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Phenotypic plasticity and parental effects 

Evolution by natural selection predicts that the variety of phenotypes among individuals 

results in fitness differences according to the encountered environmental conditions. 

Such phenotypic and fitness differences have a heritable component that is transmitted 

to the following generations, and evolution selects the variants that have the highest 

fitness. 

In the Modern Synthesis (MS), the current paradigm in evolutionary biology, 

inheritance is necessarily genetic; that is, parents transmit genes to their offspring that 

are responsible for the offspring performance and fitness. This traditional view is now 

challenged by the growing and undisputable evidence that inheritance is not only genetic, 

but also non-genetic. Biological information transmitted from one generation to the next 

include epigenetic modifications of gene expression (epigenetic inheritance), 

transmission of environmental changes induced by individuals (ecological inheritance), 

and transmission of non-genetic components affecting offspring phenotype (parental 

non-genetic effects), all reviewed by Danchin et al. (2011). Because parental influence 

on offspring phenotype and fitness can no longer be seen as genetic inheritance only (as 

assumed by the MS), several authors are calling for a revision of the current paradigm. 

The Extended Evolutionary Synthesis (EES) aims at incorporating all the non-genetic 

inheritance (inclusive inheritance) (Pigliucci, 2007; Laland et al., 2014). The need for 

such an EES has been under debate for about a decade now (advocates, Laland et al., 

2015; Müller, 2017; Tanghe et al., 2018; opponents, Welch, 2017; Stoltzfus, 2017). 

Phenotypic, or developmental, plasticity is defined as the ability of a genotype 

to produce different phenotypes under different environments. This plasticity allows an 

individual to rapidly cope with changing conditions by producing a phenotype matching 

the new environment (Levis & Pfennig, 2019). According to Uller (2008), parental 

effects are a form of phenotypic plasticity, with parental phenotype affecting offspring 

phenotype. Although both parents can exert so-called parental effects, most of the 

research has been conducted on maternal effects. Once regarded as background noise in 

genetic studies, maternal effects are now viewed as a potential tool for mothers to prepare 

their offspring for expected environmental conditions (i.e. “adaptive maternal effect”, 

(Mousseau & Fox, 1998a; Marshall & Uller, 2007). There is now strong evidence that 

maternal effects can be adaptive and are widespread across many taxa (Moore, 

Whiteman & Martin, 2019; Yin et al., 2019). Maternal effects are an important source 

of plasticity as they can prepare the progeny for expected environmental conditions. 

Embryos only have limited possibilities to assess their own environment and must 

therefore rely on maternal signalling. By responding to maternal signalling, the progeny 

can develop the appropriate phenotype to anticipate its future environment (Kuijper & 

Johnstone, 2018).  
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Maternal hormones 

Maternal hormones when  transmitted from the mother to the offspring are one potential 

pathway for mothers to influence their offspring’s phenotype, and have been identified 

as such across many taxa (insects, Mousseau & Dingle, 1991; fish, Campinho et al., 

2014; reptiles, Uller, Astheimer & Olsson, 2007; birds, Groothuis et al., 2005; mammals, 

Dufty, 2002). Hormonal signalling is highly dynamic, with a short reaction time to 

environmental cues and a rapid turnover. Therefore, mothers may use this signalling 

pathway to communicate reliable information about its environment to the offspring. In 

vertebrates, most of the research on maternal hormones has so far focused on steroid 

hormones, i.e., androgens and glucocorticoids (Ruuskanen & Hsu, 2018; Groothuis et 

al., 2019). These hormones have been found to be associated with a broad suite of 

offspring traits related to their fitness (e.g., begging behaviour, growth, immune 

function, stress response; reviewed by Groothuis et al., 2019). This long list of traits 

reflects the pleiotropy of hormones, a key aspect of hormonal signalling. This pleiotropy 

implies that variations in hormone levels may bring costs as well as benefits on offspring 

fitness. Because of these costs, individuals may face trade-offs between traits (e.g., 

elevated testosterone enhances aggressiveness and competitiveness but lowers immune 

functions). Therefore, the balance between the benefits and costs associated with 

maternal hormones may depend on the environmental context. For example, in an 

environment with high parasitism, mothers may transfer less androgens into their eggs 

to favour nestlings’ immune system over growth (e.g., Tschirren, Richner & Schwabl, 

2004). 

As mentioned above, maternal THs have been much less studied than steroid 

hormones, despite clear effects of these hormones on human foetus development for 

example (Medici et al., 2013; Korevaar et al., 2016), but also in wild species such as fish, 

amphibians and birds (Ruuskanen & Hsu, 2018). Besides, thyroid hormone production 

requires iodine, a trace element that cannot be synthesised de novo by an organism. 

Therefore, THs may be costly to produce contrary to steroid hormones that are produced 

from cholesterol, abundantly present in an organism. Such potential cost of TH 

production may be a source of conflict between parents and offspring (discussed in the 

synthesis). 
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Thyroid hormones 

What are THs? 

Thyroid hormones are produced by the thyroid gland, located in the lower neck and 

found in all vertebrates (Angell, Huang & Alexander, 2018). The thyroid is under the 

control of the hypothalamic–pituitary axis and thus form the hypothalamic-pituitary-

thyroid (HPT) axis. The hypothalamus produces two hormones that have stimulatory 

effects on the pituitary: the thyrotropin-releasing hormone (TRH) and the corticotropin-

releasing hormone (CRH). TRH is the main regulatory hormone of the pituitary in 

mammals, while CRH exerts most of the hypothalamic control on the pituitary in non-

mammalian vertebrates (McNabb & Darras, 2015). Both hormones stimulate the 

production of the thyroid-stimulating hormone (TSH) by the pituitary, which is the main 

regulatory hormone of thyroid hormone synthesis (Angell, Huang & Alexander, 2018). 

THs in turn exert a negative feedback on the HPT axis. 

 Thyroid hormones are metabolic hormones that are present in two main forms: 

thyroxine (T4) and triiodothyronine (T3). The thyroid gland production consists mostly 

of T4, with lesser amounts of T3. TH action mainly depends on TH receptors that have a 

greater affinity for T3 than for T4 (10 to 50 times greater: Zoeller, Tan & Tyl, 2007; 

Angell, Huang & Alexander, 2018). This is why T4 is mostly seen as a precursor of T3, 

the biological active form. The main pathway of TH metabolism consists in sequential 

removal of an iodine atom from the outer ring (outer ring deiodination, ORD) or from 

the inner ring (inner ring deiodination, IRD). ORD and IRD are catalysed by deiodinase 

enzymes and occur in the tissues (i.e., peripheral conversion) (Figure 1). There are 3 

types of deiodinases: D1, D2 and D3. D1 can catalyse mostly ORD with some IRD 

activity, while D2 only catalyses ORD and D3 only IRD. Therefore, D1 and D2 are the 

main activators of T4 by converting it into T3, while D3 mostly deactivates T4 and T3 by 

conversion into reverse-T3 and diiodothyronine (T2), respectively. As shown in Figure 

1, iodine is a key component of THs. Iodine cannot be synthesised by an organism and 

has therefore to be found in the environment. This need in iodine may bring a cost to TH 

production, especially when iodine availability is limited.  

 THs exert most of their actions by binding to nuclear receptors, the thyroid 

hormone receptors (TRs). TRs bind to DNA next to transcription control region of target 

genes. In addition to genomic effects (by binding to TRs), THs can also exert non-

genomic effects (reviewed by Davis, Goglia & Leonard, 2016).  
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Role and importance of THs 

THs are pleiotropic hormones that play an essential role in development, metabolism and  

reproduction in all vertebrates. THs are important for normal embryonic and juvenile 

growth (mammals, Pascual & Aranda, 2013; birds, McNabb & Darras, 2015; fish, Deal 

& Volkoff, 2020). They influence metabolism, nutrient efficiency and energy 

expenditure (Kim, 2008; McNabb & Darras, 2015; Deal & Volkoff, 2020). In 

homeotherms, THs are responsible for heat production, necessary for thermoregulation 

(McNabb & Darras, 2015). THs are also involved in reproductive processes, such as 

gonadal development and, in oviparous species, egg-laying (McNabb & Darras, 2015; 

Deal & Volkoff, 2020). THs also participate in life stage transitions. In oviparous 

species, THs facilitate hatching as seen by the surge in THs in the perihatch period (De 

Groef, Grommen & Darras, 2013). Likewise, THs are necessary for metamorphosis in 

fish and amphibians (e.g., Laudet, 2011; De Groef, Grommen & Darras, 2018). 

THs and TH-derivative are also found in lower vertebrates and invertebrates, 

with similar structure and mode of action (genomic and non-genomic), and TH signalling 

plays a role on development and metamorphosis (Holzer, Roux & Laudet, 2017; Taylor 

& Heyland, 2017). 

Figure 1: TH metabolism. D1 = deiodinase type 1; D2 = deiodinase type 2; D3 

= deiodinase type 3; ORD = outer ring deiodination; IRD = inner ring 

deiodination. Inner ring refers to the ring closest to the carbon chain, while outer 

ring refers to the ring farthest from the carbon chain. 
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Environmental influences on THs 

Environmental factors such as ambient temperature and food intake are known to 

influence the HPT axis (reviewed by McNabb & Darras, 2015). Cold temperatures 

stimulate TH availability (mostly T3) to increase metabolism and thermogenesis, 

primarily via increased conversion from T4 to T3 (McNabb & Darras, 2015). On the other 

hand, warm temperatures have a suppressive effect on thyroid function. Food availability 

also affects circulating THs, with food restriction generally decreasing plasma T3, while 

the effect on plasma T4 may differ between species (Darras et al., 1995). 

Environmental contamination to endocrine-disruptive chemicals (EDCs) also 

alters thyroid function, with PCBs being among the first EDCs identified in birds 

(McNabb & Fox, 2003). Prenatal exposure to PCBs can have long-lasting consequences 

in wild populations such as reduced reproductive success in herring gulls (McNabb & 

Fox, 2003) or reduced growth in alligators (Boggs et al., 2013). Other EDCs have been 

identified more recently as thyroid disruptors, such as metals (e.g., mercury, copper), 

perchlorate, products of oil combustion (e.g., PAHs) (reviewed by Matthiessen, Wheeler 

& Weltje, 2018), and polyfluorinated chemicals (PFCs). PFCs and their derivatives are 

synthetic substances that are widely used for their lipophobic and hydrophobic properties 

in various industries, such as textile, clothing, cosmetics or food packaging (Jensen & 

Leffers, 2008). PFCs are global contaminants that are found in all environmental 

compartments (i.e., air, water and soil). Because PFCs are stable compounds, they travel 

long distances with oceanic or atmospheric currents, are even found in polar areas, and 

accumulate and magnify along the food chain (Jensen & Leffers, 2008). PFCs and their 

derivatives are also considered EDCs as they affect sex hormone production in rat 

(reviewed by Jensen & Leffers, 2008). Recently, perfluoroalkyl and polyfluoroalkyl 

substances (PFASs), which are PFC derivatives, have been studied as potential 

disruptors of the HPT axis and metabolic activity. PFASs were positively correlated with 

circulating THs in wild peregrine falcon nestlings (Falco peregrinus, Sun et al., 2021), 

and positively associated with BMR in breeding female black-legged kittiwakes (Rissa 

tridactyla, Blévin et al., 2017), although no correlations were found in that study between 

PFASs and circulating THs (Blévin et al., 2017). Another study found a negative 

association between PFASs and breeding parameters in great tits, though the overall 

effects on breeding success were mild (Groffen et al., 2019). A recent experimental study 

investigated the effects of a mixture of PFASs on chicken embryos and found a decrease 

in TH production (Mattsson et al., 2019). Clearly, more experimental studies are needed 

to assess the consequences of PFASs, but current evidence points towards a disruptive 

effect of PFCs on the HPT axis, with potential effects on metabolic rate and reproduction. 
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Thyroid hormones in avian eggs 

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

Searls, 1980; Prati et al., 1992) and Japanese quail (Coturnix japonica, Wilson & 

McNabb, 1997). THs are mostly present in the egg yolk (75–95%, McNabb & Wilson, 

1997), with fewer amount in the albumen. Recent studies in altricial species have 

demonstrated the effect of physiological variation of prenatal THs on early life (great 

tits, Parus major, Ruuskanen et al., 2016; rock pigeons, Columba livia, Hsu et al., 2017; 

collared flycatchers, Ficedula albicollis, Hsu et al., 2019; pied flycatchers, Ficedula 

hypoleuca, Stier et al., 2020). However, the studies have also shown some discrepancies 

in their results (Table 1). For example, yolk THs improved hatching success in rock 

pigeons and in collared flycatchers but had no effect in great tits. Moreover, TH injection 

in great tit eggs increased offspring growth in males but decreased it in females. 

Conversely, yolk THs decreased growth during the second half of the nestling phase in 

rock pigeons, whereas they increased early growth, but decreased later postnatal growth 

in collared flycatchers. Finally, great tits showed no response to elevated yolk THs in 

resting metabolic rate (RMR), whereas RMR was increased in females but decreased in 

males rock pigeon hatchlings. 

 Environmental conditions also influence yolk THs. Recent studies showed 

ambient temperature correlated with yolk T4 but not yolk T3 (Ruuskanen et al., 2016b), 

and that food restriction affected yolk THs (Hsu et al., 2016). Besides, yolk T3 was found 

to be heritable but not yolk T4 (Ruuskanen et al., 2016). However, yolk or nestling THs 

were not correlated with environmental pollution to metals and metalloids in a recent 

study (Ruuskanen et al., 2019). 

Birds as a study model 

Oviparous species, such as birds, are suitable models for studying the role of maternal 

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

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

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

hormone transfer to be independent of maternal physiology. Birds, with their relatively 

well-known ecology and evolution, have become the most extensively studied taxa in 

research on the function of maternal hormones (Groothuis et al. 2019).
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Table 1: Summary of the results obtained so far on the effects of increased prenatal THs 

in avian species. 

 Hatching 

success 

Metabolism Telomeres Growth  Reference  

Japanese 

quails 

0 - - ↑ embryonic 

pelvic cartilage 

Wilson & 

McNabb, 1997 

Great tits 0 0 - ↑ in males 

↓ in females 

Ruuskanen et 

al., 2016 

Rock pigeons 

↑ 

↓ RMR 

in males 

↑ RMR 

in females 

- ↓ Hsu et al., 2017 

Collared 

flycatchers 

↑ 0 - ↑ early growth 

↓ later growth 
Hsu et al., 2019 

- - ↑ length - Stier et al., 2020 

 

General aims and methods 

In my thesis I aimed at addressing several unanswered questions on the causes and 

consequences of variation in maternal THs in avian eggs:  

1) Is iodine limiting TH production and transfer to the yolk? As mentioned above, 

iodine is a key element of THs. If iodine availability is limited, TH production 

and transfer to the yolk may become costly for mothers. If so, they may face 

trade-offs between allocating iodine and THs to themselves or to their progeny. 

2) Are mothers able to regulate yolk TH transfer independently from their own 

circulating THs? If mothers are able to regulate yolk TH transfer, this would 

free them from potential trade-offs between optimising circulating or yolk THs.  

3) Are there any organisation effects of prenatal THs? Previous studies have shown 

some short-term effects of prenatal THs in avian species. Organisational effects 

(i.e., early phenotypic modifications that only have effects during adulthood) 

have not been studied yet. Yet, such long-term effects are important to assess 

whether prenatal THs can be adaptive. 

4) Are the effects of prenatal THs context-dependent? Previous studies have shown 

discrepancies in the effects of prenatal THs. These apparent contradictions may 

be due to species differences and/or to differences in the environmental 

conditions (i.e., context), such as ambient temperature or food availability. 

 

In my thesis, I have used several study models to address my different questions 

(Figure 2). I have used a wild free-living species (Pied flycatcher) to answer eco-

evolutionary questions. I could also compare the effects of prenatal THs in this species 



General aims and methods 

15 

and in a closely related species, the Collared flycatcher, to discuss the potential context-

dependent effects of prenatal THs. The use of captive Japanese quails made it easier to 

study the independent and additive effects of prenatal T3 and T4, the long-term effects of 

prenatal THs, and to control the environment (food availability, photoperiod). Besides, 

all the recent studies on prenatal THs used altricial species as study models. Therefore, 

the role of variation in prenatal THs in precocial species is as yet unclear. Embryonic 

development differs drastically between these two  developmental modes, with precocial 

species having a more advanced development than altricial ones. In addition, the thyroid 

gland becomes functional around mid-incubation in precocial species, whereas it only 

becomes functional after hatching in altricial species. Thus, precocial embryos may react 

differently to maternal THs than altricial embryos. Finally, rock pigeons have an 

extended breeding period compared to other altricial species, which makes it an 

interesting study model to investigate the potential trade-offs arising between self-

maintenance and reproductive costs. 

 

First and foremost, I wanted to know whether environmental conditions can 

influence the transfer of maternal THs. Iodine is a key component of THs and cannot be 

synthesised by an organism, which has to find it in its environment. I therefore tested 

whether iodine availability may constrain deposition of THs in the eggs (Chapter 2)¸ 

thus addressing the questions of whether THs are costly to produce and transfer, and 

whether mothers have developed regulatory mechanisms to cope with these potential 

costs. To answer these questions, I manipulated the iodine content in captive rock 

pigeons feed to induce a trade-off in laying females between allocation iodine and THs 

to themselves or to their eggs. Breeding pairs were fed either with an iodine-restricted or 

an iodine-supplemented diet for ca. 10 weeks. I collected two clutches and two blood 

samples per females distant by ca. 3 weeks. With this experimental design, I could also 

test whether a long exposure to low iodine availability increases the chance of inducing 

a trade-off in breeding mothers. I expected that, if iodine resources are limiting TH 

production, females under the restricted diet would not be able to maintain normal levels 

of plasma and yolk iodine and THs. Thus, either one or both compartments would have 

reduced iodine and/or TH concentrations. This would be even accentuated after a longer 

exposure to limited iodine availability. Second, if mothers are able to regulate yolk TH 

deposition, they may preferentially allocate resources (i.e., iodine and THs) to either their 

own circulation or to the eggs, thus resulting in a different balance between both 

compartments compared to control females. In addition, females may also regulate egg 

production to reduce the total amount of iodine or THs allocated to reproduction. 

Next, I wanted to tackle the question of whether females are able to regulate TH 

transfer to their eggs (Chapter 3). Independent regulation of maternal hormone transfer 

is a key aspect for mothers to avoid potential physiological trade-offs and to adjust 
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offspring phenotype to the future conditions when these conditions are different from 

those experienced by mothers. To do so, I implanted free-living pied flycatcher females 

with T4 implants. I collected two eggs per females: the first egg of the clutch (pre-

implant) serving as a within-clutch control, and the last egg of the clutch (post-implant) 

to assess whether the T4 implant affected the transfer of maternal THs to the yolk. I also 

took one blood sample per female early in the incubation to evaluate the effect of the 

implant on female circulating THs. In parallel, I monitored the short-term effects (up to 

3 days after implantation) of exogenous T4 on circulating THs in captive females to make 

sure that the implants released T4 fast enough to influence yolk THs of the last egg. If 

the implant successfully increased circulating T4, we would expect an increase in the 

conversion to T3 in the tissue and thus an increase in circulating T3. On the other hand, 

females may be able to regulate the conversion from T4 to T3 in order to maintain normal 

circulating T3. Second, if mothers can regulate TH transfer independently from their 

circulating THs, one would expect plasma and yolk THs to respond differently to 

exogenous T4. For example, mothers may favour their own circulating TH levels, and 

thus get rid of excess THs in the eggs, potentially at the expense of embryo’s metabolism. 

Alternatively, if mothers cannot regulate TH transfer independently, one would expect 

both plasma and yolk THs to respond similarly to exogenous T4. 

Then, I wanted to know what are the short- and long-term consequences of 

maternal THs in a captive precocial species (Chapter 4) and in a free-living altricial 

species (Chapter 5). In Chapter 4, I manipulated THs in unincubated eggs from 

Japanese quails. I increased egg THs by yolk injection within the physiological range of 

the species. For the first time in prenatal TH studies, I not only injected a combination 

of both hormones, but I also injected T3 and T4 separately. Injection of either T3 or T4 

alone allowed me to tell apart the effects of each hormone and their additive effects. I 

then measured a wide array of traits, both during development and adulthood, potentially 

affected by prenatal THs: embryonic development and survival, chick growth, chick and 

adult oxidative stress, and adult responsiveness to change in photoperiod. I expected 

hatching success to be positively affected by prenatal THs (Hsu et al., 2017a, 2019b), 

while growth to be positively (Hsu et al., 2019b), negatively (Hsu et al., 2017a) or sex-

specifically affected (Ruuskanen et al., 2016). I also predicted that yolk THs would have 

organisational effects on life stage transitions, with advanced timing of puberty and 

moult. 

In Chapter 5, I tested the short-term effects of prenatal THs, but this time in a 

free-living passerine species, the Pied flycatcher. Similar to Chapter 4, I injected, within 

the physiological range of the species, a combination of T3 and T4 in unincubated eggs. 

I then assessed the effects of prenatal THs on various responses: hatching success, 

nestling growth, physiology and survival. As in chapter 4, I expected elevated yolk THs 

to increase hatching success and affect growth. Elevated yolk THs may also increase 
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nestling oxidative stress through increased metabolism (Asayama et al., 1987; 

Villanueva, Alva-Sanchez & Pacheco-Rosado, 2013). Finally, by comparing my results 

with these of a similar study on Collared flycatchers, a closely related species, I proposed 

an explication for the apparent discrepancy in the literature about the effects of prenatal 

THs in birds. 



Chapter 1 

18 

 

F
ig

u
re

 2
: 

S
ch

em
at

ic
 v

ie
w

 o
f 

th
e 

m
ai

n
 q

u
es

ti
o
n
s 

in
 t

h
e 

th
es

is
. 

T
h
e 

ef
fe

ct
s 

o
f 

th
e 

en
v
ir

o
n
m

en
t 

o
n
 c

ir
cu

la
ti

n
g

 a
n

d
 y

o
lk

 

T
H

s 
w

er
e 

st
u
d
ie

d
 i

n
 C

h
ap

 2
 a

n
d
 5

, 
re

sp
ec

ti
v
el

y
. 

T
h
e 

p
o
te

n
ti

al
 r

eg
u
la

ti
o
n
 o

f 
y
o
lk

 T
H

 t
ra

n
sf

er
 w

as
 t

es
te

d
 i

n
 C

h
ap

 3
, 
an

d
 

th
e 

sh
o
rt

- 
an

d
 l

o
n
g
-t

er
m

 e
ff

ec
ts

 o
f 

y
o
lk

 T
H

s 
w

er
e 

st
u
d
ie

d
 i

n
 C

h
ap

 4
 a

n
d
 5

. 



General discussion 

19 

General discussion 

Is iodine limiting TH production and transfer to the yolk? (chapter 2) 

In the first chapter of my thesis, I aimed to answer the question whether THs are costly 

to produce and to transfer to the eggs, thus inducing a trade-off in mothers between self-

maintenance and reproduction when iodine resources become limited. I also wanted to 

know whether mothers may regulate yolk TH deposition to cope with these potential 

trade-offs. I thus provided breeding pairs of Rock pigeons with either an iodine-restricted 

or an iodine-supplemented diet. I collected two clutches and two blood samples (after 

clutch completion) per female.  

I found a decrease in circulating and yolk iodine with restricted iodine. 

However, mothers that laid eggs managed to maintain normal circulating and yolk TH 

concentrations. These females likely did not face any constraints or trade-offs due to 

restricted iodine. Exposure duration to restricted iodine also had no effect on circulating 

and yolk iodine and THs. However, I did find that fewer females laid eggs in the iodine-

restricted group. Therefore, restricted availability of iodine may induce a cost for egg 

production. Previous studies have demonstrated that hypothyroid females reduce (Van 

Herck et al., 2013) or even stop (Wilson & McNabb, 1997) egg production. We may 

therefore speculate that our restricted diet rendered some females hypothyroid to the 

extent they could not lay eggs. This result may also suggest that mothers may not be able 

to regulate yolk TH deposition independently from their own circulating TH levels (in 

line with results in chapter 3). However, these females could not be captured as they 

would not use nest boxes. If we had been able to sample those females, we may have 

observed decreased circulating THs, contrary to the females that laid eggs. Overall, our 

results indicate that, when facing limiting iodine availability, mothers may prioritise their 

circulating THs, to maintain their own physiology, and offspring quality over offspring 

quantity by reducing the number of eggs produced.  

Are mothers able to regulate TH transfer to their eggs? (chapter 3) 

In this chapter, I aimed at assessing whether mothers are able to regulate maternal TH 

transfer to the eggs independently from their circulating THs. To do so, I inserted 

subcutaneous T4 implants in egg-laying female Pied flycatchers.  

The results of this study showed that exogenous T4 successfully increased 

plasma and yolk T4, but not plasma or yolk T3. In addition, although the yolk T3/T4 ratio 

decreased due to T4 implants, this ratio was not different from the ratio in females’ 

plasma. These results indicate that, within the range of the manipulation, females are not 

able to regulate the transfer of T4 into their eggs independently from their circulation, 

and that yolk T4 simply mirror plasma T4 at the time of yolk formation (Groothuis & 

Schwabl, 2008). This absence of regulatory mechanisms may impose trade-offs on 
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mothers between optimising T4 for herself or for her eggs. Second, because our T4 

implants failed to affect plasma T3, we cannot test the potential regulation of the transfer 

of T3. These results are in contradiction with previous studies that found evidence for 

independent regulation of TH transfer. The first one orally administrated either a low 

dose (1x the daily T4 production) or a high dose (3x the daily production) of T4 in 

Japanese quails for several weeks. The authors found that low dose of T4 increased yolk 

T3 but not plasma T3 (Wilson & McNabb, 1997). In the second study, breeding hens 

treated with methimazole, an anti-TH drug, showed a decrease in yolk T3 but not in 

plasma T3 while plasma and yolk T4 remained unaffected (Van Herck et al., 2013). In 

both studies, mothers favoured maintenance of their circulating levels of THs over yolk 

TH concentrations. The apparent contradictions with my results may be explained by the 

fact that these two studies administrated supraphysiological doses and/or by the fact that 

the studies manipulated circulating THs for a long period of time (up to 16 weeks). 

Conversely, I manipulated circulating THs within the physiological range, apart from a 

short surge in plasma T4 (less than 3 days), and for a shorter period of time (ca. 3 weeks). 

The unaffected plasma T3, despite increased plasma T4, suggests that females 

were able to regulate the peripheral conversion from T4 to T3 to maintain normal 

concentrations of plasma T3. Previous research has shown that THs can mediate 

deiodinases expression and activity (Bianco et al., 2002). This mechanism could be a 

tool for females to regulate TH transfer to their eggs if independent regulation of TH 

transfer were not possible. However this mechanism is not very flexible and does not 

free females from potential trade-offs.  

Do prenatal THs exert organisational effects? Do prenatal T3 and T4 have independent 

effects as well as additive effects? (chapter 4) 

In this chapter I injected unincubated eggs from Japanese quails maintained in captivity 

with either T4 or T3 alone, a combination of both hormones, or a saline (control) solution. 

This design allowed us to explore the effects of T4 and T3 separately, which has not been 

done in previous studies. I measured traits known to be influenced by circulating and 

yolk THs: embryo development and survival, chick growth, transition between life-

history stages (i.e., reproductive state and moult) and chick and adult oxidative stress. 

I found that elevated yolk THs (T4 alone or in combination with T3) increased 

hatching success, in line with previous studies (Hsu et al., 2017; Hsu et al., 2019, but see 

Ruuskanen et al., 2016 and Sarraude et al., 2020). I  found no other short- or long-term 

effects on any of the measured traits. Previous studies have reported positive (Wilson & 

McNabb, 1997; Hsu et al., 2019; chapter 5), negative (Hsu et al., 2017a), or sex-specific 

effects (Ruuskanen et al., 2016) of prenatal THs on growth. Yet, our study failed to detect 

different growth trajectories between the treatments. I also found no effect on the timing 

or speed of postnuptial moult, or on oxidative stress. Finally, I found no evidence for 
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differential effects of maternal T4 and T3. Yet, I should emphasise that due to an overall 

low hatching success (ca. 50%), our control and T3 groups had few individuals, thus 

limiting statistical power to detect differences between groups.  

What are the short-term effects of prenatal THs in a free-living altricial species? Are 

prenatal TH effects context-dependent? (chapter 5) 

In this last chapter, I tested the short-term effects of elevated prenatal THs in a precocial 

species, the Pied flycatcher. I compared my results to a similar study on a closely related 

species, the Collared flycatcher (Hsu et al., 2019b). In this chapter, I elevated, within the 

physiological range, both T3 and T4 in unincubated eggs. I then measured traits 

potentially affected by prenatal THs: hatching success, growth, oxidative stress and 

survival.  

 Our results showed no effect of elevated yolk THs on hatching success, 

oxidative stress or survival. We found a non-statistically significant trend on growth, 

with TH nestlings growing slightly faster than control nestlings in the second week post 

hatching. Our results differ substantially from those of Hsu and collaborators (2019b) 

who found positive effects on hatching success and growth in a sister species. Because 

these species are phylogenetically close, and capable of hybridising, species differences 

alone may not explain the contradicting results. In an attempt to explain this discrepancy, 

we compared environmental conditions (ambient temperature and precipitation) during 

the breeding season of these two species. We found no clear differences the 

environmental variables measured. Yet, because nestling survival notably differed 

between the two studies (90% in this study vs 75% in Hsu et al., 2019), we may still 

expect some components of the environment, such as food availability, to play a role in 

the potential context-dependent effects of prenatal THs. As mentioned in the general 

introduction, ambient temperature correlates with circulating and yolk THs, and is thus 

a potential factor interacting with prenatal THs. This is why we further tested in a fully 

factorial experiment whether prenatal THs interact with post-hatching nest temperature 

and found no clear context-dependent effects (Hsu et al., 2020). 
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Synthesis 

In my thesis, I aimed at answering several questions on the causes and consequences of 

natural variation in maternal THs in birds. In chapter 2, I demonstrated that iodine 

availability can limit egg production and thus potentially limit TH transfer to the eggs. 

However, some females appeared to maintain normal circulating and yolk THs while 

also maintaining normal egg production. Therefore, better quality individuals may be 

able to cope with the potential costs of TH production under restricted iodine. In addition, 

I found no short- or long-term negative consequences of elevated yolk THs on offspring 

(chapters 4 and 5, but see negative effects on growth in Ruuskanen et al., 2016; Hsu et 

al., 2017). Therefore, one could ask why females do not pack their eggs with THs to 

boost offspring growth (as found in Hsu et al., 2019 and suggested in chapter 5) and 

hatching success (as found in chapter 4 and in Hsu et al., 2017 and Hsu et al., 2019). 

The results in chapter 3 may bring an answer to that question. In chapter 3, I found that 

females may not be able to regulate TH transfer to the eggs independently from their 

own circulating levels. Such an impossibility to regulate yolk TH transfer may impose 

on mothers a trade-off between optimising circulating THs and yolk THs. Thus, mothers 

cannot increase yolk THs without increasing their own circulating THs, potentially 

exposing themselves to high THs. 

 

In my thesis, I could not find evidence for the ability of mothers to regulate yolk 

TH deposition independently from their own circulating TH levels (chapters 2 and 3), 

in contradiction with previous studies (Wilson & McNabb, 1997; Van Herck et al., 2013; 

Hsu et al., 2016). This contradiction may partly be explained by differences in the 

experimental designs (as discussed above). The potential absence of regulatory 

mechanism may impose certain trade-offs on mothers between optimising circulating 

and yolk THs.  

In the case of thyroid hormones, iodine may be a limiting factor in yolk TH 

deposition and egg production (chapter 2). Thus, if mothers cannot independently adjust 

yolk THs, both mothers and embryos may suffer from reduced THs when iodine is 

limited. On the other hand, independent regulation of yolk THs may allow mothers to 

prioritise either themselves or their progeny. Since such regulatory mechanism may not 

be available to mothers, they may be left with one extreme solution to cope with 

restricted iodine: stop egg production, as found in chapter 2. This solution may allow 

females to maintain iodine stores and circulating THs and wait for more favourable 

conditions to reproduce. Rock pigeons lay a maximum of two eggs per clutch; thus, 

females faced with restricted dietary iodine may lay either 100%, 50% or 0% of their 

maximum clutch size. Repeating the experiment with a species that lays multiple eggs 

in a clutch would allow to quantify more precisely the effects of limited dietary iodine 
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on clutch size. Nevertheless, rock pigeons are able to lay multiple clutches per breeding 

season, which makes it a relevant study model to test for trade-offs between current vs 

future breeding attempts. In chapter 2, despite restricted iodine, some females 

maintained normal egg production despite reduced circulating and yolk iodine. 

Nevertheless, these females managed to maintain normal circulating and yolk THs. 

Previous studies showed that reduced yolk iodine can impair embryonic and hatchling 

TH function, with reduced iodine and T4 thyroid stores (McNabb, Dicken & Cherry, 

1985; Stallard & McNabb, 1990). These studies did not report yolk THs, but our results 

show that reduced yolk iodine does not necessarily imply reduced yolk THs. Thus, the 

negative effects of low yolk iodine may not be directly due to reduced yolk THs, and the 

exact consequences of low yolk iodine should deserve further investigation. 

Independent regulation of yolk THs may allow mothers to flexibly adjust the 

signals transferred to their progeny to match the future environmental conditions, which 

may be different from those experienced by the mothers at the time of yolk formation. 

However, if mothers are not able to regulate yolk THs independently from their own 

circulating levels, the information they transmit to their progeny may not be completely 

accurate regarding the future environment. This may hamper the potential for maternal 

hormones to be adaptive, and may even lead to non-adaptive effects. Thus, embryos may 

have developed mechanisms to ignore, at least partly, maternal signalling.  

 

When the field of maternal effects developed embryos were first considered as 

mere passive recipient of maternal information and signalling. This view has then been 

challenged (Müller et al., 2007), and new evidence show that embryos can metabolise 

maternal hormones early in the development (Kumar et al., 2018) and can adjust the 

number of hormone receptors to the presence of maternal hormones (Kumar et al., 2019). 

Embryos can also respond differently to maternal signalling according to their rank in 

the clutch (Kumar et al., 2018). This recent thesis (Neeraj 2019, PhD thesis) has given a 

new role for embryos that clearly deserve more attention. In the context of thyroid 

hormones, embryos may have several levers available to adjust their response to maternal 

signalling. They may increase or decrease their sensitivity to maternal THs by up- or 

down-regulating nuclear TH receptors, TH transporters and/or deiodinases. Previous 

studies in precocial species have demonstrated that embryos express such receptors, 

transporters and enzymes very early in the development, before their own thyroid gland 

are functional (reviewed by Darras, 2019). To date, such information is not available in 

altricial species. Recent studies aimed at filling this knowledge gap and suggest similar 

results in wild Pied flycatchers and Blue tits (Cyanistes caeruleus): early embryos (ca. 3 

days into incubation) express mRNA of TH transporters, TH receptors and all 

deiodinases (Ruuskanen et al. unpublished results). It will then be important to assess 

whether embryos can adjust their response to maternal THs according to the pre- and 
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post-natal environment they are experiencing, such as yolk composition or rank in the 

clutch. The ability of embryos to respond to maternal THs deserves further examination, 

especially if mothers show little potential for independent regulation of yolk TH 

deposition. 

 

The ability of embryos to modulate their response to maternal signalling is also 

interesting in the context of parent-offspring conflicts. Such conflicts arise when the 

evolutionary interests of the parents and of the progeny do not align. In iteroparous 

species, which can undergo several reproductive cycles in a lifetime, parents tend to 

maximise their overall reproductive output, and will thus not invest all of their energy in 

one breeding attempt. On the other hand, offspring from one breeding attempt will seek 

to maximise the investment of their parents in the current breeding attempt, hence 

creating a conflict. In the context of maternal hormones, mothers may use hormones to 

“manipulate” offspring development and phenotype to their own advantage (Müller et 

al., 2007). However, the ability to “manipulate” offspring while maintaining optimal 

circulating hormones requires that mothers can regulate yolk TH deposition 

independently from their circulating THs. Since the results in chapter 2 and 3 suggest 

no independent regulation of yolk TH deposition, embryos may have the upper hand in 

family conflicts involving THs. Chapter 3 also shows between-females differences in 

yolk T4 deposition in response to exogenous T4, with an up to 6-fold difference in yolk 

T4 concentration (Figure 1 of chapter 3). This difference may be due to implants 

releasing hormones at different rates, but it may also be due to mothers using different 

strategies to clear excess T4. Some females may simply deposit more of the excess 

hormone, while others may metabolise such hormone into other inactive forms, such as 

T2 or rT3. Measuring such metabolites may yield important information on the strategies 

employed by breeding females during yolk formation and hormone deposition. 

 

In chapters 4 and 5, where I looked at the short- and long-term effects of 

prenatal THs, I could not replicate most of the previous results from similar studies. To 

my knowledge, chapter 4 was the first study to look at the potential organisational 

effects of yolk THs into adulthood. The absence of such effects on the traits measured 

(growth, moult, oxidative stress) suggest that embryos can buffer the initial increase in 

yolk THs and are not simply passive to maternal signalling. In addition, unpublished 

results from the same experiment showed no differences in behaviour (in chicks and 

adults) caused by prenatal THs (Ruuskanen et al., unpublished results). This is coherent 

with the analysis of the expression of four genes involved in TH metabolism (2 genes 

coding for TH receptors, 1 gene for DIO2, and 1 gene for a coactivator) in adult brains 

(Ruuskanen et al., unpublished results from the same experiment). In chapter 5, I could 
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not find the same short-term effects shown by previous similar studies on hatching, 

growth or metabolism (Ruuskanen et al., 2016; Hsu et al., 2017, 2019). 

 The discrepancies between the different studies cannot be solely due to species 

differences. As discussed in chapter 5, prenatal THs may have context-dependent 

effects that can be difficult to capture in field studies. Context-dependence means that 

the same amount of yolk THs will result in a different outcome related to the environment 

experienced by the progeny. For example, the stimulating effects of THs on metabolism 

may increase growth when there are enough resources but may decrease growth when 

resources are limited. Such context-dependent effects have been studied recently by 

manipulating, in a full factorial design, yolk THs and nest temperature in wild pied 

flycatchers. The results showed no clear interaction between yolk THs and nest 

temperature on nestling growth, survival and physiology (Hsu et al., 2020). However, 

other environmental conditions may interact with yolk THs, such as food availability or 

other yolk hormones.  

 

Evaluating the potential context-dependent effects is important to assess under 

which conditions variation in prenatal THs can be adaptive. Maternal hormones can be 

considered adaptive when they increase mothers’ fitness. Mothers can increase their own 

fitness by anticipating the future conditions and adjust the offspring phenotype 

accordingly. These are referred to as anticipatory maternal effects (AME, Marshall & 

Uller, 2007), and are considered to be widespread. Such effects require that mothers can 

accurately predict the future environmental conditions. If the future conditions match the 

current conditions, mothers should adjust the offspring phenotype to resemble the 

mothers’ phenotype. This is a simple case scenario, in which mothers only need to 

produce one phenotype. Conversely, if the future conditions do not match the current 

ones, mothers need to produce another phenotype that would be adequate for the 

expected conditions. This more complex scenario requires mothers to have evolved 

mechanisms to predict future conditions, and regulatory mechanisms to flexibly adjust 

yolk THs. Chapters 2 and 3 in my thesis do not show evidence that such regulatory 

mechanisms exist, thus leaving little scope for AE mediated by maternal THs.  

 Alternatively, Bonduriansky and Crean argue that some non-anticipatory 

effects, such as condition-transfer effects (CTE) can also be adaptive, and may even be 

more widespread than AME (Bonduriansky & Crean, 2018). CTE suppose a positive 

correlation between the condition, or quality, of the parents and the condition of the 

offspring, regardless of the environment (Bonduriansky & Crean, 2018). Therefore, 

evolution of CTE does not need environmental conditions to be predictable or specific 

regulatory mechanisms (Bonduriansky & Crean, 2018). Following Bonduriansky and 

Crean, transfer of yolk THs can still be adaptive even if mothers cannot regulate yolk 
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TH deposition independently from their circulating THs. Thus, research on maternal 

hormones would benefit from investigating the potential adaptive value of maternal THs.  

Other aspects of maternal THs deserve further investigation in the future 

This thesis was faced with some methodological limitations. First, increasing yolk traits 

necessitates injections that are rather invasive methods thought to reduce hatching 

success. Thus, there is a need for developing less invasive methods such as egg-dipping 

or albumen injection. However, such methods are for now less reliable than yolk 

injections, with uncertainties about how much of the hormones will actually be taken up 

by the embryo. Using a full-factorial design, one would be able to tell apart the effects 

of manipulation (injection or dipping) and maternal THs on hatching success. A recent 

study confirms that yolk injections induce the highest mortality rate compared with the 

other two methods (Birker et al., unpublished results). Albumen injection may be a good 

method to inject accurate amount of hormones, especially for lipophilic hormones, which 

may migrate towards the yolk (Birker et al., unpublished results). Finally, egg-dipping 

is as safe albumen injections, but should only be used under specific conditions such as 

small sample sizes, harsh field conditions, or inexperienced users (Birker et al., 

unpublished results). 

Second, in my thesis I only manipulated prenatal THs, though interactions 

between THs and other hormonal axes are well documented across vertebrates (Flood, 

Fernandino & Langlois, 2013; Brown et al., 2014; McNabb & Darras, 2015; Tovo-Neto, 

2018). Manipulating yolk THs together with another yolk component (e.g., steroid 

hormones, antioxidants) would yield addition information on the importance of 

interactions between prenatal THs and other yolk components. In fish, combined 

manipulations of yolk cortisol and THs have demonstrated synergistic effects of these 

two hormones on larval development and survival (reviewed by Brown et al., 2014). In 

birds, simultaneous manipulation of yolk THs and corticosterone in great tit eggs have 

shown little interaction effects of both hormones (Ruuskanen et al., unpublished results).  

Nevertheless, such ecological studies in wild species should be encouraged. 

Third, it is easier to increase a yolk component than to decrease it. In the case of 

thyroid hormones, one could administrate (by injection or some other method) a thyroid 

antagonist. However, this involves other problems regarding the potential undesired 

effects (independent of the HPT axis) of such antagonists on embryonic development. 

According to Darras (2019): “Decreasing maternal TH availability throughout 

development can only be achieved by rendering laying hens hypothyroid, which is 

typically done by addition of goitrogens [TH antagonists] to their food or drinking 

water”. However, these molecules are also transferred to the eggs and found in 

embryonic tissue (Van Herck et al., 2013), potentially causing other adverse effects. 

Besides, injecting goitrogens directly in eggs can block the embryonic thyroid gland and 
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decrease endogenous TH production, although only when the gland has become 

functional, ca. around mid-incubation in precocial species (Darras, 2019). Using 

goitrogens to reduce the conversion of T4 into T3 earlier in the development is impossible 

without administrating toxic doses (Darras, 2019). 

Increasing or decreasing a yolk component should lead to the same conclusions 

regarding simple relationships between yolk THs and fitness-related traits, such as 

positive or negative correlation, or no correlation at all (Figure 3, A - C). Experiments 

manipulating yolk THs in both directions would enable detecting more complex 

relationships between yolk THs and fitness-related traits such as ceiling or threshold 

effects (Figure 3, D - G), or quadratic effects (Figure 3, H and I). A recent meta-analysis 

on hormone manipulation found support for the Optimal Endocrine Phenotype 

Hypothesis, which poses that individuals display the optimal, or near-optimal, endocrine 

phenotype for a certain environment (Bonier & Cox, 2020). Therefore, any manipulation 

of their hormonal status will deviate them from the optimal phenotype and decrease their 

fitness (Bonier & Cox, 2020), and is illustrated in Figure 3H. The authors also 

acknowledge that they lacked data to properly test the alternative hypothesis, the 

Ongoing Selection Hypothesis. This hypothesis assumes that individuals mostly fail at 

expressing the optimal phenotype. Thus, endocrine manipulation should bring an 

individual closer to its optimal phenotype and increase its fitness (Bonier & Cox, 2020), 

which is depicted in Figure 3I.  
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Figure 3: Possible theoretical relationships between yolk THs and fitness-

related traits, such as growth, metabolism or survival. 
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Conclusion  

In conclusion, thyroid hormones have long been known for playing important roles in 

all vertebrates on a wide variety of traits, such as embryonic development, juvenile 

growth, reproduction and metabolism. However, these hormones have been 

overshadowed by steroid hormones in the context of hormone-mediated maternal effects. 

Only recently natural variation of prenatal THs have gained attention in an eco-

evolutionary context. My thesis aimed at answering some important questions on the 

potential cost of TH production and transfer to the eggs, whether mothers are able to 

regulate yolk TH deposition, and on the potential long-term and context-dependent 

effects of prenatal THs (Figure 4). Research on maternal THs should learn from the 

existing literature on maternal androgens and corticosterone and aim at answering 

questions such as the adaptive value of maternal THs or how embryos respond to prenatal 

THs. 
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