. Pp. 91–127 612 

in Horm Reprod Vertebr. Elsevier. 613 

Welcker J., O. Chastel, G.W. Gabrielsen, J. Guillaumin, A.S. Kitaysky, J.R. Speakman, Y. 614 

Tremblay, et al. 2013. Thyroid hormones correlate with basal metabolic rate but not 615 

field metabolic rate in a wild bird species. PLoS ONE 8:e56229. 616 

Williams T.D. 2012. Physiological adaptations for breeding in birds. Princeton University 617 

Press, Princeton, NJ. 618 

Williams T.D. and T.G.G. Groothuis. 2015. Egg quality, embryonic development, and post-619 

hatching phenotype: an integrated perspective. Pp. 113–126 in D.C. Deeming and S.J. 620 

Reynolds eds. Nests Eggs Incubation. Oxford University Press. 621 

Wilson C.M. and F.M.A. McNabb. 1997. Maternal thyroid hormones in japanese quail eggs 622 

and their influence on embryonic development. Gen Comp Endocrinol 107:153–165. 623 

Yin J., M. Zhou, Z. Lin, Q.Q. Li, and Y. Zhang. 2019. Transgenerational effects benefit 624 

offspring across diverse environments: a meta‐analysis in plants and animals. Ecol 625 

Lett 22:1976-1986. 626 



 

25 

 

Figure legend 627 

Figure 1: Scale mass index raw data (mean ± SE, left) and marginal means (right) at 628 

day 7 and day 12 after hatching in TH-treated nestlings (N  =  125) and controls (N  =  126). 629 

The interaction between the treatment and age of the nestlings approached significance (p = 630 

0.07). Empty circle: CO  =  control injection; solid circle: TH  =  yolk thyroid hormone 631 

elevation. 632 


