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ABSTRACT 

 
EFFECTS OF MATERNAL STRESS IN DIFFERENT  

STRAINS OF LAYING HENS 
 
 
 
Mariana Roedel Lopez Vieira Peixoto 
University of Guelph, 2020 

Advisor: 
Tina Widowski

This thesis is an investigation of the effects of maternal stress on the offspring of different 

genetic lines of layer breeders. In their lifetimes, layer breeders may experience stressors that can 

lead to increased levels of corticosterone or other components in the egg, potentially impacting 

their progeny (commercial laying hens). Thus, the main objective of this thesis was to investigate 

whether some layer breeders of different genetic background are more sensitive to the effects of 

maternal stress than others. Additionally, this study aimed to assess if the glucocorticoid hormone 

corticosterone mediates the effects of maternal stress. For this, two stress models were tested in 

five strains of laying hens (4 commercial lines and one pure line): A maternal stress model, in 

which layer breeders from each genetic line were subjected to a series of daily psychological 

stressors during egg production, and a pharmacological stress model, in which a sub-sample of 

eggs from non-stressed breeders received one single injection of corticosterone moments before 

incubation. Measures of hatchability, body weight, fearfulness and stress response were assessed 

in the offspring. The pharmacological stress model decreased the hatchability and body weight of 

the progeny from hatch to 17 weeks of age, while the maternal stress model decreased response to 

social isolation (measured by the total number of distress calls) but only in one commercial line 

without further effects in any other traits measured. These results suggest that layer breeders may 

be more resilient to the transfer of maternal stress than initially predicted. Moreover, it suggests 
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that corticosterone might be involved in the transfer of maternal stress in laying hens, but not as 

the primary mediator. Regardless of stress treatments, behavioural and physiological differences 

across different strains of layers were consistently observed, especially between brown and white 

strains, highlighting the individual characteristics of each genetic line. In conclusion, this research 

helped clarify the effects of genetic variation among commercial and pure genetic lines of layer 

breeders in the field of maternal stress. 
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Chapter 1 

Introduction 
 

The organizational structure of layer breeding companies follows a pyramidal model: At 

the top of the pyramid is a relatively small population of pure line elite stock, followed by the 

grandparent stock, the parent (or breeding) stock, and the commercial layers at the base. In their 

lifetimes, layer breeders can produce approximately 115 laying hens (Lohmann Tierzucht, 2017; 

Hy-Line International, 2016); therefore, a comparatively small number of breeders are needed to 

provide the total number of commercial layers in the egg system. In the United States, for example, 

approximately 3 million layer breeders are raised to produce almost 400 million commercial layers 

every year (USDA, 2018). These birds are typically raised in mixed-sex groups of approximately 

100 females per 8 males, either in floor systems housing thousands of birds, or in smaller groups 

in colony breeder cages. Usually, the parent stock mates naturally; however, artificial insemination 

can also be used (especially in highly selected animals, such as in the elite and grandparent stocks). 

Similar to the commercial layers, the parent stock may also be exposed to stressful procedures and 

events, such as beak trimming (regulations vary across regions), human handling and social 

conflicts with other birds.  

Once believed that only genetic selection could shape the phenotype of the progeny, it is 

now known that situations of over-activation of the hypothalamic-pituitary-adrenal (HPA) axis 

(i.e., stressors) experienced by the female during egg production can elicit a biological response 

that might leave long-lasting effects in the progeny (Sheriff and Love, 2013). It has been suggested 

that this mechanism signals the future environment to the embryo, being beneficial to the offspring 

if mother and progeny share similar environments; or detrimental if their environments differ 
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(“environmental matching hypothesis” [Gluckman et al., 2005; Williams and Groothuis, 2015]). 

Consequently, the experiences of a few million layer breeders may directly affect the development, 

physiology, behaviour, and possibly, the overall welfare of thousands of millions of their offspring, 

the commercial laying hens. 

Sometimes used interchangeably, the terms maternal stress and prenatal stress differ in 

regard to the recipient of the stressor. For maternal stress, the recipient is the mother, and the time 

of the stressor can be prenatally (during pregnancy in mammals or egg development in oviparous 

species) or postnatally (during parental care in altricial birds and mammals or during lactation). 

Alternatively, when the stressor is experienced directly by the embryo, the term prenatal stress is 

used, and examples include drastic changes in temperature or periods of hypoxia during egg 

incubation in oviparous species. Among various potential biological mediators (e.g., maternally 

derived hormones or antioxidants), the glucocorticoid corticosterone stands out among the most 

analyzed one in the literature (reviewed in Henriksen et al., 2011b; Ahmed et al., 2016; Groothuis 

et al., 2019). Although not a synonym for “stress” (MacDougall-Shackleton et al., 2019), 

corticosterone is the major product of the stress response in birds, and it is naturally deposited from 

the plasma of the female into the albumen and yolk during egg production (Almasi et al., 2012); 

thus, offering a direct pathway between maternal response to stress and embryonic environment.  

Besides maternal experiences, the genetic selection for productivity in commercial lines 

seems to contribute to stress susceptibility in laying hens. Commercial strains of layers are more 

responsive to acute stressors (Ericsson et al., 2014; Ericsson and Jensen, 2016) and more prone to 

the effects of maternal stress (Nätt et al., 2012) than their ancestor, the Red Junglefowl. Moreover, 

stress response varies across genetic lines of layers (de Haas et al., 2013; Pusch et al., 2018), 

possibly linking stress susceptibility to the breeder’s natural response to stressors. The study of 
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maternal stress in different genetic strains of laying hens is therefore critical, as it accounts for the 

effects of the experiences of a highly significant group of birds (breeder hens) and their specific 

genetic differences across strains.  
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Chapter 2 

Literature Review 

 

2.1. Introduction 

In this chapter, the reader will be introduced to some general concepts of the stress response 

and glucocorticoid production in animals. This knowledge is essential to understand how maternal 

responses to stress can affect the phenotype of the progeny. Next, the concept of maternal stress is 

explained, with examples centred on avian species (mostly chickens, but also quails and passerine 

birds), followed by a review of methods used for quantifying stress reactivity in offspring. Lastly, 

the genetic evolution of the domestic fowl is introduced, and the primary genetic differences 

among strains will be discussed: from the chicken’s ancestor, the Red Junglefowl to the highly 

genetically selected commercial lines of laying hens.  

2.2. Stress response and glucocorticoid production 

When an animal is confronted with a stressor (physical or psychological), different 

biological systems (behavioral, autonomic nervous, neuroendocrine, and immune) are activated to 

elicit responses that function to help the animal cope with the threatening situation (Moberg, 2009). 

The stress response of vertebrate animals involves two main mechanisms that function to quickly 

maximize resource acquisition in order to restore homeostatic balance: the sympathoadrenal 

medullary (SAM) system and the hypothalamic-pituitary-adrenal (HPA) axis, respectively 

responsible for the production and secretion of catecholamine and glucocorticoid (GC) hormones 

(reviewed in Hofer and East, 1998; Sapolsky et al., 2000). 

Glucocorticoids are steroid hormones involved in a wide range of metabolic processes, 

such as energy mobilization in the liver and the restoration of homeostasis after a stressful stimulus. 
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The two primary GC are cortisol (secreted by humans and other mammals) and corticosterone 

(secreted by birds, rodents and reptiles). Since the synthesis of both cortisol and corticosterone is 

similar in mammalian and avian species (Hess, 2002; Lucassen et al., 2009), both hormones will 

be collectively referred as CORT in topic 2.1 of this review, for the purpose of clarity. From topics 

2.2 onwards, an emphasis will be given to poultry species (domesticated birds, primarily chickens 

and quails but occasionally passerine birds) and any mammalian examples will be individually 

identified. 

The synthesis of GC in animals maintains the supply of energy in both basal and reactive 

conditions and can be achieved by four main pathways: 1. a cyclical production based on 

exogenous factors that modulate the activity pattern (i.e., circadian pattern); 2. a constant and 

rhythmic production of CORT modulated by a feedforward-feedback interaction between the 

pituitary and the adrenal gland (i.e., ultradian pattern); 3. a pituitary-independent response to 

exogenous factors (SAM axis) and 4. an immediate CORT supply in response to physical or 

psychological threats to homeostasis (HPA axis).  

Although sometimes referenced in the literature as a “stress hormone”, CORT production 

in response to stress is just one part of a complex mechanism that regulates various physiological 

systems in vertebrates (MacDougall-Shackleton et al., 2019). Nevertheless, GC hormones can 

minimize the effects of a stressor on the individual and have quantification methods that are overall 

simple, reliable and sensitive: characteristics that help explain its popularity in the field of stress 

physiology. 

2.2.1. The hypothalamic-pituitary-adrenal axis 

Basal HPA axis activity corresponds to the circulating CORT levels observed in animals 

under undisturbed conditions. Basal activity has a rhythmic component that regulates the cyclical 
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production of CORT throughout the day (i.e., circadian cycle) and a rapid pulsatile pattern of 

almost every hour (i.e., ultradian cycle) (see Figure 2.1.A for idealized basal CORT secretion 

pattern in a diurnal animal, like the chicken). In some species, there is also a circannual component 

that varies according to seasons (Dickmeis et al., 2013). 

 

 

Figure 2.1. Idealized basal and stress-induced corticosterone (CORT) secretion in a diurnal 

animal (e.g., chicken). A. Basal CORT follows a circadian production rhythm (grey line) and 

a faster, ultradian rhythm (orange line). The basal peak of CORT coincides with the 

beginning of the animal’s active period. B. Glucocorticoid production in response to acute 

stress (red line) produces maximum CORT regardless of the time of day. 

 

In the occurrence of an acute stressor, circulating CORT levels will increase, with a time-

lag of 3 to 5 min after stressor onset in both mammal and bird species (Romero and Reed, 2005, 

2008). The magnitude of an endogenous CORT response can vary substantially depending on the 

stressor, species, strain of species, sex and age; although the maximum stimulated activity level 

appears to be fairly constant over the course of the day (Spencer and Deak, 2017) (Figure 2.1.B). 

In birds, peak CORT levels are usually attained within 10 min after stressor onset and display a 

short half-life in blood (≤ 22 minutes in the domestic chicken [Birrenkott and Wiggins, 1984]). 
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The HPA axis is triggered by catecholaminergic projections originated by the SAM axis in 

the spinal cord and serotonergic innervations from the midbrain to the paraventricular nucleus 

(PVN) (Ulrich-Lai and Herman, 2009). Psychological stressors activate the HPA axis in response 

to the GABAergic stimulus sent to the PVN from the limbic system (Herman et al., 2002). The 

PVN acts as the central hormonal regulator of the body, secreting corticotrophin-releasing 

hormone (CRH) and arginine vasopressin (AVP) into the portal circulation of the pituitary through 

the median eminence. Both CRH and AVP increase pro-opiomelanocortin transcription, a protein 

that is cleaved into several peptides, one of them being the adrenocorticotrophic hormone (ACTH) 

(Lightman, 2016).  

The origin of the stimulus also affects AVP and CRH production. In the case of an acute 

stressor, CRH production increases while changes of AVP are less pronounced (Ma et al., 1997). 

In contrast, in response to a chronic stressor, AVP production increases consistently, sustaining 

the HPA axis responsiveness, while the CRH response depends on the type of stimulus and its 

intensity (Ma et al., 1997). Consistent secretion of CRH can lead to a loss of sensitivity of the 

pituitary gland (Lightman, 2016), and constant exposure to elevated concentrations of CORT due 

to chronic stress can be damaging, causing the impairment of memory and immunologic responses 

and increasing fat deposition (Oster et al., 2017). 

Once pro-opiomelanocortin is cleaved into ACTH, this hormone is released into the 

systemic circulation reaching the adrenal gland and binding to melanocortin-2 receptors to 

initialize CORT production (Lightman, 2008), which is automatically released into the blood 

system. Due to its lipophilic nature, CORT needs the corticosteroid-binding globulin (CBG) to 

travel through the blood system. CBG is a plasma glycoprotein with high affinity in the blood that 

acts as a carrier protein. Once in the blood system, CORT is regulated by direct negative feedback 
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at the level of the pituitary and the PVN (Spencer and Deak, 2017).  Since CORT can readily cross 

the blood brain barrier, one of the major direct targets for this hormone is the brain (Weil-Malherbe 

et al., 1959). 

Once inside the target cell, GC can bind glucocorticoid receptors (GR) or mineralocorticoid 

receptors (MR), which are tissue-specific ligand-induced transcription factors that are highly 

affected by CORT intensity and pulse frequency (Miranda et al., 2013). MR has an approximately 

5- to 10-fold higher affinity for CORT than GR, which makes it constantly occupied even at low 

hormone concentrations (Lightman, 2016). Thus, during peak levels of tissue activity or stress 

response, MR does not mediate circadian modulation, leaving this role for GR.  

2.2.2. Effects of glucocorticoids on embryonic development 

The embryonic development of the HPA axis varies within and across species, mostly 

depending on the developmental stage of the animal at birth (precocial versus altricial) (Wada, 

2008). Overall, embryonic GC stimulates the development and maturation of vital organs such as 

lung, small intestine, liver, adrenals, and kidney. GC also promotes the synthesis of glycogen and 

gluconeogenesis in the liver, sodium-potassium adenosine triphosphatase activity in the kidney 

and synthesis of sucrose and alkaline phosphate in the small intestine (Liggins, 1994; Wada, 2008).  

Altricial animals such as rats and mice are born with their eyes closed, without hair, 

relatively immobile and highly dependent on the parents. To finalize organ development and 

prepare the embryo for a prime physiological switch at birth (the transition from the maternal 

placenta to an autonomous absorption of oxygen and nutrient), an increase in CORT production is 

initiated in the last days of development. Additionally, high levels of fetal CORT signals and 

initiates the hormonal cascade that leads to parturition (see Wada, 2008). In the rat (term = 21 

days), secretion of ACTH and the presence of CRH in the pituitary are detectable by days 17 and 
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18 of development, respectively (Walker and Eaton, 1967). Hippocampal GR can be observed by 

day 13, but MR only becomes detectable by days 16 to 17 (Kretz et al., 2001). These findings help 

explain the presence of high levels of CORT during the end of gestation. Curiously, immediately 

after birth, basal levels of CORT in the rat start to decline until they reach baseline levels on day 

2. This alteration is sustained until day 14, characterizing the “stress hyporesponsive period” a 

beneficial physiological mechanism that aims to control the adverse effects of CORT on growth 

and fitness of the young (Wada, 2008). 

Precocial birds are born at much more mature states of development than altricial animals, 

with their open eyes, presence of down, and fully mobile (Starck and Ricklefs, 1998).  Compared 

to altricial offspring, the HPA axis of the precocial chicken (term = 21 days) starts to develop 

sooner. At embryonic day 4, elements for steroid synthesis begin to appear, and the adrenal cortex 

of the chick is established (Willier, 1930). On day 5, the pituitary gland starts to function. By days 

13 to 15, the adrenal gland starts to be regulated by the pituitary gland, and GC levels reach the 

first embryonic production peak. At this time, both cortisol and corticosterone are produced in the 

same ratio by the embryo (Jenkins and Porter, 2004). Hypothalamic control starts to be developed 

between days 14 and 16 of incubation. At this stage, basal CORT levels are completely under the 

control of the pituitary gland, even though the adrenal glands are regulated by both pituitary ACTH 

and hypothalamic CRH (Jenkins and Porter, 2004). While the available information on the 

ontogenetic aspects of the HPA axis in avian species is still scarce, it is clear that the system is 

fully developed by the end of embryonic development, allowing the chick to respond to challenges 

immediately after hatch. 



 10 

 2.3. Maternal stress 

The physiological response of females to environmental challenges can shape the 

phenotype of the offspring through a series of complex (and not yet fully understood) biological 

mechanisms (Kaiser and Sachser, 2005; Macrì and Würbel, 2006; Cao-Lei et al., 2016; Groothuis 

et al., 2019). For the past decades, different hypotheses have been proposed to explain why 

maternal experiences can leave a long-lasting effect on the offspring (reviewed in Chaby, 2016). 

Initially perceived as a strictly negative mechanism due to its short-term adverse outcomes on the 

progeny (e.g. slower growth and increased anxiety-like behaviours (Weinstock, 2008; Henriksen 

et al., 2013), maternal stress is now seen as a potentially adaptive tool for the increase of offspring 

fitness (Gluckman et al., 2005; Love and Williams, 2008a; Sheriff and Love, 2013). 

The Predictive Adaptive Response (PAR) hypothesis, proposed by Gluckman et al. (2005), 

addresses this question suggesting that environmental challenges experienced by the female allow 

for potentially advantageous phenotypical modifications in the progeny. However, the benefits of 

these alterations are environmentally context-dependent: if mother and offspring share similar 

environments, the effects are favourable; but if the environmental prediction by the mother is 

exceeded or not achieved by the offspring, the progeny is impaired (Gluckman et al., 2005; Bateson 

et al., 2014). Relying on the predictability and consistency of the environment, the functionality of 

PARs can vary throughout an animal’s life and consequently lead to either advantageous or 

detrimental phenotypic traits. 

2.3.1. Maternal stress and glucocorticoid hormones  

Cottrell and Seckl (2009) proposed two major biological pathways that drive the 

association between maternal experience and offspring phenotype: fetal malnutrition and exposure 

to elevated concentrations of GC. Fetal malnutrition has been extensively studied in different 
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species (reviewed in Bateson, 2014), and was shown to impair growth (Karadas et al., 2005; Zhang 

et al., 2010), behaviour (Fronte et al., 2008; Bilbo and Tsang, 2010; Akitake et al., 2015) and health 

(Cucco et al., 2007) of the progeny; however, its complex mechanisms and broad effects are 

beyond the scope of this thesis and will not be covered in this review.  

Due to their importance in the stress response and their role in a myriad of other 

physiological and behavioural mechanisms (reviewed in Spencer and Deak, 2017; MacDougall-

Shackleton et al., 2019), GC hormones are one of the most analyzed mediators of maternal stress 

in the literature (reviewed in Henriksen et al., 2011b; Ahmed et al., 2016; Groothuis et al., 2019). 

More recent studies suggest that other elements are involved in the mediation of this process, such 

as androgens (reviewed in Groothuis et al., 2019), antioxidants (Possenti et al., 2018) and 

immunoglobulins (Roth et al., 2018). Nevertheless, CORT has been shown to affect the progeny 

of placental and oviparous species. 

In mammals, offspring exposure to CORT occurs during gestation and can be regulated by 

both the mother and fetus (Wyrwoll et al., 2011). Placental expression of 11b-hydroxysteroid 

dehydrogenase type 2 (11b-HSD2) controls maternal GC exposure by interconverting cortisol and 

corticosterone to their inert forms: cortisone and 11-dehydrocorticosterone, respectively. The 

concentration of maternal basal GC levels are naturally up to 10-fold higher compared to the 

concentration found in the fetus (Lucassen et al., 2009); moreover, increases in maternal CORT 

are not subsequently associated with increases in 11b-HSD2 and its placental expression might 

not be sufficient to deactivate the exceeding GC hormone. After birth, mammalian offspring can 

also be exposed to maternally-derived CORT, through milk during the lactation period (Schoech 

et al., 2012; Hinde et al., 2015; Dettmer et al., 2018). 
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 In oviparous species, maternal deposition of steroid hormones, nutrients and other 

elements into the egg can modify its composition, potentially affecting the progeny. To reach the 

yolk and the albumen, maternal CORT is transferred from the adrenal glands to the oocyte or the 

ovulated egg, respectively (Almasi et al., 2012). The average time for egg production is between 

4 to 14 days (chicken = 8 days). Once laid, the egg is a sealed environment in which major changes 

will only occur with the beginning of embryonic development and metabolism. In laboratory 

conditions, different approaches can be used to study the effects and mechanisms of maternal stress 

on the avian embryo: maternal exposure to stressors (either naturally or through corticosterone 

injections or implants to the hen), pharmacological manipulation of egg content, and 

environmental changes during embryonic development (e.g., incubation). Since environmental 

changes during embryonic development are not directly related to increased levels of CORT during 

egg production, this mechanism will not be covered in this review (but see Dixon et al., 2016). 

2.3.2. Maternal exposure to stressors in birds  

Maternal stress has been extensively studied in mammals through the use of different 

stressors (e.g., social conditions [Kaiser and Sachser, 2005], physical restraint [Kitraki et al., 

2004], electrical shocks [Yang et al., 2006], saline injections [Cratty et al., 1995]). Interestingly, 

the stressors applied to poultry frequently link maternal experiences with procedures that may be 

experienced in animal husbandry. For example, when Japanese quails that were not habituated to 

humans were exposed to human disturbances, they laid eggs with less yolk and smaller offspring 

compared to previously habituated quails (Bertin et al., 2009). Human disturbances also decreased 

fearfulness and increased sociability in the offspring of unhabituated quails (Bertin et al., 2008). 

Commercial Hy-Line W-36 White Leghorn hens housed in battery cages showed lower 

levels of serotonin and higher levels of CORT compared to layers housed in furnished cages  
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(Pohle and Cheng, 2009); thus suggesting that housing systems can potentially be a source of stress 

for the domestic bird. Indeed, Lohmann Select Leghorn-Lite breeder hens that were reared and 

raised in cages produced eggs with a lower content of yolk and had smaller chicks at hatch than 

hens from the same strain reared and raised in aviaries (Cooley and Widowski, 2016). The layer 

breeder’s housing system can also affect the behaviour of the progeny: the offspring of caged hens 

responded more anxiously to social isolation (i.e., performed more distress vocalizations) than the 

offspring of hens that were reared and raised in aviaries (Cooley et al., 2016). 

One way to test whether increased CORT production in females correlates with changes in 

the offspring’s phenotype is by pharmacologically increasing the plasma CORT level of the 

female. For this, subcutaneous CORT-implantations or oral administrations of the hormone to 

mothers have been used with various results. CORT implants did not affect egg weights of 

Japanese quail (Hayward and Wingfield, 2004), zebra finches (Salvante and Williams, 2003) or 

European starlings (Love et al., 2005), but caused a decrease in egg weight, albumin mass, and 

yolk androgens and gestagens in White Leghorn laying hens (Henriksen et al., 2013). Effects on 

the development and behaviour of the offspring are equally inconsistent and might vary across 

species. While the progeny of implanted Japanese quails showed no effects on body weight at 

hatch or at later stages of development (Hayward and Wingfield, 2004; Satterlee et al., 2007), the 

progeny of implanted mixed strains of laying hens (White Leghorn, ISA Brown and Rhode Island 

Red) had significantly lower body weights compared to the progeny of control hens (Henriksen et 

al., 2013). Behaviourally, the offspring of implanted Japanese quails showed no effects on fear 

response when tested in the tonic immobility (TI) test (Davis et al., 2008), while implanted mixed 

strains of laying hens (see above) produced offspring that showed lower degrees of fear than the 

control group in the same test (Henriksen et al., 2013). 
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Maternal exposure to stressors is a stress model that presents little risk of damaging the egg 

or harming the embryo and does not preclude other mediators that might also affect embryonic 

development. However, due to the hen’s ability to adjust circulating steroids in the egg (Groothuis 

and Schwabl, 2008; Williams and Groothuis, 2015) and the embryonic capability to modulate 

CORT levels through rapid metabolization of this hormone (Vassallo et al., 2014), it is difficult to 

accurately measure the total concentration of CORT reaching the embryo, thus making the direct 

association between maternal CORT levels and the effects of prenatal stress in the offspring 

challenging. 

2.3.3. Maternal stress in birds: Pharmacological manipulation of egg content 

As stated by Henriksen et al., (2011b), the pharmacological manipulation of egg content 

offers significant advantages for the study of maternal stress. The embryonic development of avian 

species not only happens rapidly but in a sealed, controlled environment; thus, allowing the 

correlation of egg variables such as yolk weight and hormone content with traits observed in the 

progeny. However, although egg manipulation is ideal for testing for a specific mediator of 

maternal stress (mostly GC hormones [Henriksen et al., 2011b] and androgens [Groothuis and 

Schwabl, 2008], but also thyroid hormones [Ruuskanen et al., 2016]), changes in the concentration 

of only one element without further effects on others seems largely unnatural.  Indeed, research 

has shown that the increase of plasma levels of maternal CORT affects both the concentration of 

progesterone and testosterone in the yolk still during egg formation (Henriksen et al., 2011a).  

Another caveat for this model is that as pointed out by Groothuis et al. (2019), responses 

to hormone are often dose-dependent and the actual physiological concentrations of CORT 

delivered to the egg from the hen remain unknown (Rettenbacher et al., 2013a). Consequently, the 

validation and repeatability of methodologic procedures are inconsistent, significantly affecting 



 15 

comparisons across studies. For example, while Janczak et al., (2007) injected 5.5 ng CORT/ml 

egg content (diluted in sesame oil) in eggs from White Lohmann-selected Leghorns and found no 

differences in body weight between control and injected groups at 3 weeks of age, Eriksen et al., 

(2003) injected 10 and 20 ng CORT/ml egg content (diluted in ethanol) in eggs from Lohmann 

Brown and found that CORT injections impaired body weight at the same offspring age (Table 

2.1). The extent to which genetic strain, vehicle carrier and dose concentration may affect the 

progeny is still unclear. Behavioural and physiological effects of in ovo injections in different 

strains of layers can be found in Tables 2.2 and 2.3, respectively. Lastly, egg manipulation is an 

invasive procedure that involves breaching the egg normally through one injection aiming either 

at the yolk or the albumen before incubation. Not surprisingly, increased levels of embryonic 

mortality can be frequently observed across studies (Lay and Wilson, 2002; Eriksen et al., 2003; 

Janczak et al., 2006; Rodricks et al., 2006; Ahmed et al., 2014) 

2.4. Behavioural responses to acute stress 

During exposure to an acute stressor, the SAM system is rapidly triggered. Activation starts 

in the brainstem (Lightman, 2016), stimulating areas in the rostral ventrolateral medulla, a brain 

region responsible for basal and reflex control of sympathetic activity associated with 

cardiovascular function (Ulrich-Lai and Herman, 2009). Changes in respiration rate, 

cardiovascular tone, peripheral vasoconstriction, and energy mobilization occur, characterizing the 

“fight or flight” response (Cannon, 1929; Nelson, 2014). Activation of the parasympathetic branch 

of the autonomic nervous system thus follows, counterbalancing sympathetic effects and 

controlling the duration of the stress response. 
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Table 2.1. Effects of egg injection of corticosterone on hatch weight and body weight during growth of different genetic lines of 
laying hens. 

 Genetic 
Line 

Age of 
Breeders  

CORT 
Concentration Solvent Time of 

Injectiona Effect Age of 
Offspring Reference  

Body weight at hatch 
 White 

Leghornsb 26 weeks 10ng/ml Sesame oil 0 d = - (Janczak et 
al., 2006) 

 Hy-Line 
Brown 26 weeks  2,000 (Low) 

10,000ng/ml (High) Alcohol + PBS 0 d High CORT > Control 
and Low CORT - (Ahmed et al., 

2014) 
 Hy-Line - 10 ng/ml Ethanol 16 d = - (Lay and 

Wilson, 2002) 
 Lohmann 

Brown - 10 and 20ng/ml Ethanol + 
saline 1 d = - (Eriksen et 

al., 2003) 
 Mixed lines - 0.2 nmol/egg Ethanol + 

saline 10 d Control > CORT - (Rodricks et 
al., 2006) 

Body weight  
Hy-Line 
Brown 26 weeks  2,000 (Low) 

10,000ng/ml (High) Alcohol + PBS 0 d Control + Low CORT > 
High CORT 

Hatch to 8 
weeks  

(Ahmed et al., 
2014)  

Bovan 
White - 5ng/ml Sesame oil 0 d = 2 weeks (Haussmann 

et al., 2012)  
Lohmann 
Brown - 10 and 20ng/ml Ethanol + 

saline 1 d Control > CORT 3 weeks (Eriksen et 
al., 2003)  

White 
Leghornsb 39 weeks  5.5ng/ml Sesame oil 0 d = 3 weeks (Janczak et 

al., 2007b)  
White 
Leghornsb 26 weeks 10ng/ml Sesame oil 0 d = 4 weeks (Janczak et 

al., 2006)  
Hy-Line 
Brown 26 weeks 2,000 (Low) 

10,000ng/ml (High) Alcohol + PBS 0 d Control > Low + High 
CORT 

8 to 35 
weeks  

(Ahmed et al., 
2014)  

Lohmann 
Brown - 10 and 20ng/ml Ethanol + 

saline 1 d Control > CORT 11 weeks (Eriksen et 
al., 2003) 

a Time of injection in embryonic days; b White Lohmann-selected Leghorn; c Rhode Island Red/New Hampshire and/or White 
Leghorn/Black Australop 
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Table 2.2. Effects of egg injection of corticosterone on the behaviour of different genetic lines of laying hens. 
 Genetic Line Age 

Breeder 
CORT 

Concentration 
Solvent Time of 

Injectiona  
Effect Age 

Offspring 
Reference 

Aggression 
 Aggressive pecks (given) 
 Hy-Line - 10 ng/ml Ethanol 16 d Control > CORT 21 weeks (Lay and 

Wilson, 2002) 
 Hy-Line 

Brown 
26 weeks 2,000 and 

10,000ng/ml 
Alcohol + PBS 0 d High CORT > Control 

and Low CORT 
3 weeks (Ahmed et al., 

2014) 
 Hy-Line 

Brown 
26 weeks 2,000 and 

10,000ng/ml 
Alcohol + PBS 0 d Low CORT > Control 3 weeks (Ahmed et al., 

2014) 
Fearfulness 
 Fear of Humans 
 White 

Leghorn 
26 weeks 10ng/ml Sesame oil 0 d = 2 weeks (Janczak et al., 

2006) 
 Tonic Immobility (duration) 
 White 

Leghorn 
39 weeks 5.5ng/ml Sesame oil 0 d = 4 weeks (Janczak et al., 

2007b) 
Competition for food 
 White 

Leghorn 
26 weeks 10ng/ml Sesame oil 0 d Control > CORT 2 weeks (Janczak et al., 

2006) 
Ability to cross a wall to access food 
 White 

Leghorn 
26 weeks 10ng/ml Sesame oil 0 d = 2 weeks (Janczak et al., 

2006) 
Time spent eating 
 White 

Leghorn 
39 weeks 5.5ng/ml Sesame oil 0 d = 5 weeks (Janczak et al., 

2007b) 
Memory 
 Mixed linesc - 0.2 nmol/egg Ethanol + 

saline 
10 d = Hatch (Rodricks et 

al., 2006) 
 Mixed linesc - 0.2 nmol/egg Ethanol + 

saline 
14 d = Hatch (Rodricks et 

al., 2006) 
a Time of injection in embryonic days; b White Lohmann-selected Leghorn; c Rhode Island Red/New Hampshire and/or White 
Leghorn/Black Australop  
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Table 2.3. Effects of egg injection of corticosterone on the physiological stress response of different genetic lines of laying hens. 

 Genetic Line Age 
Breeders 

CORT 
Concentration Solvent Time of 

Injectiona Effect Age Offspring Reference 

Adrenal Gland Weight 

 Hy-Line - 10 ng/ml Ethanol 16 d = Hatch (Lay and 
Wilson, 2002) 

Basal CORT 

 Mixed linesb - 0.2 nmol/egg Ethanol + 
saline 14 d Control > CORT Hatch (Rodricks et 

al., 2006) 

 Mixed linesb - 0.2 nmol/egg Ethanol + 
saline 16 d Control > CORT Hatch (Rodricks et 

al., 2006) 

 Bovan White - 5ng/ml Sesame 
oil 0 d = 3 weeks (Haussmann et 

al., 2012) 

 Hy-Line - 10 ng/ml Ethanol 16 d CORT > Control 2 weeks (Lay and 
Wilson, 2002) 

 Hy-Line - 10 ng/ml Ethanol 16 d = 11 weeks (Lay and 
Wilson, 2002) 

 Hy-Line - 10 ng/ml Ethanol 16 d = 26 weeks (Lay and 
Wilson, 2002) 

Stress Response 

 Bovan White - 5ng/ml Sesame 
oil 0 d = 3 weeks (Haussmann et 

al., 2012) 

 Hy-Line - 10 ng/ml Ethanol 16 d = 3 weeks (Lay and 
Wilson, 2002) 

 Hy-Line - 10 ng/ml Ethanol 16 d = 12 weeks (Lay and 
Wilson, 2002) 

Stress Recovery 

 Bovan White - 5ng/ml Sesame 
oil 0 d = 3 weeks (Haussmann et 

al., 2012) 
a Time of injection in embryonic days; b Rhode Island Red/New Hampshire and/or White Leghorn/Black Australop 
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Freezing is another possible behavioural response to an acute stressor, characterized as a 

state of a complete absence of movement (except for respiration and tense body muscle posture) 

that is experienced with the activation of both sympathetic and parasympathetic nervous systems 

(Iwata et al., 1987; reviewed by Hagenaars et al., 2014). This reaction is triggered in situations 

where a highly vigilant state is required, such as in response to anticipated danger, or as an 

unconditioned fear response (Hagenaars et al., 2014). Freezing can also be favoured by 

environmental factors, such as the distance from a potential predator and the presence of escape 

routes. In freezing, the sympathetic system increases arousal and physical responses, such as 

elevated arterial pressure (Carrive, 2000), muscle tone (Azevedo et al., 2005), pain suppression 

(Finn et al., 2006), hyper-responsiveness and potentiated startle (Fendt and Fanselow, 1999). 

Oppositely, activation of the parasympathetic branch causes heart rate deceleration (Hunt et al., 

1998), or reduced acceleration (Vianna and Carrive, 2005). As soon as escaping turns into a 

possibility, freezing durations become shorter and more likely to be followed by fleeing 

(Blanchard et al., 2011).  

In the case of physical contact with the predator, when fighting, flying or freezing are no 

longer optimal for survival, tonic immobility (TI) takes place (Eilam, 2005; Kozlowska et al., 

2015). TI is an antipredator response characterized by a catatonic-like state of reduced movement 

in response to severe threat, mediated by the central cholinergic system (Thompson et al., 1974). 

As reviewed by Jones (1986) some characteristics of TI include temporary suppression of the 

righting response, reduced vocalization, intermittent eye closure, muscle tremor in the extremities 

and changes in heart rate, respiration and core temperature (Nash et al., 1976; Gallup, 1977; 

Valance et al., 2008). Therefore, similarly to freezing, TI is also characterized by the absence of 

response to external stimulation; possibly because an immobility response immediately after 
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capture makes the predator believe that the prey was successfully killed and stop the attack, 

increasing the prey’s chance of survival (Thompson et al., 1981; Hagenaars et al., 2014). 

2.4.1. Tests for stress reactivity and fear-response in the domestic fowl 

Since elevated concentrations of maternal CORT may affect the offspring’s HPA axis 

function, the stress response is a frequently measured trait in the progeny. The physical restraint 

test (Wingfield, 1994) is a traditional acute test for avian species in which a baseline sample of 

blood is collected and compared to subsequent samples taken after 10 and 20 minutes of individual 

restraint inside a cloth bag or net. Samples are then analyzed to determine their relative CORT 

levels. In avian species, CORT production starts within 3 minutes from capture (Romero and Reed, 

2005, 2008); thus, baseline collection should be drawn within this time window. After 10 minutes 

in the bag, an increase in CORT concentration is observed, followed by a decrease after the second 

restraint (circulating CORT starts to be eliminated from the system after approximately 20 minutes 

[Birrenkott and Wiggins, 1984]). This way, comparisons between baseline sample, stress response 

and recovery from stressor can be assessed within one single test. 

Alterations in the HPA axis can also lead to the activation of the amygdala and 

hippocampus, two brain areas related to fearfulness and anxiety (Ulrich-Lai and Herman, 2009). 

Due to the complexity of the mechanisms underlying fear-related responses, it is difficult to link 

one specific behaviour to one single emotion. Moreover, fear responses are highly dependent on 

the intensity and type of stimulus (e.g., physical novelty, unexpected stimuli, previous experiences 

(conditioned fear) or innate responses linked to the evolutionary history of the species 

(ancestral/innate fear) [Forkman et al., 2007]). Therefore, behavioural and endocrine reactions to 

fear-related events should always be treated as indicators of fear (an emotional response) instead 

of direct measures of fearfulness (a personality trait) (Forkman et al., 2007). 
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The methods used to assess a concept as complex as fear are often controversial (Jones and 

Merry, 1988). In order to overcome this, different behaviour tests can be used. The most commonly 

used fear tests in poultry are the tonic immobility and open field tests. Less frequent but also 

performed are the novel object, human approach and the social isolation tests. Brief descriptions 

and analyses of some of these tests are presented below.  

Tonic immobility: By simulating the innate fear of being attacked by a predator, TI uses a 

natural antipredatory response of the bird (the absence of movement in response to physical contact 

with the predator) to increase their chances of survival (Thompson et al., 1981). In this test, birds 

are individually placed on their backs onto a V-shaped cradle (or less frequently, onto a table top), 

where the researcher restrains the bird, gently applying pressure on the its sternum for a duration 

of 10 to 15 seconds (Jones and Faure, 1981; Forkman et al., 2007). Inductions are considered 

successful if immobility lasts a minimum of 10 seconds. The parameters measured normally 

include the number of inductions to attain a successful attempt, the latency to the first alert head 

movement and the duration of TI until the bird rights itself up. Long durations of TI are interpreted 

as higher degrees of fear (Jones, 1986; Forkman et al., 2007). 

Open field: In the open field test, birds are exposed to a novel arena and measurements on 

the bird’s ambulation, latency for the first step, attempt to escape and vocalization are recorded. 

There is a general consensus that  different motivational states influence the behavior of the birds, 

which may reflect a combination of antipredatory responses and social reinstatement motivation 

(Gallup and Suarez, 1980). As evidence for the claim that the chicken’s motivation to move during 

an open field test is based on motivators such as curiosity or sociality, Jones and Merry (1988) 

showed that birds that were tested individually showed higher levels of locomotion, vocalization 

and defecation, as well as plasma CORT concentrations than those tested with a conspecific. Sex 
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differences were also observed, with males displaying higher ambulation latency than females, 

thus suggesting a lower motivation for social reinstatement. 

Social isolation: The social separation of young chicks from their conspecifics produces 

an increase in distress vocalizations and stress-induced analgesia (Sufka and Weed, 1994), 

allowing for measurement of anxiety-related behaviours. In this test, chicks between 5 to 10 days 

of age are individually placed in sound-proof box for 5 minutes. Vocalizations performed during 

the test period are recorded and counted by the researcher. This test has been used as an in vivo 

preclinical screening of anxiolytic drugs (Smith et al., 2001; Sufka et al., 2001), which were shown 

to reverse distress vocalizations and pain-related behaviour in chicks (Watson and Sufka, 1996). 

To validate the assumption that social reinstatement was the main motivation for the occurrence 

of distress vocalizations, birds were tested with and without the presence of a mirror. Vocalizations 

were significantly reduced in the presence of a mirror (Feltenstein et al., 2003). 

Novel object / Human approach tests: The conflicting motivation to approach or avoid a 

potentially dangerous stimulus can also be used as an indicator of fear (Elliot and Covington, 

2001). In the novel object and human approach tests, a bird’s latency to approach an object or a 

person is measured. Different than the novel arena test, these tests quantify curiosity and 

exploration-related behaviours based on their avoidance/approach and are normally performed in 

the animals’ own pen or cage. Interestingly, birds seem to respond differently to humans versus 

inanimate stimuli. Brantsæter et al. (2017) reported that more birds approached a novel object 

compared to a stationary person. Moreover, differences in genotype might affect a bird’s response 

to different types of stimuli. For example, in the presence of a person, Dekalb White showed higher 

degrees of fear than ISA Brown hens (de Haas et al., 2013), but in the presence of a novel object, 

no genetic differences were observed (Fraisse and Cockrem, 2006; de Haas et al., 2013). 
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2.5. The domestication and genetic selection of commercial chickens 

In “The variation of animals and plants under domestication,” Charles Darwin (1868) 

contemplated the similarities in morphology and reproduction between different species of Gallus 

and the domesticated chicken. That was the first time that the red junglefowl (Gallus gallus; RJF) 

was suggested as the direct ancestor of chickens.  Since then, studies have confirmed that chickens 

are  predominantly related to RJF (reviewed in Al-Nasser et al. (2007), originally from south-east 

Asia, but also to Gallus sonneratii  (Nishibori et al., 2005; Eriksson et al., 2008), originally from 

south-west India. 

The domestication of RJF possibly started around 58,000 ± 16,000 years ago, initially for 

cultural and entertainment purposes (Sawai et al., 2010). With the onset of agriculture, chickens 

began to be used as a source of food and spread to Europe and Africa along with human migration 

through trade routes, establishing a large number of different populations (Tixier-Boichard et al., 

2011). Each population then started to display specific phenotypical adaptations, thus forming 

local breeds. Nowadays, these different breeds of domestic chicken can be categorized into three 

major phylogenetic groups: traditional local chickens, standardized breeds selected for specific 

traits and highly selected commercial lines (Tixier-Boichard et al., 2011; Lyimo et al., 2014). 

The industrial revolution in the 18th century and the development of quantitative genetics 

in the 20th century gave rise to intensive farming and genetic selection for high production 

efficiency (Wood-Gush, 1959). Consequently, two specialized categories of commercial chickens 

have developed: the broiler lines for meat production and the layer lines for egg production. In 

layers, genetic selection mostly focused on increased egg production, body weight and efficiency 

in feed conversion (Schütz and Jensen, 2001). Moreover, selection for body weight seems to have 

simultaneously affected behavioural traits in layers through pleiotropic genetic effects.  
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Studies in White Leghorn have shown that the duration of TI and type of response in a 

novel object test were affected by major quantitative trait loci (QTL) which shared positions with 

other QTLs for growth and body weight (Kerje et al., 2003a; Schütz et al., 2004). Moreover, the 

modern layer has developed behavioural and physiological traits to enhance metabolic efficiencies 

(Beilharz et al., 1993), which resulted in several other differences in comparison with RJF (Table 

2.4). Lastly, in a more recent study comparing low productive with high productive strains of 

layers, high productive laying hens had better learning performance compared to moderate 

productive hens in a feeding-rewarding context, potentially showing that selection for productivity 

continues to affect other traits (Dudde et al., 2018). 

2.5.1. Strain differences in the commercial layer 

Among commercial layers, two colour-morph groups stand out for displaying the most 

notable phenotypical differences: brown and white genetic lines. Once again, evolutionary history 

and strong genetic selection played an essential role in these differentiations. Populational studies 

in genetic diversity showed that brown lines originally came from the African and Mediterranean 

genetic clustering, while white strains originate from the European cluster (reviewed by Tixier-

Boichard et al. (2011)). Nowadays, brown commercial lines are based from the Rhode Island Red, 

an originally dual-purpose breed with medium genetic diversity that has been selected for egg 

production since 1940 (Lyimo et al., 2014). White commercial lines are based from the White 

Leghorn breed, which has low genetic diversity and started to be selected for egg production in 

1965 (Lyimo et al., 2014).
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Table 2.4. Effects of domestication of the Red Jungle Fowl. Effects are shown for commercial White Leghorn relative to Red 
Jungle Fowl. 

Category Trait Effect References 
Morphology Comb size  (Wright et al., 2008) 
 Egg mass  (Schütz et al., 2002) 
 Egg production  (Romanov and Weigend, 2001; Schütz et al., 2002) 
 Growth  (Schütz et al., 2002; Kerje et al., 2003a) 

Behaviour Contra freeloading ¯ (Schutz et al., 2001; Lindqvist et al., 2002; Lindqvist and Jensen, 2009) 

 Fearfulness ¯ (Schutz et al., 2001; Campler et al., 2009) 

 Foraging and 
exploration ¯ 

(Schütz and Jensen, 2001; Schutz et al., 2001; Schütz et al., 2002; 
Väisänen and Jensen, 2003) 

 Spatial learning ¯ (Lindqvist et al., 2002; Lindqvist and Jensen, 2009) 
 Sociality ¯ (Väisänen and Jensen, 2004) 
Physiology Baseline corticosterone = (Ericsson et al., 2014) 
 Baseline pregnolenone  (Ericsson et al., 2014) 
 Baseline progesterone  (Ericsson et al., 2014) 
 HPA axis response ¯ (Ericsson et al., 2014) 
 HPA axis recovery ¯ (Ericsson et al., 2014) 
 Age at sexual maturity ¯ (Schütz et al., 2002) 
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Besides their plumage and egg shell colour, differences in body weight of brown and white 

strains are also noticeable (Scott and Silversidest, 2000; Renema and Robinson, 2001). Moreover, 

strains of layers display differences in bone quality (Riczu et al., 2004), age at sexual maturity and 

egg production (Renema and Robinson, 2001; Tůmová et al., 2009). The nutritional content of the 

egg also varies across strains; for example, eggs laid by white Naked Neck hens showed lower 

content of n-6 fatty acids compared to eggs from Hy-Line hens (Pavlovski et al., 2011). Similarly, 

Antova et al. (2019) compared genotypes of layers from different regions and found differences in 

fatty acid composition. Concentrations of cholesterol, the precursor of corticosterone (Davis and 

Garren, 1966), have also been analyzed in different genetics of layers. Although most studies 

showed no genetic differences in cholesterol concentration in the egg (Pavlovski et al., 2011; 

Küçükyilmaz et al., 2012; Antova et al., 2019), Basmacioǧlu and Ergül (2005) observed that a 

white strain of layers (Babcock-300) had lower concentration of cholesterol in egg and serum 

content compared to ISA Brown hens. Interestingly, Sarica et al. (2009) observed that the Turkish 

pure breeds Denizle and Gerze, which lay white shell colour egg, showed lower content of 

cholesterol in the egg yolk compared to two undisclosed brown and white commercial strains. 

Genetic differences can also affect behaviour patterns in layers; from differences in 

perching (Faure and Bryan Jones, 1982) and nesting (Wood-Gush, 1972), to white strains generally 

displaying longer durations in tonic immobility (Table 2.5) and less mobility in novel arena 

compared to brown (Gallup and Suarez, 1980; Bryan Jones and Waddington, 1992). Furthermore, 

white strains seem to initiate faster corticosterone production in response to stress (Fraisse and 

Cockrem, 2006; de Haas et al., 2013; Pusch et al., 2018), suggesting physiological differences 

across strains of chickens. 
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Table 2.5. Comparison of the duration of the tonic immobility state in brown and white strains of laying hens 

Brown Strain Duration of 
Tonic Immobility White Strain Weeks 

of Age Reference 

ISA Brown = Ixworth 13 (Albentosa et al., 2003) 
ISA Brown < White Leghorn* 13 (Albentosa et al., 2003) 

Babcock 390 < White Leghorn 2.5 (Gallup Jr, 1978) 
Brown Leghorn < White Leghorn 32 (Jones and Faure, 1981) 

Columbian Blacktail = Ixworth 13 (Albentosa et al., 2003) 
Columbian Blacktail < White Leghorn* 13 (Albentosa et al., 2003) 

Hy-Line Brown < Hy-Line White  20 (Pusch et al., 2018) 
Hy-Line Brown < White Leghorn - (Fraisse and Cockrem, 2006) 

Lohmann Tradition < Lohmann LSL 44 (Mahboub et al., 2004) 
Production Red < White Leghorn 3 (Gallup Jr, 1978) 
Production Red < White Leghorn 2.5 (Gallup Jr, 1979) 
Production Red < White Leghorn 3 (Nash, 1978) 
Plymouth Red < White Leghorn 2.5 (Gallup Jr, 1978) 
Plymouth Red < White Leghorn 4.5 (Gallup Jr, 1980) 

     
Brown Strain Duration of 

Tonic Immobility Brown Strain Weeks 
of Age Reference 

Lohmann Tradition < ISA Brown 16 (Ghareeb et al., 2008) 
Lohmann Tradition < ISA Brown 20 (Ghareeb et al., 2008) 

ISA Brown = Columbian Blacktail 13 (Albentosa et al., 2003) 
Production Red = Babcock 390 2.5 (Gallup Jr, 1978) 
Production Red = Plymouth Red 2.5 (Gallup Jr, 1978) 

Babcock 390 = Plymouth Red 2.5 (Gallup Jr, 1978) 
 

* High and low feather pecking line
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2.6. Research objectives 

Based on the hypothesis that maternal stress can affect the progeny, possibly due to higher 

levels of corticosterone in the egg, the research presented in this thesis was designed to investigate 

whether some genotypes of layer breeders are more sensitive to the effects of maternal stress than 

others. Additionally, this study aimed to assess if the effects of maternal stress are mediated by the 

glucocorticoid hormone corticosterone. For this, two stress models were tested in five strains of 

layer breeders (4 commercial lines and one pure line): 

1. In the natural stress model, layer breeders from each strain were subjected to a series of 

daily psychological stressors (e.g., physical restraint, startling noise) that aimed to increase 

corticosterone deposition in the egg; 

 2. In the pharmacological stress model, a sub-sample of eggs from non-stressed breeders 

received a single injection of corticosterone moments before incubation. 

Traits assessed in the progeny included embryonic development and growth (Chapter 3), 

fearfulness and anxiety-like behaviour (Chapter 4), and behavioural and physiological responses 

to acute stress (Chapter 5).  
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Chapter 3 

 

Effects of maternal stress and genetics on embryonic survival and 
offspring growth of laying hens 
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3.1. Abstract 

Early-life exposure to stressors can shape the phenotype of the offspring resulting in 

changes that may affect their pre- and post-hatch development. This can be modelled indirectly 

through maternal exposure to stressors (a natural model), or by direct exposure of the offspring to 

stress hormone (a pharmacological model). In this study, both models were utilized to investigate 

the effects of genetic line on hatchability, late embryonic mortality, sex ratio and body weight to 

17 week of age. To form the Parent Stock, fertilized eggs of 4 commercial genetic lines — two 

brown (Brown 1 & 2), two white (White 1 & 2) and a Pure Line White Leghorn — were incubated, 

hatched and housed identically in 4 flocks of 27 birds (24F: 3M) per strain. Each strain was equally 

separated into two groups: “Maternal Stress”, where hens were subjected to a series of acute 

psychological stressors (e.g. physical restraint, transportation) for 8 days before egg collection, 

and “Control”, which received routine husbandry. At 3 maternal ages, fertile eggs from both 

treatments were collected and additional eggs from Control were injected with corticosterone (10 

ng/mL egg content) (“CORT”). A “Vehicle” treatment was included to account for effects of egg 

manipulation. Each maternal age comprised a replicate over time. Eggs were incubated, hatched, 

and offspring (N=1919) were brooded until 17 week under identical conditions. Results show that 

prenatal stress interacted with strain to decrease embryonic survival and growth. Among all strains, 

Brown 2 was consistently the most affected line in both pre- and post-hatch development. Our 

study shows that embryonic survival and offspring growth are mostly affected by the 

pharmacological model and that strain differences may increase susceptibility to maternal stress. 

Moreover, it suggests that the natural stressor model may be useful for quantifying the response 

of the mother to stressors, whereas the pharmacological model may be useful for quantifying the 

response of the embryo to increased levels of corticosterone. 

Keywords: Breeder Flock, Chicken, Corticosterone, Genetics, Maternal Stress   
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3.2. Introduction 

The prenatal bond between mother and offspring involves mechanisms that can shape the 

phenotype of the progeny in both genetic and non-genetic ways. In birds, stressful events 

experienced by the female can modify the deposition of nutrients and resources into the egg. It has 

been suggested that these changes may signalize the future environment to the embryo (Gluckman 

et al., 2005; Williams and Groothuis, 2015), allowing for adaptive phenotypic modifications in the 

offspring (Mousseau and Fox, 1998; Gluckman et al., 2005; Podmokła et al., 2018). 

The effects of maternal stress on egg composition have been extensively studied in birds 

(e.g., hormones [Carter et al., 2018], antioxidants [Possenti et al., 2018], and immunoglobulins 

[Roth et al., 2018]). Gonadal steroid hormones, and particularly androgens, are known to be 

important mediators of maternal effects. Additionally, the steroid hormone corticosterone has 

attracted considerable attention as a maternal cue because of its characteristics as the final product 

of the stress response and its physiological capacity to mediate different traits on the developing 

embryo (reviewed in Groothuis et al., 2019). Embryonic production of corticosterone naturally 

stimulates the synthesis and maturation of vital organs such as lung, small intestine, liver, adrenals 

and kidney, among other functions (Jenkins and Porter, 2004; Wada, 2008). However, increased  

concentrations of this hormone can impair offspring traits such as embryonic development, 

hatchability and body weight (Eriksen et al., 2003; Henriksen et al., 2013; Tissier et al., 2014). 

Moreover, differences in sex ratio due to prenatal stress have been reported in quails (Bonier et 

al., 2007) and passerine birds (Love and Williams, 2008a), and might also be related to increased 

levels of corticosterone in the egg. 

In laboratory conditions, two approaches can be used to increase the levels of 

corticosterone exposure experienced by the embryo: a natural stress model that consists of 

maternal exposure to stressors (either naturally or through corticosterone injections or implants), 
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and a pharmacological model that involves egg manipulation. Maternal stress presents little risk 

of damaging the egg or harming the embryo (Podmokła et al., 2018) and does not preclude other 

mediators that might also have an effect on embryonic development. However, it is difficult to 

accurately measure the concentration of hormone reaching the embryo due to the hen’s ability to 

adjust circulating steroids in the egg (Groothuis and Schwabl, 2008; Williams and Groothuis, 

2015) and the embryonic capability to modulate corticosterone levels through rapid metabolization 

(Vassallo et al., 2014). Contrarily, manipulation of the egg allows a precise hormone increase but 

through the use of an invasive mechanical procedure involving injection, normally harmful to the 

embryo (Heiblum et al., 2001; Janczak et al., 2007a). Moreover, as pointed out by Groothuis et al. 

(2019), responses to hormones are often dose-dependent and the actual physiological 

concentrations delivered to the egg from the hen remain largely unknown (Rettenbacher et al., 

2013a). 

A vast body of literature already exists with respect to the long-term effects of prenatal 

corticosterone on avian morphology (reviewed in Henriksen et al., 2011), but to our knowledge, 

the influence of genetics on this matter has not yet been regarded. Domestication of the wild jungle 

fowl and artificial genetic selection for traits desired by humans have not only created a large 

number of breeds with several phenotypical differences, but have also increased maternal stress 

susceptibility in chickens (Nätt et al., 2012); however, this has only been tested in one strain of 

birds and it is possible that phylogenetically distant groups, such as brown and white lines, respond 

differently to the same effect. 

Herein, we aimed to investigate how genetic interacts with prenatal stress to affect 

embryonic survival and growth in the offspring of layer breeders. For this, we tested two stress 

models, Maternal Stress and corticosterone injections “CORT” in five genetic lines of breeder 
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hens. Based on the phenotypic differences observed across strains and the differences of each stress 

model, we hypothesized that offspring response to prenatal stress will depend on the genetics of 

the breeder flock and will be more easily observed in the pharmacological model. 

3.3. Materials and methods 

The effects of two stress models (“Maternal Stress” versus “CORT”) and a “Vehicle” 

treatment were assessed on the hatchability, late embryonic mortality, sex ratio and body weight 

from hatch to 17 week of the offspring of 5 strains of layer breeders. Stressors were applied at 3 

maternal ages (32, 52 and 72 week) resulting in different cohorts of progeny that were treated as 

replicates across time. Treatments aimed for 2 repetitions of 20 birds per strain per treatment per 

offspring, but the Vehicle and CORT treatments frequently failed to achieve these numbers due to 

high embryonic mortality. All birds were treated in accordance with the Canadian Council on 

Animal Care, and all procedures were approved by the University of Guelph Animal Care 

Committee (Animal Utilization Protocol #1946). 

3.3.1. Parent stock: Management 

A total of 2,600 fertilized eggs of parent stock were provided by Genetic Companies 1 and 

2 (Brown 1 and White 1, Brown 2 and White 2) and the University of Guelph’s Arkell Poultry 

Research Station (Pure Line White Leghorn). To guarantee similar experiences, eggs from all 

strains were collected from grandparent hens between 40 and 50 week of age and subjected to 

identical incubation and husbandry conditions. Eggs were stored at 4ºC for a maximum of 9 days 

and hatched at the University of Guelph’s Arkell Poultry Research Station using commercial grade 

incubators and hatchers (Nature Form, Jacksonville, FL). On day 19, eggs were candled and only 

the ones containing live embryos were transferred to the hatcher. Birds were sexed and vaccinated 

for bronchitis (spray), Marek’s disease (injection) and Immucox (gel droplet) on day 1 at the 
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hatchery. The vaccination program also included: Newcastle-bronchitis vaccine (spray) at 3 week, 

ILT Vectormune FP-LT-AE (wing web) at 6 week and Newcastle-bronchitis at 10 (spray) and 16 

(intramuscular) week.  

Groups of 130 females and 20 males per strain were formed and placed into floor pens 

bedded with litter, with a space allowance of 98 cm2/bird. Birds were wing banded and beak treated 

by professionals on days 7 and 11, respectively, and analgesic (acetylsalicylic acid) diluted in 

water was provided for 3 days following the latter procedure (Machin, 2005). At 6 weeks of age, 

each strain was equally distributed to 4 parent flocks of 27 birds (24 females and 3 males) and kept 

until 76 weeks (Figure 3.1). Each pen (3.7 m2) contained pine shavings and one perch. To account 

for unexpected losses (e.g. mortality, sickness, low body weight), extra birds (1 male and 2 

females) were kept in each group until 21 weeks. Flocks were reared under identical feeding, 

temperature and lighting programs. At 18 weeks, 5 nest boxes were added into each one of the 

pens. Egg collection was performed and recorded daily from 21 to 75 weeks between 7:30 and 

9:00 h. Despite routine husbandry, all human interaction with the birds was avoided to prevent 

possible habituation. 

3.3.2. Parent stock: Control and Maternal Stress treatments 

Each strain of parent stock was equally assigned to 2 replicate flocks per treatment (Figure 

3.2). Control groups were strictly submitted to regular husbandry, while Maternal Stress groups 

were subjected to daily sessions of acute psychological procedures that have been shown to elevate 

plasma corticosterone (Table 3.1). The average time window for egg production, from the 

beginning of vitellogenesis until laying, is 8 days. Thus, each Maternal Stress flock received a 

minimum of 8 consecutive days of stressors before the beginning of egg collection. For stressors 

3, 4 and 5 (Table 3.1), females were crated and moved to a testing arena measuring 100 cm × 100 
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cm × 200 cm (length × width × height), constructed of solid panels with 2 doors located on opposite 

walls and 2 LED lights on the ceiling. Birds were immediately returned to home pens after 

stressors.  

 

 
Figure 3.1. Room and pen distribution of the breeder flocks. Each strain was equally assigned 

to 2 replicates of 27 birds (24 females and 3 males) per treatment.  
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Overall, stress sessions respected the following criteria: 1. Flocks were subjected to one 

stressor a day; 2. The total number of sessions depended on the egg production of each flock; 3. 

The same stressors were never applied consecutively to avoid habituation; 4. Sessions ran 

randomly from 9:00 to 16:00 h. Procedures were performed at three maternal ages (32, 52 and 72 

weeks), resulting in different offspring groups. Each group was treated as a replicate comprised 

over time. This design allowed us to work with a large sample size, but it also resulted in replicates 

confounded with incubatory settings, chick placement, and egg composition, since the nutritional 

value of the egg changes as a hen ages (Nielsen, 1998). Eggs were collected and stored for a 

maximum of 9 days at 4ºC until incubation. 

 

 

Figure 3. 2. Experimental design. Treatments (Control and Maternal Stress) were applied to 

each strain (Commercial Brown 1 & 2, Commercial White 1 & 2, Pure Line White Leghorn) 

of the parent stock at 3 different ages (32, 52 and 72 weeks), resulting in different offspring 

groups that were treated as replicates. 

 

 

  

Control Vehicle CORT            Maternal Stress

Parent Flock

Offspring

Strain

Maternal StressControl



 37 

Table 3.1. List of acute psychological stressors applied to breeder stock females. 

Stressor Reference 
1. Crating followed by 15 minutes of transportation Zulkifli et al., 2009 
2. Physical restraint in a cloth bag for 10 minutes Ericsson et al., 2016 
3. Crating followed by 30 minutes in a testing arena and 3 simulated 

predator attack of 30 second each Pitk et al., 2012 

4. Crating followed by 15 minutes in a testing arena and 3 acute 
auditory stressors (air horn) Guibert et al., 2011 

5.  Crating followed by 30 minutes of social interaction with another 
strain in a testing arena Siegel, 1980 

 

3.3.3. Parent Stock: Vehicle and CORT treatments 

The CORT treatment aimed to simulate eggs that received an increased concentration of 

corticosterone from a stressed hen. The concentration of corticosterone in egg yolks has been 

previously reported to range from 0.77 to 2.8 ng/g in Hy-Line Brown (Navara and Pinson, 2010; 

Ahmed et al., 2014; Engel et al., 2019), to average 1.6 ng/g in Hy-Line White (Navara and Pinson, 

2010), and  2.13 ng/g in Bovan White (Haussmann et al., 2012) under control conditions. However, 

analytical validation of enzyme- and radio-immunoassay techniques showed the presence of cross-

reactive substances that hamper quantification of corticosterone in the yolk and albumen of eggs 

(Rettenbacher et al., 2013a). Even preparatory procedures such as Celite or High Performance 

Liquid Chromatography (HPLC) have been described as insufficient by Rettenbacher et al. (2009, 

2013b) and according to Groothuis et al. (2019), the most recommended technique would be liquid 

chromatography–mass spectrometry (LC-MS-MS), which has yet to be tested in a larger number 

of studies. Since the exact concentration of corticosterone in eggs remains unknown, we followed 

the methodology and dosage developed by Janczak et al. (2007a) and subsequently used by 

Haussmann et al. (2012). The CORT treatment received a final concentration of 10 ng 

corticosterone/mL egg content (corticosterone: Sigma-Aldrich Chemical Co., St. Louis, MO) 

diluted in sesame oil (Fisher Scientific Co., Fair Lawn, NJ), while the Vehicle treatment received 
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the same concentration of sesame oil only. The average weight of egg content (90% of egg weight) 

(Beuving and Vonder, 1981) per offspring group was 50, 50 and 59 g. Thus, a volume of 50 µL of 

solution was injected into eggs from 32 and 52 weeks of age breeders, while 60 µL were injected 

into eggs from 72 weeks hens. 

 When breeders were 25 weeks of age, we collected eggs from all strains and conducted a 

pilot study to estimate hatchability levels. Eggs used to form the different offspring groups were 

selected according to weight (between 52 and 70 g) and day of laying (recent over old). One day 

before incubation, a 5x5 mm layer of silicone sealant (General Electric, Boston, MA) was applied 

onto the basal tip of the eggs designed to form the injected treatments to prevent gas exchange and 

contamination. On the morning of each incubation day, a stock solution of 2.5 mg corticosterone 

was diluted in 2.5 mL sesame oil, warmed to 100oC and sonicated for 15 minutes. Both CORT and 

Vehicle solutions were sterilized at 180oC for 30 minutes and let to cool down to room temperature. 

Moments prior to incubation, 1 ml syringes were filled, and treatments were injected 5 mm into 

the albumen through the silicone seal using 23-gauge needles. 

3.3.4. Offspring stock: Incubation and embryonic data collection 

Egg collection, incubation and hatch occurred under similar conditions at different 

maternal ages, resulting in 3 offspring groups replicated over time. On day 19 of incubation, eggs 

were candled and transferred to the hatcher. After observing an unusual number of dead embryos 

at different ontogenetic stages in the first replicate group, we began to record day of embryonic 

mortality for replicates 2 and 3 (N = 1602), which was determined by comparison to pictures of 

embryos at different ontogenetic phases (Hamburger and Hamilton, 1951). For statistical reasons, 

data were organised in 2 categories: early mortality, if before 10 days of development, and late  
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mortality, from 11 to 16 days. Immediately after hatch, we recorded the number and sex of healthy 

progeny to determine hatchability and sex ratio (N = 1919). 

3.3.5. Offspring stock: Housing condition and post-hatch data collection 

Our experimental design aimed for 2 replicates with 20 birds each (10 female: 10 male) 

per treatment, strain and offspring group. However, final numbers varied due to low hatchability 

of injected treatments (Table 3.2). Offspring were wing banded at hatch and equally distributed to 

3.72m2 pens with a perch and litter floor (Figures 3.3 to 3.5). All birds (N=1919) were weighed at 

hatch and at 2, 4, 8, 11, 13, 15 and 17 weeks of age. 

 

Table 3. 2. Number of chicks placed in pens by strain, treatment and offspring group. 

Strain Treatment 

Offspring group 
1 2 3 

Pen 1 Pen 2 Pen 1 Pen 2 Pen 1 Pen 2 

Brown 1 

Control 20 20 20 19 20 20 
Maternal Stress 20 20 20 20 20 20 
Vehicle 11 11 20 20 19 18 
CORT 12 12 21 0 20 0 

Brown 2 

Control 20 20 19 20 20 20 
Maternal Stress 20 20 20 20 20 20 
Vehicle 10 0 20 20 16 15 
CORT 10 0 15 0 17 0 

White 1 

Control 20 20 20 20 20 20 
Maternal Stress 20 20 20 20 18 18 
Vehicle 13 12 17 16 20 20 
CORT 15 0 14 13 18 0 

White 2 

Control 20 20 20 20 20 20 
Maternal Stress 17 18 20 20 20 20 
Vehicle 18 0 20 20 20 20 
CORT 11 12 23 0 17 16 

White 
Leghorn 

Control 14 14 20 20 17 17 
Maternal Stress 16 17 20 20 17 16 
Vehicle 11 0 14 12 23 0 
CORT 10 0 15 0 10 0 
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Figure 3. 3. Room and pen distribution of the progeny of layer breeders at 32 weeks of age 

(Offspring 1).
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Figure 3.4. Room and pen distribution of the progeny of layer breeders at 52 weeks of age 

(Offspring 2). 
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Figure 3.5. Room and pen distribution of the progeny of layer breeders at 72 weeks of age 

(Offspring 3).
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3.3.6. Statistical analyses  

The Glimmix procedure of SAS 9.4 (SAS Institute, Cary, NC) was used to perform all 

statistical analyses. The basic statistical model included fixed effects of treatment, strain and 

treatment by strain interaction. Further pre-planned comparisons included treatment (Control 

versus all other treatments (referred to as Stressors in tables) and Control versus each stress model) 

and strain (white versus brown and Genetic Company 1 versus Genetic Company 2). Tests for 

normality included Shapiro-Wilk and Anderson Darling measurements in conjunction with visual 

plots. The level for assessment of statistical significance of differences between means was set at 

P < 0.05. The analyses controlled for the multiple testing error using the percentage of false-

positives, which estimates the false discovery rate (FDR) (Garcı́a and García, 2016).  

Hatchability, late embryonic mortality and sex ratio. Observations are presented as the 

percentage of healthy chicks at hatch, embryos that died at late stage of development, and females 

at hatch. Data were assumed to be distributed according to a Poisson distribution and differences 

between least squares (LS)-means were tested using a Chi-square test. Significance post-FDR 

correction was set at P < 0.021 for hatchability and P < 0.026 for late embryonic mortality. 

Body weight. Body weight data were analyzed using ANOVA. The model was partitioned 

by offspring age, accounted for unbalanced repeated measures, and random effects included 

offspring replicate and pen nested within room with bird as the experimental unit. A log-normal 

transformation was performed to meet the assumption of a normal distribution of residuals. 

Significance post-FDR correction was set at P < 0.012 and followed by a power analysis (alpha = 

0.01). The LS-means and SE were back-transformed and are presented in the results (g).  
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3.4. Results 

3.4.1. Hatchability 

Descriptive statistics of number of viable embryos and percent hatchability for the pilot 

study and offspring replicates at three maternal ages are given in Table 3.3. Although not 

statistically analyzed, embryonic viability in injected treatments consistently decreased as breeder 

hens aged. Contrast analyses showed that hatchability was affected by injections (P < 0.001) (Table 

3.4). Overall differences between Control (83.1 ± 2.4 %) and Vehicle (38.0 ± 1.6 %; P < 0.001) 

treatments displayed the effects of mechanical damage on the egg, which was intensified by the 

addition of corticosterone (CORT: 20.9 ± 1.2 %; CORT vs Control: P < 0.001). Maternal Stress 

(85.4 ± 2.4 %) did not affect hatchability compared to Control (P = 0.493).  

A chi-squared test showed interactive effects between strain and treatment (P < 0.001) 

(Table 3.4). Among all strains, White Leghorn showed the lowest hatchability values in Control 

and the second lowest in Vehicle and CORT, only greater than Brown 2 (Figure 3.6). Maternal 

Stress displayed no differences across strains. Contrast analyses indicated a difference between 

strains from Genetics Company 1 and 2 (P < 0.001). Overall, Brown 1 and White 1 were the most 

resilient strains to the effects of Vehicle and CORT, while Brown 2 was the most susceptible strain. 
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Table 3.3. Number of eggs set at embryonic day 0, number of viable embryos at embryonic days 10 or 19, and percentage of 

viable embryos. Data are displayed by breeder flock’s age strain and treatment. 

  Pilot Offspring 1 Offspring 2 Offspring 3 
Breeder Flock Age: 25 weeks 32 weeks 52 weeks 72 weeks 
Embryonic Day: 0 10 % 0 19 % 0 19 % 0 19 % 
Brown 1 Control 34 32 94 46 42 91 60 52 87 69 51 74 

M. Stress - - - 45 43 96 48 42 88 66 44 67 
Vehicle 14 9 64 33 22 67 99 43 43 115 39 34 
CORT 15 9 60 44 24 55 89 21 24 221 20 9 

Brown 2 Control 32 28 88 49 42 86 53 46 87 74 63 85 
M. Stress - - - 48 42 88 47 41 87 67 58 87 
Vehicle 14 10 71 33 10 30 101 42 42 181 34 19 
CORT 11 7 64 47 10 21 129 16 12 275 19 7 

White 1 Control 30 26 87 49 45 92 58 52 90 64 61 95 
M. Stress - - - 44 35 80 56 52 93 60 54 90 
Vehicle 15 12 80 45 18 40 112 55 49 152 57 38 
CORT 19 16 84 41 23 56 100 24 24 208 41 20 

White 2 Control 40 37 93 50 49 98 51 48 94 71 56 79 
M. Stress - - - 49 47 96 50 48 96 69 54 78 
Vehicle 15 14 93 45 25 56 87 33 38 201 63 31 
CORT 16 11 69 69 15 22 96 28 29 246 23 9 

White 
Leghorn 

Control 40 35 88 54 28 52 52 44 85 57 34 60 
M. Stress - - - 48 33 69 59 54 92 55 42 76 
Vehicle 11 7 64 44 11 25 78 26 33 70 24 34 
CORT 11 4 36 46 10 22 106 16 15 115 10 9 
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Table 3.4. Effects of strain and treatment and contrast analyses on hatchability. 

 DF !2 P-value 
Strain x Treatment 12 3.51 < 0.001 

Contrasts 
  F Value Pr > F 

Treatment 

Control vs Stressors 344.50 < 0.001 

Control vs Maternal Stress 0.47 0.493 

Control vs Injections 556.01 < 0.001 

Control vs CORT 453.12 < 0.001 

Control vs Vehicle 68.63 < 0.001 

Vehicle vs CORT 236.39 < 0.001 

Maternal Stress vs CORT 474.33 < 0.001 

Strain White vs Brown  0.08 0.780 

Genetic Company 1 vs 2 22.68 < 0.001 

 

 

 
Figure 3.6. Hatchability. Results are displayed by strain and treatment (± SEM). Means with 

different superscripts(a-g) differ (P < 0.021). 

 

3.4.2. Sex ratio 

The percentage of females at hatch was independent of treatment and strain (P = 0.730). 

Pre-planned comparisons also failed to show strain differences (Brown versus White: P = 0.251; 

Genetic Company 1 versus Genetic Company 2: P = 0.599) (Table 3.5). 
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Table 3.5. Sex ratio displayed by strain and treatment. 

Strain Treatment Sex Ratio (%) 
Female Male 

Brown 1 

Control 54 46 

Maternal Stress 50 50 

Vehicle 53 47 

CORT 39 61 

Brown 2 

Control 53 47 

Maternal Stress 57 43 

Vehicle 51 49 

CORT 49 51 

White 1 

Control 44 56 

Maternal Stress 57 43 

Vehicle 46 54 

CORT 42 58 

White 2 

Control 39 61 

Maternal Stress 51 49 

Vehicle 46 54 

CORT 53 47 

White 
Leghorn 

Control 50 50 

Maternal Stress 51 49 

Vehicle 47 53 

CORT 49 51 

 
 

3.4.3. Late embryonic mortality 

Interactive effects of treatment and strain (P < 0.001) affected embryonic mortality between 

11 and 16 days of development (Table 3.6). Compared to Control, both Maternal Stress (P = 0.004) 

and injections treatments (P < 0.001) showed effects on commercial strains, but with inconsistent 

patterns. Brown 1 and White 1 showed an increased percentage of embryonic mortality in response 

to maternal stressors compared to Control, while a decreased response was observed in Brown 2 

and White 2 (Figure 3.7). Curiously, White Leghorn responded in opposite directions for each 

stress model: while Maternal Stress decreased the occurrence of late stage embryonic mortality, in 

ovo injections increased it. No differences between genetic company (P = 0.793) were observed. 

Further contrast analyses indicated a statistical difference between Control (17.6 ± 3.7 %) and all 
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other treatments (Maternal Stress: 6.2 ± 1.9 %, P = 0.004; Vehicle: 46.7 ± 3.1 %, P < 0.001; CORT: 

44.5 ± 3.0 %; P < 0.001) and between Maternal Stress and CORT (P < .001), but no differences 

between Vehicle and CORT (P = 0.612). 

 

Table 3.6. Effects of strain and treatment and contrast analyses on late embryonic mortality 

 DF !2 P-value 
Strain x Treatment 12 98.84 < 0.001 

Contrasts 
  F Value Pr > F 

Treatment 

Control vs Stressors 1.47 0.225 

Control vs Maternal Stress 8.22 0.004 

Control vs Injections 19.10 < 0.001 

Control vs CORT 17.30 < 0.001 

Control vs Vehicle 19.21 < 0.001 

Vehicle vs CORT 0.26 0.612 

Maternal Stress vs CORT 42.35 < 0.001 

Strain White vs Brown  26.14 < 0.001 

Genetic Company 1 vs 2 0.07 0.793 

 

3.4.4. Body weight from hatch to 17 weeks of age 

A treatment by strain interaction (P < 0.003) was observed at all tested ages. As expected, 

comparisons of sex (P < 0.001) and white versus brown strains (P < 0.001) were consistently 

significant throughout the development of the offspring. Contrast analyses indicated that Maternal 

Stress had no effect on body weight (P > 0.125). However, egg injections consistently decreased 

weight gain (P < 0.001), with both CORT (P < 0.001) and Vehicle (P < 0.042) affecting the 

progeny in comparison to Control. While the White 1 and Brown 2 strains were consistently 

susceptible to CORT from hatch until 17 weeks, While Leghorn displayed effects of injections 

only at hatch (Table 3.7). 
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Figure 3.7. Late embryonic mortality. Results are displayed by strain and treatment (± 

SEM). Means with different superscripts(a-d) differ (P < 0.026). 

 

3.5. Discussion 

3.5.1. Effects of treatment 

The primary goal of this study was to understand how prenatal stress affects different 

genetic lines of layers. As displayed on hatchability, late embryonic mortality and body weight, 

stressors seem to interact with genotype to affect the progeny of laying hens. However, the results 

of this study must be interpreted with caution since they come accompanied by several factors.  

Firstly, virtually no effects of Maternal Stress were found on the progeny in contrast to the 

CORT treatment. This could be because the stress sessions did not induce a similar magnitude of 

corticosterone deposition as occurred in CORT or because both the hen and the embryo possess 

the capacity to regulate maternal-derived corticosterone. As previously reported (Vassallo et al., 

2014, 2019; Carter et al., 2018), embryos can modulate their developmental environment through 

rapid metabolization of free corticosterone in the egg. Additionally, the catalytic activity of 

enzymes such as 11β-hydroxysteroid dehydrogenase located in the ovary follicles of hens can 

reduce the concentration of corticosterone in the yolk (Rettenbacher et al., 2013b). Together, these  
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Table 3.7. Body weight (g). Averages (± SEM) are displayed by offspring age, strain and stress model. Means with different 

superscripts within age group and strain differ (P < 0.012). 

Age  Strain Control Maternal Stress Vehicle CORT 

Hatch 

Brown 1 41.57 ± 0.6a 40.38 ± 0.5a 40.82 ± 0.6a 40.08 ± 0.6a  
Brown 2 39.98 ± 0.5ab 40.27 ± 0.5a 38.77 ± 0.6b 38.10 ± 0.7b 
White 1 39.40 ± 0.5a 38.97 ± 0.5a 38.59 ± 0.6ab 36.96 ± 0.5b 
White 2 41.10 ± 0.5a 40.80 ± 0.5a 39.66 ± 0.5a 39.40 ± 0.6a 
White Leghorn 38.76 ± 0.5ab 39.66 ± 0.6a 37.20 ± 0.6bc 36.28 ± 0.7c 

              

2 weeks 

Brown 1 166.90 ± 1.5a 165.86 ± 1.5a 165.24 ± 1.6a, 157.82 ± 1.8b 
Brown 2 159.53 ± 1.5ab 162.39 ± 1.5a 153.85 ± 1.6b 142.51 ± 2.1c 
White 1 157.20 ± 1.4a 155.62 ± 1.5a 152.91 ± 1.6a 142.93 ± 1.5b 
White 2 165.67 ± 1.5a 160.97 ± 1.5a 164.39 ± 1.6a 150.85 ± 1.9b 
White Leghorn 142.61 ± 1.4a 142.42 ± 1.4a 140.47 ± 1.7a 139.51 ± 2.2a 

              

4 weeks 

Brown 1 362.96 ± 4.3a 363.74 ± 4.2a 361.85 ± 4.4a 357.37 ± 4.8a 
Brown 2 351.42 ± 4.1a 356.22 ± 4.2a 351.51 ± 4.5a 328.39 ± 5.1b 
White 1 345.00 ± 4.0a 350.31 ± 4.2a 344.82 ± 4.4a 328.69 ± 4.2b 
White 2 357.01 ± 4.2a 355.46 ± 4.2a 350.97 ± 4.2a 333.99 ± 4.6b 
White Leghorn 321.96 ± 3.9a 324.26 ± 3.9a 311.50 ± 4.2a 310.36 ± 5.0a 

              

8 weeks 

Brown 1 895.89 ± 38.2a 874.70 ± 37.2a 882.62 ± 37.7a 872.48 ± 37.5a 
Brown 2 872.40 ± 37.2ab 883.47 ± 37.6a 850.41 ± 36.5cb 819.84 ± 35.8c 
White 1 813.36 ± 34.6a 800.51 ± 34.1a 809.19 ± 34.8a 767.77 ± 32.9b 
White 2 815.07 ± 34.7a 805.79 ± 34.3a 793.14 ± 33.8ab 763.61 ± 32.9b 
White Leghorn 745.88 ± 31.9a 751.02 ± 32.1a 737.44 ± 31.7a 747.28 ± 32.8a 
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Age Strain Control Maternal Stress Vehicle CORT 

11 weeks 

Brown 1 1415.97 ± 48.7a 1379.66 ± 47.4a 1398.02 ± 48.2a 1361.49 ± 47.3a 
Brown 2 1408.03 ± 48.5ab 1437.03 ± 49.3a 1374.03 ± 47.6b 1307.22 ± 46.5c 
White 1 1201.60 ± 41.3a 1191.71 ± 41.0a 1201.41 ± 41.9a 1136.68 ± 39.3b 
White 2 1196.23 ± 41.1a 1197.34 ± 41.2a 1183.77 ± 40.7a 1163.80 ± 40.7a 
White Leghorn 1130.63 ± 38.9a 1145.44 ± 39.5a 1112.71 ± 38.7a 1111.58 ± 39.8a 

              

13 weeks 

Brown 1 1534.42 ± 17.1a 1481.30 ± 16.2ab 1479.20 ± 17.1ab 1466.59 ± 18.0b 
Brown 2 1538.72 ± 17.3ab 1566.13 ± 17.2a 1489.08 ± 17.8b 1418.28 ± 20.7b 
White 1 1275.91 ± 14.1a 1254.40 ± 14.1ab 1274.47 ± 16.1a 1207.9 ± 14.1b 
White 2 1274.26 ± 14.0a 1280.42 ± 14.2a 1264.32 ± 14.2ab 1217.79 ± 15.9b 
White Leghorn 1204.29 ± 13.6a 1222.43 ± 13.9a 1197.56 ± 14.8a 1186.17 ± 18.2a 

              

15 weeks 

Brown 1 1740.36 ± 18.0a 1700.43 ± 17.3ab 1715.57 ± 18.2ab 1654.2 ± 18.9b 
Brown 2 1782.20 ± 18.5a 1790.39 ± 18.3a 1700.66 ± 19.0b 1619.16 ± 22.1c 
White 1 1433.72 ± 14.7a 1428.38 ± 14.8a 1412.63 ± 16.5a 1339.57 ± 14.5b 
White 2 1419.49 ± 14.5a 1432.10 ± 14.7a 1403.45 ± 14.6ab 1355.07 ± 16.6b 
White Leghorn 1371.20 ± 14.2a 1389.43 ± 14.5a 1341.88 ± 15.5a 1348.31 ± 19.5a 

              

17 weeks 

Brown 1 1844.09 ± 37.9a 1784.35 ± 36.5ab 1798.07 ± 37.3ab 1747.67 ± 37.4b 
Brown 2 1887.71 ± 38.9a 1907.23 ± 39.0a 1781.31 ± 37.9b 1701.68 ± 39.5b 
White 1 1513.25 ± 31.0a 1505.38 ± 31.0a 1492.29 ± 32.2a 1372.59 ± 28.7b 
White 2 1481.70 ± 30.5a 1459.50 ± 29.9a 1470.59 ± 30.4a 1419.39 ± 31.2a 
White Leghorn 1462.08 ± 30.1a 1448.01 ± 29.9a 1430.44 ± 30.8a 1412.93 ± 33.9a 
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mechanisms act as metabolic buffering agents, regulating the progeny’s exposure to 

corticosterone. Previous studies have successfully demonstrated the effects of maternal exposure 

to stressors (Pappas et al., 2006; Goerlich et al., 2012). However, these studies used stressors that 

activated different physiological and metabolic pathways, such as maternal undernutrition, 

temporary feed restriction, or temperature stress. Here, we report that acute psychological stressors 

did not impair either embryonic survival or offspring growth.  

A second note of caution is that the actual concentration of corticosterone transferred from 

mother to egg remains largely unknown (Rettenbacher et al., 2009, 2013a; Almasi et al., 2012) 

and may differ across strains (Navarra and Pinson, 2010). This caveat may have significant impact 

on our study, since the effects observed in the CORT treatment might be due to hormone 

manipulation outside of the physiological range of eggs for different strains of breeder hens. The 

injected concentration of corticosterone may also have overwhelmed the capacity of the embryo 

to inactivate corticosterone, consequently impacting phenotypical traits important to fitness such 

as hatchability and body weight. Mechanical damages can also result from breaching the egg since 

puncturing and disrupting eggshell membranes can increase embryonic mortality (Heiblum et al., 

2001). Furthermore, we observed that hatchability and body weight were affected by the Vehicle 

treatment. Sesame oil contains 43% of polyunsaturated fatty acids (Fukuda et al., 1986), which 

have been reported to affect growth, feeding behaviour and fearfulness in poultry (Aigueperse et 

al., 2013; Baéza et al., 2017).  

The relatively high mortality observed for this study compared to some others in the 

literature (Janczak et al., 2007a; Haussmann et al., 2012) may be related to differences in breeder 

flock age, since hatchability decreases as hens age (Lapão et al., 1999).  We found that all strains 

showed a progressive increase in embryonic mortality as the breeder flocks aged, but the mortality 
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rates from younger breeders (at 25 or 32 weeks of age) were much more similar to values 

previously reported (Janczak et al., 2007a; b). Unfortunately, these studies did not report the age 

of the breeder flocks, and therefore any association between breeder flock’s age and susceptibility 

to prenatal stress remains strictly speculative. Lastly, similarly to Aslam et al. (2014) and Pinson 

et al. (2015), the present study failed to show a treatment effect on sex ratio. 

3.5.2. Effects of strain 

While a vast body of literature has already investigated the long-term effects of prenatal 

corticosterone on embryonic survival and offspring growth, not many studies have considered the 

effects of genetics as a predisposing factor on this matter. The present study observed significant 

differences across genetic lines in hatchability, late embryonic mortality and body weight of the 

progeny, regardless of stress treatment. White Leghorn displayed the lowest hatchability level in 

both Control and injected treatments and was also the least affected strain in body weight, 

suggesting that the highest vulnerability to injections resulted in a more robust progeny. 

Interestingly, Control White Leghorn showed lower hatchability than the Maternal Stress 

treatment for the same strain. An inconsistent genetic selection program may help explain this 

finding, as the White Leghorn flock used in this study belongs to the University of Guelph and 

consequently, does not follow a strict genetic selection program. Moreover, since eggs used in 

CORT and Vehicle were a subsample of the Control group, an additive correlation between 

injections and Control's hatchability is naturally expected. 

The Brown 2 line was the most affected strain in both pre- and post-hatch development, 

displaying the lowest hatchability and the most persistent effects of injections on body weight. 

Additionally, Maternal Stress and CORT treatments decreased late embryonic mortality of Brown 

2, suggesting that embryos died more frequently within the first 10 days of development, which is 
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when the embryonic metabolism of free corticosterone starts (Vassallo et al., 2014, 2019). 

Oppositely, the Brown 1 and White 1 lines from Genetic Company 1 showed the best hatchability 

and had late embryonic mortality increased by both CORT and Maternal Stress, suggesting that 

genetic selection strategies by genetic companies in conjunction with specific management and 

nutritional recommendations may potentially play a critical role in embryonic response to prenatal 

stress.  

As expected, white strains showed a marked difference in body weight compared to brown 

strains. This may be explained by phylogenetic differences between brown and white birds. Brown 

commercial lines originate from the Rhode Island Red, an originally dual-purpose breed with 

medium genetic diversity (Lyimo et al., 2014),  while white commercial lines are derived from the 

White Leghorn breed, which has low genetic diversity (Lyimo et al., 2014). Moreover, the process 

of domestication resulted in phenotypical and genetic differences between White Leghorn and the 

Red Jungle Fowl (Kerje et al., 2003b), and genetic selection from pure into commercial lines may 

have acted similarly, resulting in phenotypical differences produced by genetic changes. Although 

the actual concentration of corticosterone in the egg of chickens remains unknown (Rettenbacher 

et al., 2013a), studies have shown that they might differ between white and brown strains (Navara 

and Pinson, 2010). If so, the dosage provided in the CORT treatment might have exceeded the 

physiological range of corticosterone in the eggs of some strains while remaining in the 

physiological range of others, therefore explaining the strain differences observed in this study. 

3.6. Conclusion 

The current study successfully demonstrated that maternal stress affects embryonic 

survival and growth of the offspring and that these effects are highly dependent on stress model 

and genotype of layer breeders. As hypothesized, CORT consistently impaired all analyzed traits, 
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while Maternal Stress only displayed effects on early embryonic mortality. This difference in 

treatments may be because Maternal Stress was less effective in increasing corticosterone 

concentration in the egg than CORT. Additionally, mechanical disruption of the shell followed by 

injection may have contributed to impair the progeny. Among all strains, the Brown 2 line was 

consistently the most affected in both pre- and post-hatch development. Oppositely, the Pure Line 

White Leghorn displayed the highest post-hatch resiliency. Phylogenetic differences and genetic 

selection for productive traits might help explain these differences; however, some of these 

findings may be an artifact of the pharmacological model because the physiological range of egg 

corticosterone may differ across strain. Overall, results show that embryonic survival and offspring 

growth are mostly affected by in ovo injections and that some genotypes are more susceptible to 

maternal stress than others.
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Chapter 4 

 

Effects of maternal stress on measures of anxiety and fearfulness of 
different strains of laying hens 
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4.1. Abstract 

In birds, maternal stress can affect the behaviour of progeny, possibly due to higher levels 

of corticosterone in the egg. Additionally, phenotypic diversity resulting from domestication and 

selection for increased productivity has created a large number of poultry lines that may cope with 

stress differently. In this study, we investigated the effects of prenatal stress on measures of anxiety 

and fearfulness in different strains of laying hens. For this, fertilized eggs of 5 genetic lines — 2 

commercial brown (Brown 1 & 2), 2 commercial white (White 1 & 2) and 1 pure line White 

Leghorn — were reared identically as 4 flocks of 27 birds (24F: 3M) per strain. Each strain was 

equally separated into 2 groups: “Maternal Stress”, where hens were subjected to a series of daily 

acute psychological stressors (e.g. physical restraint, simulated transportation) for 8 days before 

egg collection, and “Control”, that received routine husbandry; fertile eggs were collected from 

both treatments. Additional eggs from the Control group were injected with either corticosterone 

(“CORT”), or sesame oil “Vehicle”. Maternal Stress treatments were repeated at 3 maternal ages, 

resulting in different offspring flocks that were treated as replicates over time. Eggs from each 

replicate were incubated, hatched, and offspring (N=1919) were brooded under identical 

conditions. To measure the effects of prenatal stress on anxiety-like behaviour and fearfulness, 

offspring were subjected to a social isolation test (SI) between 5 to 10 days of age, and tonic 

immobility test (TI) at 9 weeks of age. Compared to Control, Maternal Stress decreased (P < 0.001) 

the number of distress vocalizations emitted by White 2 during social isolation. No effects of 

Maternal Stress were observed in TI, and no effects of CORT were observed in any strains or tests. 

Overall, brown lines vocalized more in SI and remained in TI for a longer duration than white 

strains (P < 0.001) suggesting genetic differences in fear behaviour across strains of commercial 

layers. Female chickens vocalized more than males in TI (P < 0.001) and showed a trend towards 

significance for the same trait in SI (P = 0.066). Our findings suggest that the effects of maternal 
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stress on anxiety and fearfulness are contingent on strain and not directly mediated by 

corticosterone. 

 

Keywords: Prenatal Stress, Corticosterone, Genetics, Fearfulness, Chicken  
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4.2. Introduction 

Maternal stress can impact progeny physiology, behaviour and cognition (Thompson, 1957; 

Weinstock, 2008; Painter et al., 2012). Its effects on offspring are highly dependent on the 

intensity, timing of exposure and type of stressor experienced by the mother (Kapoor and 

Matthews, 2008; Henriksen et al., 2011b; Pinson et al., 2015). Impacts on offspring behaviour are 

evident across taxa (avian, [Dixon et al., 2016]; mammals, [Kapoor et al., 2008; Weinstock, 2008]; 

reptiles [Belliure et al., 2004]), and at the neurological scale, maternal stress has been linked to 

structural and functional changes in the limbic system and prefrontal cortex of rats (Weinstock, 

2008), and to changes in gene expression in the hypothalamus of chickens (Nätt et al., 2009). 

Importantly, these brain areas are involved in the mediation of fear and anxiety, social and 

cognitive processes, and working memory of mammals and birds (Davis, 1992; Dalley et al., 2004) 

and thus, maternal stress may have long-term impacts on how an animal responds to its 

environment. For example, in laying hens, females subjected to an unpredictable food restriction 

schedule had chicks that lasted longer in tonic immobility, a measurement of fearfulness, and were 

less competitive for access to feed in a novel environment than the progeny of control birds 

(Janczak et al., 2007b). Similarly, the offspring of female quails stressed during egg production 

displayed more anxiety-like behaviours, such as an increased occurrence of distress calls during 

emergence and open field tests, and when isolated from conspecifics (Guibert et al., 2011). 

 Cottrell and Seckl (2009) proposed two major hypotheses to explain the association 

between maternal stress and postnatal effects on offspring: fetal malnutrition and overexposure to 

glucocorticoid hormones. More recently, studies in avian species have shown that maternal stress 

can also be linked to the increase of other biological components in the egg, such as hormones 

(e.g. androgens, reviewed in Groothuis et al., 2019), antioxidants (Possenti et al., 2018), and 

immunoglobulins (Roth et al., 2018). Nevertheless, while glucocorticoid hormones are not 



 60 

synonymous with “stress” (MacDougall-Shackleton et al., 2019), due to their pleiotropic role in  

regulating physiological responses to the environment and in organ development, they remain as 

one of the most analyzed mediators of maternal stress in the literature (reviewed in Ahmed et al., 

2016; Groothuis et al., 2019; Henriksen et al., 2011b).  

The effects of corticosterone on behaviour are, however, inconsistent and appear to depend 

on delivery method or species. For example, corticosterone injections into eggs prior to incubation, 

or corticosterone implants to female chickens prior to egg laying, were linked to an increase in 

tonic immobility (TI: a measure of fearfulness) in offspring (Janczak et al., 2006; Henriksen et al., 

2013) but injections had no effects on TI in yellow-legged gulls (Rubolini et al., 2005). Moreover, 

corticosterone injections decreased the progeny’s ability to learn (Rodricks et al., 2006), compete 

for a wormlike object (Janczak et al., 2006), and increased aggressiveness (Lay and Wilson, 2002) 

in layer chickens. 

As evidenced above, two experimental models are commonly used to increase 

corticosterone levels in eggs: a maternal model in which the adult female is exposed to stressors 

(either naturally, or through corticosterone injections or implants), and a pharmacological model 

that manipulates the egg directly. The maternal model might be considered more holistic as 

hormone or stress treatments integrate with other maternal elements that might also affect 

embryonic development (Henriksen et al., 2011a). However, it precludes an specific control of the 

quantity of hormone reaching the embryo (von Engelhardt et al., 2009). Conversely, egg 

manipulation allows an exact dose of specific hormone but relies on the use of an invasive injection 

procedure that can be harmful to the embryo (Heiblum et al., 2001; Janczak et al., 2007). 

Furthermore, hormonal responses are generally dose-dependent, and the actual concentrations 



 61 

deposited by the mother into the egg during development remain unknown (Rettenbacher et al., 

2009; Groothuis et al., 2019). 

Similarly unknown is the relationship between maternal stress and genetics. Although no 

previous studies have tested multiple strains of commercial layers simultaneously, the levels of 

susceptibility to maternal stress may vary across different genotypes. It is known that adult brown 

and white laying hens have distinct behavioral and physiological stress responses (Fraisse and 

Cockrem, 2006; de Haas et al., 2013; Pusch et al., 2018). Further, comparisons between offspring 

of White Leghorns and their ancestor, the red jungle fowl, revealed that in response to maternal 

stress, only White Leghorn offspring displayed decreased learning abilities and differences in gene 

expression in the hypothalamus and pituitary, suggesting that genetic selection may have increased 

prenatal stress susceptibility (Nätt et al., 2012). However, it is unknown if when subjected to the 

same stressors, hens of different genetic strains will transfer different levels of glucocorticoids to 

the embryo and if there are strain-specific behavioural and physiological responses to maternal 

stress.  

The main goal of this study was to investigate whether the effects of maternal stress on 

offspring fearfulness and anxiety-like behaviour differs across genetic lines of laying hens. For 

this, different genotypes of breeder hens were subjected to 2 models of maternal stress, one that 

involved subjecting breeders to acute psychological stressors, and one that involved egg injections 

of corticosterone.  Using these two treatments, we sought to decouple the role of glucocorticoids 

from the broader maternal milieu during maternal stress. We predicted that corticosterone 

injections would affect all strains, acting as a positive control treatment regardless of genetics and 

that the effects of Maternal Stress would vary according to the natural stress susceptibility of each 

strain.  



 62 

4.3. Material and methods 

The birds used in this study were treated in accordance with the Canadian Council on Animal 

Care, and all procedures were approved by the University of Guelph Animal Care Committee 

(Animal Utilization Protocol #1946). 

4.3.1. Parent stock: Management 

A total of 2,600 fertilized eggs of 5 strains of parent stock were provided by two 

commercial genetics companies (Brown 1 and White 1 from company 1; Brown 2 and White 2 

from company 2) and the University of Guelph’s Arkell Poultry Research Station (pure line White 

Leghorn). To guarantee similar experiences, eggs from all strains were collected from grandparent 

hens that were between 40 and 50 weeks of age. Eggs and chicks were subjected to identical 

incubation and husbandry conditions as described previously (Chapter 3). Each strain was equally 

distributed into 4 parent flocks in pens of 27 birds (24 females and 3 males) and kept until 76 

weeks. Each pen (3.7 m2) contained pine shavings and 1 perch; at 18 weeks, 5 nest boxes were 

added to each one of them. Birds from different pens were visually separated from each other and 

did not interact at any moment. Apart from routine husbandry, all human interaction with the birds 

was avoided to prevent possible habituation.  

4.3.2. Parent stock: Control and Maternal Stress treatments 

Each strain of parent stock was randomly assigned to either Control or Maternal Stress 

treatments with 2 replicate flocks per strain and treatment. Regular husbandry was strictly adhered 

to for the Control groups, while the Maternal Stress groups were subjected to daily sessions of 

acute psychological stress procedures that have been shown to elevate plasma corticosterone in 

avian species (see below). Since the average time window for egg production from the beginning 

of vitellogenesis until laying is 8 days, each Maternal Stress flock received a minimum of 8 
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consecutive days of stressors before the beginning of egg collection. The selected stressors 

included: 1. crating followed by 15 minutes of simulated transportation (Figure 4.1A; Zulkifli et 

al., 2009); 2. physical restraint in a cloth bag for 10 minutes (Figure 4.1B; Ericsson et al., 2016); 

3. crating followed by 30 minutes in a testing arena (100 cm long × 100 cm wide × 200 cm high) 

constructed of solid white panels with 2 doors located on opposite walls and 2 LED lights on the 

ceiling). During time in the arena, 3 sparrow hawk predator attack simulations (30 seconds/each) 

were performed (Figures 4.1C and 4.1D; Pitk et al., 2012); 4. crating followed by 15 minutes in 

the testing arena undergoing an auditory stressor - an air horn blown for 3 sec at 5 minute intervals 

(Rich and Romero, 2005; Guibert et al., 2011); and 5. crating followed by 30 minutes in the testing 

arena undergoing social mixing with a different strain (Siegel, 1980). All birds were immediately 

returned to their home pens after each stress session. Overall, sessions respected the following 

criteria: 1. flocks were subjected to one stressor a day; 2. the total number of sessions depended 

on the egg production of each flock; 3. the same stressors were never applied consecutively to 

avoid habituation;  and 4. sessions ran randomly from 9:00 to 16:00 h. All procedures were 

repeated at 3 different maternal ages (32, 52 and 72 weeks), resulting in different offspring groups 

that were considered replicates; this design allowed us to work with a larger sample size, but it 

also resulted in replicates confounded with incubatory settings, chick transfer and placement from 

incubator to pens, and egg composition, since the nutritional value of the egg changes as a hen 

ages (Nielsen, 1998). All eggs were collected and stored at 4ºC for a maximum of 6 days until 

incubation.  
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Figure 4.1. Stressors used in the Maternal Stress treatment: A. birds were crated and 

transported around the research facility; B. physical restraint in a cloth bag; C. sparrow 

hawk made of black cardboard used as an aerial predator; D. each simulation of a predator 

attack lasted 30 seconds.  
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4.3.3. Parent stock: Vehicle and CORT treatments 

The CORT treatment aimed to simulate eggs that received an increased concentration of 

corticosterone from the hen. According to previous studies, the basal level of corticosterone in 

laying hens ranges from 0.3 to 5 ng/mL (review by Scanes [2016]), reaching 30 ng/mL in response 

to stress (Johnston et al., 1997). The mean concentration of corticosterone in eggs from unstressed 

birds has been previously reported as 1.17 in yolk and 1.55 ng/mL albumen (Eriksen et al., 2003). 

However, analytical validation of enzyme- and radio-immunoassay techniques showed the 

presence of cross-reactive substances that hamper quantification of corticosterone in the yolk and 

albumen of eggs (Rettenbacher et al., 2013a). Therefore, since the exact concentration of 

corticosterone in eggs remains unknown, we followed the methodology proposed by Janczak et al. 

(2007) and described in Chapter 3, that was based on plasma corticosterone concentration of hens. 

Injections of 10 ng/mL cortisol diluted in sesame (CORT treatment), or sesame oil alone (Vehicle 

treatment) were used. In preparation for this procedure, a 5x5 mm layer of silicone sealant (General 

Electric, Boston, MA) was applied one day before egg incubation onto the basal tip of the sub-

sample of Control eggs; this sealant prevents gas exchange and contamination following 

perforation and injection through the shell. On the morning of each incubation day, Vehicle and 

CORT solutions were prepared. The average weight of egg content, which is estimated to be 90% 

of total egg weight (Beuving and Vonder, 1981), was 50, 50 and 59 g per hen age group; thus, a 

volume of 50 µL of either CORT or Vehicle solutions was injected into eggs from 32 and 52 weeks 

breeders, while 60 µL was injected into eggs from 72 weeks hens. These solutions were injected 

with a sterile 23-gage needle through a small hole that was perforated through the silicone layer 

on the egg using an egg piercer. Eggs from all treatments were immediately incubated. 
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4.3.4. Offspring stock: Management and data collection 

Egg collection, incubation and hatch occurred under similar conditions for all offspring 

groups. Chicks were individually wing banded at hatch and equally distributed to 3.72 m2 pens 

with a perch and litter floor. Our experimental design aimed for two replicates of 20 birds each (10 

female: 10 male) per treatment, strain and offspring group. However, final densities varied due to 

lower hatchability of injected eggs (Chapter 3). The test order of birds was balanced across period 

of the day for all flocks, strains and treatments to minimize the effects of time and circadian 

rhythm. 

4.3.5. Offspring stock: Social isolation 

Following the methodology proposed by Sufka et al. (2006), chicks between 5 to 10 days 

of age (N=701; Table 4.1) were individually placed into a sound-proof box (63.5 cm × 63.5 cm × 

63.5 cm) constructed of solid panels, covered with acoustic fabric, and equipped with 5 LED lights 

and a microphone taped on the ceiling for recordings (Figure 4.2A and 4.2B). SI lasted 5 minutes 

and was conducted from 08:00 to 12:00 h and from 14:00 to 18:00 h in a quiet room nearby the 

chick’s home pen. Distress calls were recorded, saved as a MPEG-4 file using the Voice Memos 

application (Apple, Cupertino, USA), and audios files were analyzed on WavePad (NCH Software, 

Greenwood Village, USA). The total number of distress calls emitted by the chicks during the 5 

minutes of isolation were analyzed by 3 observers blind to treatment. 
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Table 4.1. Number of birds tested by treatment, strain and replicate for the tonic immobility (TI) and social isolation (SI) tests. 

Behaviour 
test Treatment 

 Brown 1  Brown 2  White 1  White 2  White 
Leghorn 

 1 2 3  1 2 3  1 2 3  1 2 3  1 2 3 

TI 

Control  - 11 12  - 12 12  - 13 12  - 12 12  - 10 12 
M. Stress  - 12 12  - 12 12  - 11 12  - 12 12  - 11 12 
Vehicle  - 12 11  - 12 12  - 12 12  - 12 11  - 12 12 
CORT  - 12 12  - 12 12  - 12 12  - 12 12  - 9 7 

Total   - 47 47  - 48 48  - 48 48  - 48 47  - 42 43 

SI 

Control  12 12 12  12 12 12  12 12 11  12 12 12  12 12 12 
M. Stress  12 12 10  12 12 12  12 12 12  12 12 11  12 12 12 
Vehicle  12 12 11  10 12 12  12 12 12  12 12 12  11 12 12 
CORT  12 12 11  10 12 10  12 12 12  12 12 11  10 12 9 

Total  48 48 44  44 48 46  48 48 47  48 48 46  45 48 45 
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Figure 4.2. A and B. Apparatus used in the social isolation test. 

 

4.3.6. Offspring stock: Tonic immobility 

To measure the effects of prenatal stress on fearfulness, a modified version of TI proposed 

by Jones (1986) was used. Birds at 9 weeks (N = 656; Table 4.1) were individually caught, moved 

into a quiet nearby room and placed on their back in a V-shaped cradle, where the experimenter 

gently applied pressure on their sternum (Forkman et al., 2007). If immobility lasted a minimum 

of 10 seconds, it was considered a successful induction. If not, up to 3 consecutive attempts at 

induction were performed. Each test lasted 10 minutes, or until the bird stood up. Data from this 

test were collected only from the offspring of hens of 52 and 72 weeks. Testing was conducted 

from 09:00 to 12:00 h and 13:00 to 16:00 h, and the procedure was recorded using a camcorder 

(Panasonic HC-V180K) that has been positioned perpendicularly to the cradle. Behaviour was 

analyzed from videos and included duration until the bird rights itself up, the number of 
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vocalizations emitted during the test and number of inductions needed to attain a successful 

induction. Data were analyzed by 2 trained observers blind to treatment. 

Although the term TI implies in a state of reduced responsiveness that includes suppressed 

vocal behaviour and intermittent periods of eye closure and muscle tremors in the extremities 

(Nash et al., 1976), different patterns of behaviour can be observed throughout the test (e.g. 

vocalization and head movement). As described by Rovee and Luciano (1973), TI can be classified 

in 3 stages. In stages 1 and 2, distress calls can be emitted, and eyes are either open, or with 

occasional fluttering eyelids. Whereas, in stage 3, complete eye closure, no vocalizations, head 

bobbing, and occasional generalized body twitches are observed. Since these behaviours may vary 

in response to different methodologies (which can affect the validity of the test [Jones and Faure, 

1981; Forkman et al., 2007]), we also separately recorded and analyzed data for the duration of 

stage 3 of TI, which will specifically be referred to as “stage 3 duration” throughout the text. 

4.3.7. Statistical analyses  

The Glimmix procedure of SAS 9.4 (SAS Institute, Cary, NC) was used to perform all 

statistical analyses. The basic statistical model in ANOVA included fixed effects of treatment, 

strain, sex and a treatment by strain interaction. Random effects included maternal age and pen 

nested in room, with offspring bird as the experimental unit. Further pre-planned comparisons 

included treatment (Control versus all other treatments (referred to as Stressors in tables), Control 

versus Maternal Stress, and Control versus CORT), strain (white versus brown) and Genetic 

Company 1 versus Genetic Company 2. Tests for normality included Shapiro-Wilk and Anderson 

Darling measurements in conjunction with visual plots. When a significant strain by treatment 

interaction was found, analyses controlled for the multiple testing error using the percentage of 

false-positives, which estimates the false discovery rate (FDR; Garcı́a and García, 2016). 
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Significance was declared at P < 0.05. Reliability between observers (all blind to treatment) was 

calculated using Kendall’s Tau-b coefficient. Kendall’s t score of 1.0 is considered a perfect 

relationship and a score of 0.7 is be considered acceptable (Bowley, 1999). Consequently, scores 

reported for the social isolation test (Kendall’s t = 0.93; P < 0.001) and duration of tonic 

immobility (Kendall’s t = 0.82; P < 0.001) indicate agreement among observers. 

The SI data were analyzed using the basic model and log-normally transformed to meet the 

assumption of a normal distribution of residuals. Significance post-FDR correction was set at P < 

0.005 and followed by a power analysis (alpha=0.005). Least Square (LS-) means and standard 

error of means (SEM) were back-transformed and are presented in the results as the average of 

distress vocalizations.  

The duration of immobility and number of vocalizations during TI were analyzed using the 

basic statistical model in ANOVA. To meet the assumption of a normal distribution of residuals, 

data for duration were assumed to be distributed according to a log-normal transformation, while 

vocalization data were transformed by arcsine of the square root. Random effects were grouped 

by strain. LS-Means and SE of both tests were back-transformed and are presented in the results 

as the average duration of TI in seconds and the average number of calls emitted. The number of 

attempts needed for induction are presented as percentage of birds; data were treated as conforming 

to a Poisson transformation, but were not normally distributed when the model included a strain 

by treatment interaction. Thus, a simpler statistical model containing only treatment as fixed effect 

was used. Differences between LS-means were tested using a Chi-square test. Due to the small 

number of birds induced into stage 3 of TI (n = 41), residuals of measurements of duration were 

not normally distributed when the model included a strain by treatment interaction. Therefore, a 

simpler statistical model containing only strain, treatment and sex as fixed effects was used.  
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4.4. Results 

4.4.1. Social isolation  

Strain interacted with treatment to affect the total number of distress calls (P < 0.001) 

(Table 4.2). The White 2 strain displayed a treatment effect, with birds from Control (135.3 ± 61.0 

calls) vocalizing more than those from Maternal Stress (13.8 ± 6.2 calls; P < 0.001). Also, in the 

Maternal Stress treatment, Brown 1, Brown 2 and White Leghorn vocalized more than White 2, 

and Brown 1 vocalized more than White 1 (Table 4.3). No further effects of treatment were 

observed (Table 4.2). Contrast analyses showed that brown birds vocalized more than white (P < 

0.001) (Table 4.3), and sex displayed a trend towards significance (P = 0.066), with female birds 

(125.7 ± 39.6 calls) vocalizing more than males (99.4 ± 31.3 calls). 

 

Table 4.2. Effects of prenatal stressor, strain and sex during the social isolation test. 

 DF F Value P-value 

Strain 4 12.57 < 0.001 
Treatment 3 1.09 0.354 
Sex 1 3.38 0.066 
Strain x Treatment 12 98.84 < 0.001 

Contrasts 
  F Value P-value 

Treatment 

Control vs Stressors 0.25 0.615 
Control vs Maternal Stress 1.51 0.220 
Control vs Vehicle 0.18 0.670 
Control vs CORT 0.16 0.693 

Strain White vs Brown 33.20 < 0.001 
Genetic Company 1 vs 2 0.28 0.5964 
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Table 4.3. Number of distress vocalizations (± SEM) during the social isolation test by strain and treatment. 

Treatment 
Strain Treatment 

Average Brown 1 Brown 2 White 1 White 2 White Leghorn 
Control 222.3 ± 104.7a,y 144.2 ± 71.0a,y 119.8 ± 53.7a,y 135.3 ± 61.0a,y 47.7 ± 23.2a,y 119.89 ± 40.2 
Maternal Stress 393.7 ± 178.0a,y 222.1 ± 101.1ab,y 60.3 ± 27.8bc,y 13.8 ± 6.2c, z 80.9 ± 38.3ab,y 89.89 ± 30.35 
Vehicle 126.0 ± 59.4a,y 302.7 ± 144.0a,y 60.3 ± 31.7a,y 86.3 ± 39.0a,y 203.7 ± 100.9a,y 132.15 ± 44.9 
CORT 118.7 ± 58.0a,y 220.4 ± 116.3a,y 63.8 ± 29.5a,y 44.4 ± 21.1a,yz 213.0 ± 110.6a,y 109.56 ± 38.0 
Strain Average 190.05 ± 66.6a 215.01 ± 76.90a 72.64 ± 35.84bc 51.65 ± 18.0c 113.75 ± 58.0ab  

Note: Means in the same row with different letter superscripts (a, b, c) differ significantly between strains (P < 0.05). Means in the 

same column with different letter superscripts (y, z) differ significantly among treatments (P < 0.05).



 

4.4.2. Tonic immobility  

Duration of TI (all stages) showed no effect of strain by treatment (P = 0.105), treatment 

(P = 0.924), or sex (P = 0.643) (Table 4.4). However, strain affected duration of TI (P < 0.001), 

with Brown 1 (200.7 ± 21.2 s) and Brown 2 (207.0 ± 21.5 s) staying in TI longer than White 1 

(113.1 ± 11.3 s) and White 2 (89.4 ± 9.2 s) (Figure 4.3). Strain differences between brown and 

white lines were also displayed in post-hoc contrast analyses (P < 0.001). Stage 3 duration 

displayed no effects of treatment (P = 0.863), strain (P = 0.701) or sex (P = 0.089). 

 

Table 4.4. Effects of prenatal stressor, strain and sex on duration of immobility during the 

tonic immobility test. 

 DF F Value P-value 

Strain 4 13.47 < 0.001 
Treatment 3 0.16 0.924 
Sex 1 0.21 0.643 
Strain x Treatment 12 1.54 0.105 

Contrasts 
  F Value P-value 

Treatment 

Control vs Stressors 0.11 0.735 
Control vs Maternal Stress 0.13 0.719 
Control vs Vehicle 0.30 0.585 
Control vs CORT 0.00 0.959 

Strain 
White vs Brown 40.95 < 0.001 
Genetic Company 1 vs 2 1.02 0.314 
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Figure 4.3. Duration (s) of tonic immobility displayed by strain (± SEM). Means with 

different letter superscripts(a-c) differ (P < 0.05). 

 

The number of vocalizations emitted by birds during TI showed no effects of strain by 

treatment (P = 0.580), treatment (P = 0.325), or sex (P < 0.001) (Table 4.5). Once again, strain 

showed a significant effect (P < 0.001), with Brown 1 (11.0 ± 2.3 calls) and Brown 2 (11.3 ± 2.1 

calls) vocalizing more (P < 0.0032) than White 1 (2.6 ± 0.7 calls) and White Leghorn (1.9 ± 0.6 

calls) (Figure 4.4). A strain difference between brown and white birds was also displayed by post-

hoc contrast comparisons (P < 0.0001). There was also a sex effect on vocalization (P < 0.001), in 

which females (10.2 ± 1.2 calls) vocalized more than male birds (3.05 ± 0.7 calls). 
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Table 4.5. Effects of prenatal stressors, genetics and sex on the number of vocalizations 

emitted during the tonic immobility test. 

 DF F Value P-value 

Strain 4 7.47 < 0.001 
Treatment 3 1.16 0.325 
Sex 1 74.37 < 0.001 
Strain x Treatment 12 0.87 0.580 

Contrasts 
  F Value P-value 

Treatment 

Control vs Stressors 2.28 0.132 
Control vs Maternal Stress 2.20 1.139 
Control vs Vehicle 2.49 0.123 
Control vs CORT 2.58 0.109 

Strain 
White vs Brown 21.02 < 0.001 
Genetic Company 1 vs 2 1.73 0.190 

 

 

 

Figure 4.4. Number of vocalizations (± SEM) emitted during tonic immobility displayed by 

strain. Means with different letter superscripts(a,b) differ (P < 0.05). 
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No effects of treatment were observed on the number of attempts needed for induction (P = 

0.892). However, strain showed a significant effect (P < 0.001), with more Brown 1 birds being 

induced into TI on the second attempt, than birds from the White 1 strain (P = 0.015) (Figure 4.5).  

 

 

Figure 4.5. Percentage of attempts needed to induce birds into tonic immobility displayed by 

strain. Counts with different letter superscripts(a-c) differ (P < 0.05). 
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4.5. Discussion 

4.5.1. Effects of prenatal stress 

This study aimed to determine the effects of prenatal stress on the behaviour of different 

strains of layer chicks and pullets. We hypothesized that the CORT treatment would show a clear 

response pattern acting as a positive control treatment, while Maternal Stress would highlight 

genetic differences among strains. Contrary to our hypothesis, egg corticosterone injection did not 

affect responses to the SI and TI behavioural tests. In contrast, Maternal Stress decreased the 

number of vocalizations emitted by White 2 offspring during the SI but did not affect immobility 

during TI for any strain. 

Tonic immobility is a state of reduced responsiveness thought to be a defence strategy used 

to decrease the predator’s interest in the prey (Thompson et al., 1981). It is induced by physical 

restraint, and its duration is considered a measure to assess fear in birds (Jones, 1986; Forkman et 

al., 2007). The following study showed no treatment effects on the duration of TI, or any other 

traits in TI, which corroborates with Rubolini et al. (2005). Also using a pharmacological 

corticosterone stress model, Janczak et al. (2007a) only found an increase in TI duration in chicks 

that had been previously handled, suggesting that post-hatch experiences mediated the effects of 

corticosterone on fearfulness. The progeny of hens subjected to unpredictable feeding schedule 

(Janczak et al., 2007b), has also shown increased durations of TI. Unpredictable feeding, however, 

is not necessarily associated with increased levels of corticosterone in the egg and may be 

translated to the offspring via different pathways (e.g., nutrition) (Janczak et al., 2007b). Lastly, 

analyses of stage 3 duration failed to display any effects of treatment or strain. Although the 

description of the stage 3 of TI seems more similar to the original description of TI (Nash et al., 

1976), it is possible that the method may have reduced the ability to detect subtle behavioural 

differences. 
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The social isolation of young chicks from conspecifics produces an increase in distress 

vocalizations and stress-induced analgesia (Sufka and Weed, 1994) that allow for measurement of 

anxiety-related behaviours. The SI has been used as an in vivo preclinical screening of anxiolytic 

drugs (Smith et al., 2001; Sufka et al., 2001), which were shown to reverse distress vocalizations 

and pain-related behaviour in chicks (Watson and Sufka, 1996). Moreover, birds tested with and 

without the presence of a mirror confirmed the assumption that vocalizations increased due to an 

absence of conspecifics (Feltenstein et al., 2003). In our study, the White 2 strain showed an effect 

of treatment during the SI, with Maternal Stress vocalizing less than Control. To our knowledge, 

this is the first study to apply the SI procedure to evaluate effects of prenatal stress on anxiety-like 

behaviour and is congruent with effects observed in quails tested in an open field test (Guibert et 

al., 2011). Interestingly, these authors also found that eggs from stressed females showed higher 

concentrations of testosterone compared to control groups. Androgenic hormones such as 

testosterone are known to be important mediators of maternal effects on the behaviour of the 

progeny (Guibert et al., 2012; Daisley et al., 2005), possibly more than corticosterone (reviewed 

in Groothuis et al., 2019, 2005; Groothuis and Schwabl, 2008). In addition, it has been shown that 

the increase of plasma levels of maternal corticosterone can affect the concentration of 

progesterone and testosterone in the yolk (Henriksen et al., 2011a). This may help explain why 

only the Maternal Stress treatment significantly affected the offspring in this study. Moreover, 

decades of genetic selection of the parent flocks may have reduced sensitivity to our maternal 

stressors, explaining the minimal effects in the progeny. 

4.5.2. Effects of strain  

Strain effects were found in both behaviour tests. Contrast statements performed during 

statistical analysis showed that differences were primarily associated with the phylogenetically 
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distant brown and white strains. The brown strains vocalized more in SI and TI and showed longer 

durations of immobility during TI, suggesting they consistently displayed more anxious and fearful 

behaviours than the white lines. Evolution and domestication may help to explain these 

differences. Population studies exploring genetic diversity showed that while brown lines 

originally came from African and Mediterranean genetic clustering, white lines originated from 

the European cluster (reviewed by Tixier-Boichard et al., 2011). Moreover, commercial brown 

lines are based from the Rhode Island Red, an originally dual-purpose breed (selected for both 

meat and eggs) with medium genetic diversity, while commercial white lines are based from White 

Leghorn, a low genetic diversity breed (Lyimo et al., 2014). 

Genetic selection for production traits may affect the behaviour of chickens if the traits are 

correlated of genetically linked. Several quantitative trait loci (QTL) related to fear response for 

example, have been found on different chromosomes in White Leghorns. More specifically, TI 

was associated with 3 different QTLs on chromosome 1 that coincide with the position of 2 major 

QTLs for growth and body weight (Kerje et al., 2003a; Schütz et al., 2004). Therefore, genetic 

selection for body weight may have simultaneously affected fearfulness in White Leghorn. 

However, data for these studies were obtained exclusively from one strain, and it would be 

important to measure if this is also valid for lines expressing different genetics, such as brown 

strains. An early study of genetic differences and behaviour showed that White Leghorns chicks 

displayed longer duration of TI than a Production Red strain, and when the two strains were 

crossbred, offspring showed intermediate durations (Gallup et al., 1976); this supports the 

hypothesis that behavioural differences between brown and white strains are related to genetics. 

Contrary to our findings on vocalization (in both SI and TI) and duration of TI, the 

measurement of the number of attempts to attain a successful induction in TI showed that Brown 
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1 needed more second attempts than White 1; therefore, suggesting that for this particular trait, a 

brown strain was less fearful than a white strain. Overall, results on anxiety and fearfulness found 

in the literature are often inconsistent, and a bird’s motivation to engage in certain behaviours 

remains unclear. For example, some studies have found that brown lines last longer during TI 

(Albentosa et al., 2003; Mahboub et al., 2004; Fraisse and Cockrem, 2006; Pusch et al., 2018) and 

vocalized less than white lines in open field test (Jones, 1977). The interpretation of these tests is 

thus difficult, with a multitude of factors such as genetic selection (Dennis et al., 2008), hormones 

(Cockrem, 2007), the environment (Uitdehaag et al., 2008) and methodology simultaneously 

affecting the behaviour of layers. 

4.5.3. Effects of sex  

In accordance with previous research (Goerlich et al., 2012; Henriksen et al., 2013; 

Ericsson et al., 2016), the present study did not show an interaction between treatment and sex to 

affect measures of anxiety and fearfulness in the progeny. Nevertheless, the current study suggests 

that female chickens are more anxious than males, displaying a higher frequency of distress calls 

during TI and a similar trend pattern in SI. These findings support Jones (1977), who observed that 

hens were more active and vocalized more than cockerels in an open field test.  

The development of sexual dimorphism in behaviour is mostly related to the influence of 

gonadal hormones, androgens and estrogens on the nervous system (Palanza, 2001). Individually 

and combined, these hormones can organize and reorganize the neuronal circuitry involved in 

neuroendocrine and behavioural functions, including the serotonin system (Carlsson and Carlsson, 

1988; Palanza, 2001) that is responsible for anxiety traits (Heisler et al., 1998, 2007). Moreover, 

the environment can also interact with sex to affect behaviour. For example, Vallorttgara and 

Zanforlin (1988) found that social isolation from cage companion was more stressful for female 
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than male chickens. In the current study, birds were separated from conspecifics at both tests. 

Consequently, the hens might have vocalized more due to an intensified stress response 

experienced during the tests. 

 4.6. Conclusion 

Our findings suggest that the effects of prenatal stress on measures of anxiety and fearfulness 

were contingent on genetic strain, but only when stressors are applied directly to the mother. The 

lack of CORT treatment effect suggests that treatment differences may not be mediated by 

corticosterone. Additionally, genetic strains responded differently to both behaviour tests, with 

brown birds displaying higher levels of fearfulness in comparison to white strains. These 

observations suggest genetic differences in fear behaviour across genetic lines of commercial 

layers, which should be acknowledge when making any decisions or assessments, either in a 

commercial or research environment. 
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Chapter 5 

 

Stressors experienced by five lines of layer breeders do not affect 
measures of stress and fear in their progeny 
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5.1. Abstract  

Layer parent stock may experience stressors during egg formation, possibly leading to 

increased levels of corticosterone or other components in the egg, potentially impacting stress 

responsiveness and fearfulness of their progeny (commercial laying hens). Genotype might also 

affect the response to stressors, displaying different effects across strains. In this study, we tested 

two maternal stress models (Natural and Pharmacological) on five strains of breeders: commercial 

Brown 1 & 2, commercial White 1 & 2 and a pure line White Leghorn. Each strain was equally 

separated into two groups: “Maternal Stress”, where hens were subjected to a series of daily acute 

psychological stressors, and “Control”, which received routine husbandry. Fertile eggs from both 

treatments were collected for 8 days at 3 different maternal ages; additional eggs from Control 

were injected either with corticosterone diluted in a vehicle solution (“CORT”) or just “Vehicle”. 

Eggs were incubated, hatched, and offspring (N = 1919) were brooded under identical conditions. 

Stress response was assessed in the offspring (N = 655) at 13 – 14 weeks of age, through 

measurements of plasma corticosterone concentration in baseline samples and after 10 and 20 

minutes of physical restraint. A combined human approach (HA) and novel object (NO) test was 

performed at 16 weeks to measure fearfulness (N = 160). Maternal stress models did not affect the 

stress response or fearfulness in the offspring. Overall, white strains showed a greater stress 

response (P < 0.013), and were more flighty in response to a startling stressor (P < 0.001) than 

Brown strains, with White 2 spending the most time close to stressors in both HA and NO. 

Oppositely, Brown 2 spent the least amount of time close to the person and White Leghorn close 

to the NO, respectively. Males spent more time closer to the NO (P < 0.001) than females. Our 

results suggest that the acute maternal stress employed in this study did not affect fearfulness and 

stress response in progeny layers, regardless of genetic strain. Additionally, individual brown and 

white strains responded differently to stressors, both behaviourally and physiologically. 
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5.2. Introduction 

The organizational structure of commercial poultry breeding companies follows a pyramidal 

model; at the top of the pyramid is a relatively small population of pure line elite stock, followed 

by the grandparent stock, the parent (or breeding) stock, and the commercial layers (who produce 

commercial table eggs) at the base. Breeding flocks are often housed in mixed-sex flocks 

comprising thousands of birds in one barn. In their lifetimes, these layer parent stocks may be 

exposed to regular stressful events such as human handling and social conflicts, or less frequent 

startling events such as sudden loud noises. Once believed that only genetic selection could shape 

the phenotype of the progeny, it is now known that stressful situations experienced by the female 

during egg production can elicit a biological response that might leave long-lasting effects in the 

progeny (Sheriff and Love, 2013). 

The effects of maternal stress are highly dependent on the intensity, timing of exposure and 

type of stressor experienced by the mother (Kapoor and Matthews, 2008; Henriksen et al., 2011b; 

Pinson et al., 2015). We have previously shown that one strain of layer breeders subjected to daily 

sessions of psychological stressors had chicks with decreased response to social isolation 

(measured by the total number of distress calls) compared to a control group, but there were no 

effects on tonic immobility in any strain tested (Chapter 4). Conversely, laying hens subjected to 

unpredictable feed restriction had chicks that showed longer durations in tonic immobility and 

decreased ability to compete for food in a novel environment (Janczak et al., 2007c). Maternal 

stress can also cause structural and functional changes in brain areas involved in the mediation of 

fear and anxiety in rats (Weinstock, 2008), and modify gene expression in the hypothalamus of 

chickens (Nätt et al., 2009; Elfwing et al., 2015). 

The stress response is directly associated with the activation of the hypothalamic-pituitary-

adrenal (HPA) axis, which is responsible for the production and release of corticosterone into the 



 86 

blood system (Ulrich-Lai and Herman, 2009). Among its various functions, corticosterone can 

help birds adjust to and cope with changes in their environment through modifications in the stress 

response (Cockrem, 2007). Moreover, corticosterone is naturally deposited into the yolk during 

egg formation (Groothuis and Schwabl, 2008; Almasi et al., 2012), and its concentration is 

expected to rise in response to stress, possibly affecting the development of the embryo (Groothuis 

et al., 2005, 2019). Indeed, researchers have shown that pharmacologically injected corticosterone 

into fertile eggs of birds observed an increase in fearfulness and competitive behaviour in layers 

(Janczak et al., 2006), and a decrease in stress-induced corticosterone production in quails 

(Hayward et al., 2006) and European starlings (Love and Williams, 2008b). 

Maternal stress was also found to interact with genetics to affect measurements of stress 

response and behaviour in birds. In one study conducted with brown and white strains of layers, 

De Haas et al. (2014) observed that high levels of maternal plasma corticosterone were directly 

linked to an increase in the occurrence of injurious behaviour (severe feather pecking) in the 

offspring of Dekalb White but not of ISA Brown hens. Similarly, the ability to transmit epigenetic 

information and behaviour modifications between generations appears to have been favoured by 

domestication in White Leghorn hens compared to their ancestor, the Red Junglefowl (Lindqvist 

et al., 2007). Lastly, different genotypes of laying hens naturally display different types of response 

to stressors; both behaviourally (Jones, 1977; Albentosa et al., 2003; de Haas et al., 2013) and 

physiologically (Fraisse and Cockrem, 2006; Davis et al., 2008; Pusch et al., 2018), which might 

also impact a birds’ susceptibility to maternal stress. 

Although the number of studies on maternal stress have vastly increased in the last decade 

(Podmokła et al., 2018), this study is the first of its kind to use different strains of commercial 

hybrids as well as a pure line of breeders to further investigate the interaction between genotype 
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and maternal stress in chickens. Based on the hypothesis that maternal stress can affect the progeny 

through increased levels of corticosterone deposited in the egg, we aimed to investigate the 

behavioural and physiological effects in the offspring of 5 strains of laying hens using two stress 

models: a natural stress model (“Maternal Stress”), which involved subjecting breeding hens to 

acute psychological stressors, and a pharmacological stress model (“CORT”), that involved 

injections of corticosterone diluted in a vehicle solution directly into the fertile egg; a “Vehicle” 

treatment was included to account for effects of egg manipulation. Measurements of stress 

response and fear were assessed in the progeny. We predicted that CORT would show a strong 

effect in all strains and that the effects of Maternal Stress would vary according to the natural stress 

susceptibility of each strain.  

5.3. Materials and methods 

The birds used in this study were treated in accordance with the Canadian Council on Animal 

Care, and all procedures were approved by the University of Guelph Animal Care Committee 

(Animal Utilization Protocol #1946). 

5.3.1. Parent stock 

A total of 2,600 fertilized eggs of five strains of parent stock were provided by two 

commercial genetics companies (Brown 1 and White 1 from company 1; Brown 2 and White 2 

from company 2) and the University of Guelph’s Arkell Poultry Research Station (pure line White 

Leghorn). Eggs from all strains were collected from grandparent hens that were between 40 and 

50 weeks of age. Eggs and chicks were subjected to identical incubation and husbandry conditions 

as previously described (Chapter 3). Each strain was equally distributed into four parent flocks in 

pens of 27 birds (24 females and three males) and kept until 76 weeks. Each pen (3.7 m2) contained 

pine shavings and one perch. At 18 weeks of age, five nest boxes were added to each one of the 
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pens. Birds from different pens were visually separated from each other and did not interact at any 

moment. Despite routine husbandry, all human interaction with the birds was avoided to prevent 

possible habituation.  

5.3.2. Parent stock: Control and Maternal Stress treatments 

Each strain of parent stock was equally assigned to Control and Maternal Stress treatments 

with two replicate flocks per strain and treatment. Control groups were strictly submitted to regular 

husbandry, while Maternal Stress treatment was subjected to 8 consecutive days of acute 

psychological stress sessions that have been shown to elevate plasma corticosterone in chickens 

(Table 5.1; thoroughly explained in Chapter 3). Overall, flocks were subjected to one stressor a 

day, the total number of sessions depended on the egg production of each flock, and stressors were 

never applied consecutively to avoid habituation. Sessions ran randomly from 9:00 to 16:00 h. 

Stress treatments were repeated at three maternal ages (32, 52 and 72 weeks), resulting in 

three different offspring groups. Each group was treated as a replicate over time. This design 

allowed us to work with a large sample size, but it also resulted in replicates confounded with 

incubatory settings, chick placement, and egg composition, since the nutritional value of the egg 

changes as a hen age (Nielsen, 1998). All eggs were collected and stored for a maximum period 

of 9 days at 4ºC until incubation. 

Table 5.1. List of acute psychological stressors applied to breeder stock females 

Stressor Reference 
1. Crating followed by 15 minutes of transportation (Zulkifli et al., 2009) 
2. Physical restraint in a cloth bag for 10 minutes (Ericsson et al., 2016) 
3. Crating followed by 30 minutes in a testing arena and 3 simulated 

predator attack of 30 second each (Pitk et al., 2012) 
4. Crating followed by 15 minutes in a testing arena and 3 acute 

auditory stressors (air horn) (Guibert et al., 2011) 
5.  Crating followed by 30 minutes of social interaction with another 

strain in a testing arena (Siegel, 1980) 
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5.3.3. Parent stock: Pharmacological stress model 

The CORT treatment aimed to simulate eggs that received an increased concentration of 

corticosterone from the hen. Since the exact concentration of corticosterone in eggs remains 

unknown, we followed the methodology and dosage developed by Janczak et al. (2007a), 

subsequently used by Haussmann et al. (2012) and described in depth in Chapter 3. For this, eggs 

that formed the CORT group received one-single injection of 10 ng/mL corticosterone diluted in 

sesame oil, while injections of sesame oil formed the Vehicle treatment. All injected eggs came 

from a sub-sample of Control eggs. 

One day before incubation, a 5x5 mm layer of silicone sealant (General Electric, Boston, 

MA) was applied onto the basal tip of the eggs designed to form the Vehicle and CORT treatments. 

This sealant prevented gas exchange and contamination following perforation and injection 

through the shell. On the morning of each incubation day, CORT solutions (10 ng 

corticosterone/mL egg content) were prepared. The average weight of egg content (90% of egg 

weight) (Beuving and Vonder, 1981) per offspring group was 50, 50 and 59 g. Thus, a volume of 

50 µL of solution was injected into the eggs from 32 and 52 weeks of age breeders, while 60 µL 

were injected into eggs from 72 weeks hens. The same volume of sesame oil only was injected in 

eggs forming the Vehicle treatment. A few minutes before incubation, a hole was made through 

the silicone layer of the egg using an egg piercer, and solutions were injected 5 mm into the 

albumen using sterile 23-gauge needles. Eggs from all treatments were then immediately 

incubated. 

 5.3.4. Offspring stock 

Chicks from all offspring groups were individually wing banded at hatch and equally 

distributed into 3.72 m2 pens containing a perch and litter floor. Our experimental design aimed 
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for two replicates of 20 birds (10 female: 10 male) per treatment, strain and offspring group, but 

final densities varied due to low hatchability of injected treatments (Chapter 3). At the beginning 

of every test day, we simulated a catch in a non-tested pen to submit all birds to the same 

experience and levels of stress. To minimize the effects of time and circadian rhythm, the test order 

of birds was balanced across period of the day for all strains and treatments within each offspring 

group. 

5.3.5. Offspring stock: Plasma corticosterone 

To assess stress response and recovery from physical restraint, three consecutive blood 

collections were drawn from chickens between 13 and 14 weeks of age (N = 655; Table 5.2). 

Following the methodology proposed by Wingfield (1994) and replicated by Goerlich et al. (2012), 

selected birds were individually captured from their home pen, and a baseline blood sample was 

drawn from the wing vein within 3 minutes from capture. Following, the bird was placed inside a 

large cloth bag for 10 minutes and the second blood sample (“stress-induced response”) was 

collected. Lastly, the third and final sample (“recovery phase”) was collected after 20 minutes of 

physical restraint. All collected samples were controlled for the effects of time of day. Samples 

were centrifuged for 15 minutes with equipment settings at 2,500 RPM, 4.2 rotor at 4oC. Duplicates 

of each plasma sample were collected and stored at -4oC until analyses. 

Total glucocorticoid concentration in plasma was determined using a commercial 

corticosterone enzyme-linked immunosorbent assay (ELISA) kit (Enzo Life Sciences, NY, USA). 

Samples were tested in duplicate following a standard protocol (see the online manual: http://www. 

Enzolifesciences.com/ADI-900-097/corticosterone-eia-kit/). Our assay had a sensitivity of 21.75 

pg/ml and 13.6% and 6.0% inter-assay and intra-assay coefficients of variation, respectively. 
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Table 5.2. Number of birds tested by treatment, strain and replicate for each variable. 

  Brown 1  Brown 2  White 1  White 2  White 
Leghorn 

Variable Treatment 1 2 3  1 2 3  1 2 3  1 2 3  1 2 3 

Stress 
Response 

Control 7 12 12  12 9 12  12 12 12  12 12 12  8 12 12 
M. Stress 7 12 12  12 12 12  10 12 12  12 12 12  9 12 12 
Vehicle 11 12 12  8 12 12  6 12 12  10 12 12  6 9 12 
CORT 12 12 11  8 12 11  11 12 12  7 12 12  6 11 10 

 Total 37 48 47  40 45 47  39 48 48  41 48 48  29 44 46 

Novel Object  
& Human 
Approach 

Control - 4 4  - 4 4  - 4 4  - 4 4  - 4 4 
M. Stress - 4 4  - 4 4  - 4 4  - 4 4  - 4 4 
Vehicle - 4 4  - 4 4  - 4 4  - 4 4  - 4 4 
CORT - 4 4  - 4 4  - 4 4  - 4 4  - 4 4 

 Total - 16 16  - 16 16  - 16 16  - 16 16  - 16 16 
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5.3.6. Offspring stock: Human approach and novel object 

We used a combined version of the voluntary human approach (HA), and the novel object 

(NO) tests to measure the effects of two potentially fearful stimuli  (Brantsæter et al., 2016). Birds 

at 16 weeks of age (N = 160; Table 5.2) were tested in 80 same-sex pairs. Testing was conducted 

in an arena located in a quiet room close to the birds’ home-pens. The arena measured 210 cm × 

180 cm × 120 cm and contained a 50 cm × 50 cm × 70 cm habituation box at one end and a clear 

netting wall at the opposite side, from which the animals could see the stressor (person or NO) 

positioned 20 cm outside it. The floor was separated into two equal parts (Zone 1 and Zone 2) that 

were used to determine the birds’ location (Figure 5.1). 

 

 

 

 

Figure 5.1. Illustration of the test arena used in the human approach and novel object tests. 

Following a modified version of Brantsæter et al. (2016), birds were placed in the habituation 

box (Box) with access to the arena (Zone 1 and Zone 2) for 30 seconds. Then, with a person 

already positioned at the end of Zone 2, birds were given access to Zone 1. After 5 minutes, 

the person was replaced by an umbrella (NO). Recordings were done using a security 

camera, placed above the middle of the arena in the ceiling and a camcorder (Cam), located 

adjacently to the stressor. 

  

Box Zone 1 Zone 2

Person / NO

Cam
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Two days before testing, all birds were marked with livestock paint to allow for individual 

identification. On the day of testing, each pair of animals was quietly removed from their home-

pen, transferred and placed into the start box attached to the arena. After 30 seconds, a pull-up 

door was opened, giving the birds access to the arena. At this moment, the "observer" (a person 

who had not been seen by the birds on that day), was sitting on the chair, facing the arena, but 

avoiding direct eye contact with the animals. We used a total of three different observers, all 

women wearing a dark blue coverall. After 5 minutes in front of the animals, the observer opened 

a pink umbrella pointing to the arena, placed the object onto the chair, and quietly left the room, 

starting the novel object test, which also lasted 5 minutes. To record the tests, we used one 

camcorder (Panasonic HC-V180K) positioned adjacently to the stressor and one security camera 

(Panasonic WV-SPN531) attached to the ceiling, facing the centre of the arena. 

Measurements of behaviour were analyzed from the video recordings by one observer 

blinded to treatment and strain. Birds within pairs were individually identified based on their paint 

marking; and the behaviour of all animals was quantified. Latency to leave the start box (s) and 

duration spent in each zone (s) was assessed through continuous observation of both HA and NO 

tests. Bird’s location was determined when both feet of the animal crossed into the same zone of 

the arena. Additionally, we recorded the location of all birds at the moment when the umbrella was 

opened and, for those located outside of the box, their flight response to the opening of the umbrella 

(flight, freeze, walk; Table 5.3) was also measured (n = 132). Due to external factors, data from 

the offspring of 32 weeks of age breeder hens were not included in the analyses. All birds were 

immediately returned back to their home-pens after testing. 
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Table 5.3. Ethogram used in the human approach and novel object behaviour measurements. 

Behaviour Description 

Fly Bird jumps or initiate flying directed to surrounding, avoiding the stimulus 

Freeze Bird stands upright and immobile for a minimum of 5 seconds  

Walk Two or more steps, attending to surroundings, head erect 

 

5.3.7. Statistical analyses  

The Glimmix procedure of SAS 9.4 (SAS Institute, Cary, NC) was used to perform all 

statistical analyses. The basic statistical model in ANOVA included fixed effects of treatment, 

strain, sex, and a treatment by strain interaction. Random effects were grouped by strain and 

included offspring group and pen nested in room. Further pre-planned comparisons included 

treatment (Control versus Maternal Stress and Control versus CORT), strain (white versus brown 

lines) and Genetic Company 1 versus Genetic Company 2. Tests for normality included Shapiro-

Wilk and Anderson Darling measurements in conjunction with visual plots. When a positive 

interaction was found, analyses controlled for the multiple testing error using the percentage of 

false-positives, which estimates the false discovery rate (Garcı́a and García, 2016). Significance 

was declared at P < 0.05. 

5.3.8. Statistical analyses: Stress response 

The basic model in ANOVA was adjusted for repeated measures, and the following fixed 

effects were added: timepoint (baseline, 10 minutes and 30 minutes), timepoint by strain, and 

timepoint by treatment. The 3-way interaction “strain by treatment by timepoint” was not 

statistically significant (P = 0.755) and was therefore removed from the model. Random effects 

were grouped by strain and included offspring group and pen nested in room, with bird as the 

experimental unit. Data were assumed to be distributed according to a log-normal transformation. 

Significance post-FDR correction was set at P < 0.01. Least Square (LS-) means and standard error 
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of means (SEM) were back-transformed and are presented in the results as the average 

concentration of corticosterone in plasma (ng/ml).  

5.3.9. Statistical analyses: Human approach and novel object 

Time spent in the arena was analyzed in ANOVA and results were partitioned by test. Fixed 

effects included the basic model plus zone (Box, Zone 1 and Zone 2), strain by zone, treatment by 

zone and sex by zone. The 3-way interaction “strain by treatment by zone” was not statistically 

significant (NO: P = 0.078; HA: P = 0.067) and was therefore removed from the model. Random 

effects were grouped by strain and included offspring group, pen nested in room and location in 

the arena at the beginning of each test; individual bird (nested in pair) was the experimental unit. 

To meet the assumption of a normal distribution, data were log-normally transformed. Significance 

post-FDR correction was set at P < 0.02. LS-means and SEM were back-transformed and are 

presented in the results as the average time (s) spent in each zone. The percentage of birds that 

spontaneously entered the arena and the type of response to stressor at the moment when the 

umbrella was opened were analyzed using a Chi-square test. Results are presented as the 

percentage of each response by strain. 

5.4. Results 

5.4.1. Plasma corticosterone 

To measure if strain, treatment or sex affected corticosterone concentration in blood plasma 

at different timepoints, we specifically tested for interactions among strain, treatment and sex with 

timepoint. Treatment did not interact with timepoint to affect plasma corticosterone concentration 

in the offspring (P = 0.835). However, strain interacted with timepoint (P = 0.010), showing that 

the average of corticosterone produced at the three points of collection varied among strains (Table 

5.4). As expected, corticosterone concentration increased in all strains after 10 minutes of the 
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stressor (P < 0.001), but only the white lines showed a significant recovery after 20 minutes of 

restraint (P < 0.002) (Figure 5.2).  

 

Table 5.4. Effects of sex, strain, treatment and timepoint on plasma corticosterone 

concentrations during a restraint test. 

Stress Response 

 DF F Value P-value 

Sex 1 2.02 0.156 

Strain 4 8.78 < 0.001 

Treatment 3 4.83 0.002 

Timepoint 2 181.48 < 0.001 

Strain x Treatment 12 1.32 0.202 

Strain x Timepoint 8 2.48 0.010 

Treatment x Timepoint 6 0.47 0.835 

Contrasts 

Treatment 

Control vs Maternal Stress   0.11 0.745 

Control vs Vehicle  0.13 0.717 

Control vs CORT  0.16 0.693 

Strain 
White vs Brown  33.20 < 0.001 

Genetic Company 1 vs 2 0.28 0.596 

 

 

All strains showed similar baseline levels, but White Leghorn consistently showed the 

highest corticosterone concentration at 10 min and recovery (baseline: 2.06 ± 0.5 ng/ml; 10 

minutes: 4.40 ± 0.5 ng/ml; 30 minutes: 3.42 ± 0.5 ng/ml). In contrast, Brown 1 (baseline: 1.29 ± 

0.5 ng/ml; 10 minutes: 2.46 ± 0.5 ng/ml; 30 minutes: 2.29 ± 0.5 ng/ml) and Brown 2 (baseline: 

1.17 ± 0.5 ng/ml; 10 minutes: 2.52 ± 0.5 ng/ml; 30 minutes: 2.03 ± 0.5 ng/ml) displayed the lowest 

concentrations of circulating corticosterone after both 10 and 20 minutes of restraint (Figure 5.2). 

Post-hoc contrast analyses indicated a difference between brown and white strains (P < 0.001). No 

contrast effects of sex (P = 0.156) or genetics company (P = 0.596) were observed. 
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Figure 5.2. Plasma corticosterone. Strain average corticosterone at baseline levels, 10 and 30 

minutes after onset of physical restraint (± SEM). Means with different superscripts(a-c) 

within the same timepoint differ (P < 0.01). 

 

5.4.2. Human approach and novel object test 

Similar to stress response, we specifically tested for interactions between arena location 

(zone) and strain, treatment or sex in order to find if time spent at different zones was affected by 

these variables. There were no interactions between treatment or sex and arena zone in HA (Table 

5.5). However, strain interacted with zone (P < 0.001) indicating that Brown 2 (108.8 ± 25.3 s) 

spent the most time in the start box during HA. Brown 2 (4.3 ± 2.7 s) was also the strain that spent 

less time close to the observer, in contrast to White 2 (84.4 ± 14.9 s; P < 0.001). No differences 

among strains were observed in Zone 1 (Figure 5.3).  
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Table 5.5. Effects of sex, strain, treatment and zone location for the human approach and 

novel object tests. 

Human Approach 

 DF F Value P-value 

Sex 1 2.76 0.098 

Strain 4 2.90 0.022 

Treatment 3 1.30 0.274 

Zone 2 177.51 < 0.001 

Sex x Zone 2 1.80 0.168 

Strain x Zone 8 6.44 < 0.001 

Treatment x Zone 6 0.77 0.684 

Contrasts 

Treatment 

Control vs Maternal Stress   2.24 0.135 

Control vs Vehicle  0.81 0.451 

Control vs CORT  0.69 0.408 

Strain 
White vs Brown  0.04 0.849 

Genetic Company 1 vs 2 0.59 0.441 

    

Novel Object 

 DF F Value P-value 

Sex 1 1.27 0.260 

Strain 4 0.76 0.552 

Treatment 3 0.36 0.780 

Zone 2 177.52 < 0.001 

Sex x Zone 2 6.15 0.002 

Strain x Zone 8 4.28 < 0.001 

Treatment x Zone 6 0.34 0.982 

Contrasts 

Treatment 

Control vs Maternal Stress  0.07 0.794 

Control vs Vehicle 0.12 0.597 

Control vs CORT 0.16 0.688 

Strain 
White vs Brown 2.05 0.153 

Genetic Company 1 vs 2 0.14 0.709 
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Figure 5.3. Average time (s) spent in each zone of the arena test during human approach 

displayed by strain (± SEM). Differences in duration are indicated by superscripts and differ 

with a significance of P < 0.02a-d. 

 

 

Figure 5.4. Average time (s) spent in each zone of the arena test during novel object displayed 

by strain (± SEM). Differences in duration are indicated by superscripts and differ with a 

significance of P < 0.02a-c.  
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No treatment by arena zone interaction was observed in NO (Table 5.5), but once again, 

strain interacted with arena zone (P < 0.001), to show that  White Leghorn (1.85 ± 1.03 s) spent 

the least amount of time in Zone 2, in contrast to White 2 (40.7 ± 12.1 s; P < 0.001) (Figure 5.4). 

No strain differences were observed in time spent in the start box or Zone 1. Sex interacted with 

arena zone (P = 0.002; Table 5.5), showing that females spent more time in the habituation box 

than males during NO (Figure 5.5).  

 

Figure 5.5. Average time (s) spent in each zone of the arena test during novel object displayed 

by sex (± SEM). Differences in duration are indicated by superscripts and differ with a 

significance of P < 0.02a-c. 

 

Descriptive statistics of the birds’ location at the moment of opening the umbrella are 

presented in Table 5.6, with the majority of birds from all 5 strains located in Zone 1. Strain 

affected type of response to the stimulus (P < 0.001). Compared to the brown strains, white strains 

flew more frequently (P < 0.001) in response to the startling umbrella. Brown 2 froze more 

frequently (P < 0.02) than all three white strains, and Brown 1 (39%) froze more frequently than 

White 2 (16%; P = 0.017) and White Leghorn (11%; P = 0.002) (Figure 5.6). 
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Table 5.6. Total number and percentage of birds located at each of the arena zones at the 

occurrance of the startling stimulus (umbrella opening). 

Strain 
Location 

Box % Zone 1 % Zone 2 % 

Brown 1 7 22.5 18 57.0 7 22.5 

Brown 2 6 17.0 22 70.0 4 13.0 

White 1 5 15.5 20 62.5 7 22.0 

White 2 4 14.0 15 47.0 13 39.0 

White Leghorn 7 22.0 24 76.0 1 2.0 

 

 

 

 

Figure 5.6. Percentage of behaviours observed in response to a startling stressor. Counts with 

different superscripts(a-e) differ (P < 0.05).  

0

20

40

60

80

100

Brown 1 Brown 2 White 1 White 2 White Leghorn

Pe
rc
en

t

Fly Walk Freeze

a ab

ab

ab

ab

ab
abc

abc

bcd

cde
cde

de

e

e

cde



 

102 

5.5. Discussion 

5.5.1. Effects of treatment 

In this study, we examined the effects of maternal stress on the stress response and 

fearfulness of the offspring of different strains of layer breeders. We predicted that CORT would 

show a strong effect in all strains and that the effects of Maternal Stress would vary according to 

the natural susceptibility of each strain. Although maternal stress and in ovo hormone treatment 

did not affect any of the traits measured, strain and sex differences were observed in the progeny. 

The stress response test measured three different levels of corticosterone in plasma: baseline, 

a stress-induced response, and a subsequent recovery phase. Baseline levels of plasma 

corticosterone has a relatively low genetic heritability (Jenkins et al., 2014), and similar to our 

results, it is not usually affected by prenatal stress (Hayward and Wingfield, 2004; Hayward et al., 

2006; Goerlich et al., 2012; Ericsson et al., 2016 but see Rodricks et al., 2006). However, 

oppositely to our findings, previous studies reported that the stress-induced HPA axis response 

seems to be affected by both environmental and genetic factors (Jenkins et al., 2014; Homberger 

et al., 2015) and it is consistently altered by maternal stressors (Lay and Wilson, 2002; Hayward 

et al., 2006; Love and Williams, 2008b; Goerlich et al., 2012). One concern to be addressed is that 

only the total concentration of corticosterone was measured in the current and previous studies. 

Glucocorticoids can be found in both biologically active and inactive forms in the blood. 

Biologically active (i.e., free) corticosterone is able to bind to receptors within the tissues, whereas 

glucocorticoids bound to a protein carrier (predominantly corticosteroid-binding globulin [CBG] 

[Breuner et al., 2003]) are inactive. To accurately measure the potential biological activity of 

corticosterone in plasma samples, it would be necessary to know the concentration of free 

corticosterone in comparison with total corticosterone (reviewed in Ralph and Tilbrook, 2016). 
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Fear behaviour can be quantified by measuring the conflicting motivation to approach or 

avoid a potentially dangerous stimulus (Elliot and Covington, 2001). In the HA and NO tests, we 

measured the duration of time that the birds spent in two different zones away from the stimuli. 

The longer the duration of time spent far away from the stressor, the more fearful the bird was 

considered to be. Although treatment failed to affect fearfulness in this study, previous research 

has shown that maternal stressors can increase a chicken’s fear of humans and also affect 

exploratory behaviour (Braastad, 1998; Janczak et al., 2006; Bertin et al., 2008; Guibert et al., 

2011). 

The absence of treatment effects in this study is therefore intriguing and it conflicts with 

previous literature in avian species. One possible explanation would be that some effects of 

maternal stress are only detectable when the offspring is tested within a specific age range 

(Schoech et al., 2012). Another possibility is related to the timing of maternal exposure to stressors. 

Ericsson et al. (2016) observed that short-term effects of early-life stress were more pronounced 

when young chickens were stressed compared to when chickens in late puberty were stressed. Both 

egg composition  and embryo viability change throughout the life of a hen (Nielsen, 1998), and 

therefore stress experienced at certain maternal ages may cause stronger effects in the progeny (see 

Chapter 3). Overall, the commercial and pure strains tested here appeared to be resilient to the 

effects of the psychological acute stressors that were applied during egg development. 

5.5.2. Effects of strain 

As in previous studies, there were significant differences in both behavioural and 

physiological measures between white and brown strains of layers (Albentosa et al., 2003; Pusch 

et al., 2018). Regardless of treatment, we observed that white strains produced more corticosterone 
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in response to physical restraint, approached the novel stimuli more frequently and showed greater 

flight response (avoidance) when startled compared to brown strains. 

Behavioural and physiological responses to stress in animals are commonly interpreted 

along a proactive-reactive continuum (Koolhaas et al., 1999). Proactive animals tend to produce 

lower physiological response to stress (e.g., corticosterone production) and have a fast response to 

novel stimuli (e.g. fast approach, more aggressive); whereas reactive animals normally produce 

higher physiological response to stress and display a slow and shy behaviour response (e.g., slower 

approach, more passive towards a stimulus) (Groothuis and Carere, 2005; Carere et al., 2010). In 

accordance with Fraisse and Cockrem, (2006), our study showed that white strains produced more 

corticosterone in response to physical restraint compared to brown strains, suggesting a reactive 

physiological profile. Oppositely, in both HA and NO, the White 2 strain approached both stimuli 

more rapidly than other strains and displayed a faster avoidance response to the startling stimulus, 

characteristics of a proactive behavioural profile.  

Mammals and passerine birds typically display the same profile for both behavioural and 

physiological responses to stress, thus characterizing the concept of “coping style” (Koolhaas et 

al., 1999).  In chickens, however, different types of behaviour and physiological profiles are 

commonly observed (Korte et al., 1998; Van Hierden et al., 2002). This variability might be due 

to the intense genetic selection for productive traits in the domestic layer or by the phylogenetic, 

behavioural and physiological differences across strains (Groothuis and Carere, 2005; Navara and 

Pinson, 2010; Tixier-Boichard et al., 2011; de Haas et al., 2013; Pusch et al., 2018). Overall, these 

results suggest that behavioural and physiological responses to stress are independently affected 

by genotype in chickens. 
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Results also indicate that Brown 2 may be considered to be more fearful of humans while 

White 1 and White Leghorn are more fearful of objects. The Brown 2 strain exhibited the highest 

latency to leave the habituation box and spent the least amount of time in Zone 2 in HA; while in 

NO, both White Leghorn and White 1 displayed the highest avoidance responses towards the 

object. In agreement with our results, White Leghorn hens were found to be more fearful of a NO 

than a Rhode Island Red strain (Fraisse and Cockrem, 2006). Indeed, de Haas et al. (2013) 

observed a positive correlation between high fear of NO and low body weight in chickens (white 

strains are commonly lighter than brown strains). Interestingly, contrary to our findings, Dekalb 

White were found to be more fearful of a person than ISA Brown hens (de Haas et al., 2013). 

These results suggest that fear response in laying hens is highly dependent on genotype and 

generalization between brown and white might be misleading.  

Lastly, it should be mentioned that the vast majority of birds were already positioned either 

in Zone 1 or in Zone 2 at the occurrence of the startling stimulus, thus likely increasing the number 

of birds who moved from Zone 2 to Zone 1 in response to the umbrella opening. Interestingly, 

although the White 2 strain showed the highest flight response when startled, it was the only strain 

that consistently spent more time closest to both the human and the novel object, thus standing out 

as the least fearful strain among those tested in this study. 

5.5.3. Effects of sex 

Early-life stress in hens has been shown to increase fear and anxiety in Hy-Line male birds 

(as measured in a tonic immobility and open field tests, respectively), possibly due to epigenetic 

effects (Elfwing et al., 2015). In the current study, no interactive effects of sex and treatment were 

observed, but overall, male birds spent more time closer to NO than females.  
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Sexual dimorphism in behaviour mostly depends on the action of gonadal hormones, 

androgens and estrogens (Palanza, 2001), but it can also be linked to genetic selection for 

productive traits. A quantitative trait loci (QTL) related to fear response in NO was found to share 

positions with a major QTL for growth and body weight in cockerels (Schütz et al., 2004). Thus, 

genetic selection for body weight may have simultaneously affected fear-related behaviours 

through pleiotropic effects, but exclusively in males. 

5.6. Conclusion 

The commercial and pure genetic lines of breeder hens tested on this study were resilient to 

the effects of the acute psychological stressors that were applied during egg development. 

Similarly, the lack of CORT differences suggests that prenatal effects may not be mediated by 

corticosterone. Strain differences in the offspring flocks indicated a higher physiological stress 

response in white strains and unique behavioural responses depending on genotype and source of 

fear. Overall, the White 2 strain displayed higher flight response when startled and was more 

willing to approach both stimuli compared to the other strains tested in the study. These findings 

have important implications, since variations in stress response can, for example, be decisive to 

determine the overall adaptability of a strain to a specific housing system; therefore having 

significant welfare and economic impacts in the egg production system. 
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Chapter 6 

General discussion 

Initially, the main goal of my research was to investigate how treatment (maternal stress 

versus control), genetic strain (2 pure lines, 2 commercial white and 2 commercial brown), and 

maternal age (32, 52 and 72 weeks of age) could affect different traits in the offspring of layer 

breeders. However, several adjustments took place throughout my studies, turning the original 2 x 

6 x 3 factorial design into its final format of 5 genetic strains by 4 treatments (with maternal age 

treated as a replicate over time). In this final chapter, I will explain how each one of these 

modifications came to be and briefly discuss the most significant findings of my research. 

6.1. Effects of treatment 

The central hypothesis of this project was that breeder hens experiencing psychological 

stress during egg production would increase the concentration of corticosterone transferred from 

their blood plasma into the developing egg; thus, shaping the phenotype of their progenies. To test 

this, I compared Control hens from different genetic lines to a Maternal Stress treatment, in which 

females were subjected to stressors that had been previously validated as initiators of 

corticosterone production in chickens. Although not in my initial research proposal, the addition 

of a pharmacological stress model “CORT” (and consequently, a “Vehicle” treatment) came to 

complement this study allowing further investigation of corticosterone as a mediator for maternal 

stress in layers. 

The outcome of the Maternal Stress treatment in the progeny flocks was minimal, found in 

only one strain and strictly related to one (social isolation) out of the eight traits measured. A 

possible reason for this lack of effects is that layer breeders might be more resilient to stress than 
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commercial layers. Although all stressors used in the Maternal Stress treatment had been 

previously validated in the literature, they were tested in commercial lines of birds. However, the 

genotype of breeders and commercial layers differ, which might explain the reduced stress 

response of the parental flocks. Ideally, blood plasma concentration would have been measured at 

the beginning and the end of each stress session. Unfortunately, this is an invasive and stressful 

procedure, which limited any further investigations during the period of egg production. A non-

invasive alternative would be the measurement of fecal corticosterone concentration. However, 

this was not viable in the birds’ housing system (floor pens bedded with litter and shared with non-

stressed male birds) and would not reflect the actual circulating hormone levels at the points in 

time of interest. 

My initial prediction was that the corticosterone injections would act as a positive control 

treatment, affecting all birds regardless of genetics, and that response to Maternal Stress would 

vary according to the natural stress susceptibility of each strain. Indeed, the pharmacological 

CORT treatment consistently decreased hatchability and body weight in all genetic lines tested; 

however, no further behavioural or physiological effects were observed in the progeny, suggesting 

that corticosterone might not be the primary mediator of Maternal Stress for these traits in laying 

hens. As discussed in Chapter 4, it is possible that other elements, such as gonadal steroid 

hormones (particularly androgens), might act as mediators of maternal effects in the progeny 

(reviewed in Groothuis et al., 2005, 2019; Groothuis and Schwabl, 2008). Additionally, it has been 

shown that the increase of plasma levels of maternal corticosterone can affect the concentration of 

progesterone and testosterone in the yolk (Henriksen et al., 2011a), suggesting that any effects 

observed in the offspring, may result from an interaction among different hormones.  Therefore, 

the increase of only one hormone in the egg seems largely unnatural. 
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The mechanical manipulation of eggs might also have affected the development of the 

offspring. Egg puncturing consists of an invasive procedure, that not only breaches the shell but 

also disrupts internal membranes. Similarly invasive, injections of vehicle solution (e.g., sesame 

oil) and even the silicone layer that was applied on the eggs prior to injection might have affected 

the progeny via an increase of fatty acids in the albumen (Aigueperse et al., 2013; Baéza et al., 

2017) or the obstruction of the pores of the shell (Camm et al., 2001; Rodricks et al., 2004), 

respectively.  

Lastly and most importantly, the actual concentration of corticosterone transferred from 

mother to egg remains mostly unknown (Rettenbacher et al., 2009, 2013a; Almasi et al., 2012) and 

may differ across strains (Navara and Pinson, 2010). Previous studies that aimed to test 

corticosterone concentration in eggs used radioimmunoassay techniques. However, values 

obtained using this methodology have been questioned by Rettenbacher et al. (2013), since cross-

reactivity of gestagens (progesterone, pregnenolone and others) can hamper quantification of 

corticosterone in eggs. Therefore, the concentration of corticosterone injected in the egg may have 

exceeded the physiological range of this hormone and overwhelmed the embryo. 

Although I believe that the CORT treatment has significantly improved the quality of my 

work, the use of pharmacological methods should come accompanied by several notes of caution, 

since this methodology confounds with various external effects, such as mechanical disruption of 

the egg and an inaccurate increase of hormone concentration in the egg. Here, I acknowledge the 

importance of the bird in ovo model for the studies of maternal stress; however, until a precise 

quantification of corticosterone in the egg and less invasive procedures for manipulating egg 

content are available, the efficacy of this method remains questionable. 
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6.2. Effects of strain  

When this research project began in 2015, only a few studies in poultry species had focused 

on the effects of genetic line in maternal stress (but see de Haas et al., 2013). Therefore, one of my 

objectives was to compare the response of various genetic strains of layers to maternal stress. For 

this, my first offspring flock contained 6 strains of birds: 2 commercial white, 2 commercial brown, 

a pure line White Leghorn and a pure line Plymouth Barred Rock, a dual-purpose breed (selected 

for both meat and eggs), developed in the middle of the 19th century in the United States.  

When the breeder flocks were 25 weeks of age, a pilot study was conducted to test the 

injection procedure and measure embryonic mortality at 10 days of development. Results showed 

high mortality for both pure lines, but especially for the Barred Rock strain (see updated Table 

6.1). At 32 weeks of age, 94% of hens from commercial strains were in production, while the 

average of Barred Rock hens in production was 75% (Table 6.2). Thus, based on their low 

production numbers, the Barred Rock strain was removed from my study before the beginning of 

egg collection to form the second offspring group.  

Similarly, the White Leghorn line showed lower percentages of production compared to 

commercial lines at 52 (White Leghorn: 69%; Commercial Strains: 84%) and 72 weeks of age 

(White Leghorn: 53%; Commercial Strains: 71%). The two pure lines used in this study belong to 

the University of Guelph’s Arkell Research Station and do not follow a strict genetic selection 

program, which may help explain their below-average production numbers. A controlled genetic 

selection program is essential for sustaining good productive numbers throughout the lifetime of a 

layer breeder.  
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Table 6.1. Number of eggs set at embryonic day 0, number of viable embryos at embryonic days 10 or 19, and percentage of 

viable embryos. Data are displayed by breeder flock’s age strain and treatment. 

  Pilot Offspring 1 Offspring 2 Offspring 3 

Breeder Flock Age: 25 weeks 32 weeks 52 weeks 72 weeks 

Embryonic Day: 0 10 % 0 19 % 0 19 % 0 19 % 

Brown 1 

Control 34 32 94 46 42 91 60 52 87 69 51 74 
M. Stress - - - 45 43 96 48 42 88 66 44 67 
Vehicle 14 9 64 33 22 67 99 43 43 115 39 34 
CORT 15 9 60 44 24 55 89 21 24 221 20 9 

Brown 2 

Control 32 28 88 49 42 86 53 46 87 74 63 85 
M. Stress - - - 48 42 88 47 41 87 67 58 87 
Vehicle 14 10 71 33 10 30 101 42 42 181 34 19 
CORT 11 7 64 47 10 21 129 16 12 275 19 7 

White 1 

Control 30 26 87 49 45 92 58 52 90 64 61 95 
M. Stress - - - 44 35 80 56 52 93 60 54 90 
Vehicle 15 12 80 45 18 40 112 55 49 152 57 38 
CORT 19 16 84 41 23 56 100 24 24 208 41 20 

White 2 

Control 40 37 93 50 49 98 51 48 94 71 56 79 
M. Stress - - - 49 47 96 50 48 96 69 54 78 
Vehicle 15 14 93 45 25 56 87 33 38 201 63 31 
CORT 16 11 69 69 15 22 96 28 29 246 23 9 

White 
Leghorn 

Control 40 35 88 54 28 52 52 44 85 57 34 60 
M. Stress - - - 48 33 69 59 54 92 55 42 76 
Vehicle 11 7 64 44 11 25 78 26 33 70 24 34 
CORT 11 4 36 46 10 22 106 16 15 115 10 9 

Barred 
Rock 

Control 30 29 97 49 43 88 - - - - - - 
M. Stress - - - 48 37 77 - - - - - - 
Vehicle 13 7 54 50 16 32 - - - - - - 
CORT 19 4 21 67 10 15 - - - - - - 
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Table 6.2. Hen-day egg production (%) of the breeder flock at different ages displayed by 

strain and treatment  

Strain Treatment 
Maternal age 

25 
weeks 

32 
weeks 

52 
weeks 

72 
weeks 

Brown 1 Control 91.7 86.3 82.7 70.2 
Stress 90.5 91.7 79.8 67.6 

Brown 2 Control 95.2 92.6 64.3 53.9 
Stress 88.4 90.8 85.4 67.0 

White 1 Control 98.8 100 92.9 77.7 
Stress 92.0 94.9 94.9 78.3 

White 2 Control 100 97.6 88.4 73.2 
Stress 97.3 96.4 84.2 81.3 

White 
Leghorn 

Control 89.6 90.2 63.4 53.3 
Stress 91.1 92.0 73.5 52.4 

Barred Rock Control 71.1 81.0 - - 
Stress 69.6 69.0 - - 

 

Regardless of stress treatment, a remarkable outcome of my research was the behavioural 

and physiological differences across different strains of layers, especially between brown and 

white colour-morph groups. Compared to brown lines, white genetic strains have consistently 

indicated a higher physiological stress response, measured in plasma concentration of 

corticosterone after 10 and 20 minutes of physical restraint. This response interestingly aligns with 

the animals’ behavioural response to a startling stressor: while white strains mostly flew away 

from the stressor, the brown strains predominantly froze. Fear and anxiety behaviours were more 

frequently observed in brown strains, and different types of stimuli (human versus object) evoked 

different types of responses across strains. These observations suggest genetic differences in fear 

behaviour and stress response across genetic lines of commercial layers and might also have 

important implications in both scientific and agricultural fields. For example, researchers must 

take into consideration behavioural and physiological differences when assessing different strains 

of laying hens. Moreover, variations in stress response can be decisive to determine the overall 
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adaptability of a strain to a specific housing system; therefore, having significant welfare and 

economic impacts in the egg production system. 

6.3. Possible effects of maternal age 

One of the most challenging decisions I faced during my studies was regarding the use of 

maternal age as a replicate instead of a fixed effect in my statistical analyses. Although breeder 

flocks were kept in two replicates, I did not keep track of the origin of each egg following 

incubation. Instead, chicks forming the offspring groups came from a pool of mixed eggs laid by 

the two replicate groups of breeders. Therefore, since maternal age was not replicated throughout 

the experiment, I was recommended by a statistician to remove it from my fixed effects and use it 

as a replicate over time instead. This decision came with its pros and cons: although this design 

allowed me to work with a large sample size, it also resulted in replicates confounded with 

incubatory settings, chick placement, and egg composition, which changes as the hen ages 

(Nielsen, 1998). Although maternal age was treated as replicate in the final statistical model, 

preliminary analyses using it as a fixed effect showed an exciting outcome on embryonic mortality 

that is worth being mentioned in this discussion.  

As presented in Chapter 3, the percentages of embryonic mortality observed in this study 

were relatively high compared to some others in the literature (Janczak et al., 2007a; Haussmann 

et al., 2012). However, as the breeder flocks aged, a parallel increase in embryonic mortality was 

similarly observed, especially in the injected treatments (Table 6.1). The hatchability of injected 

eggs from 25 to 32 weeks of age breeders ranged around 50%, a similar value to those previously 

reported in the literature (Janczak et al., 2007a). A representative from a breeder flock company 

informed me that the ideal age for breeder hens ranges between 25 to 44 weeks; thus, if the 

mentioned studies used eggs from younger females, this would help explain the observed 
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differences in mortality. These potential findings open doors for a significant area of research that 

still has much to be investigated: the effects of a breeder hen’s age on the study of maternal stress. 

6.4. Final observations 

Currently, guidelines for the care and handling of layer breeders are non-existent. In Canada, 

the Code of Practice developed by the National Farm Animal Care Council (2017) serves as a 

useful guideline for the understanding of animal care requirements and recommended practices, 

but aims exclusively at pullets and laying hens. Similarly, in other countries, layer breeders are 

covered by general animal welfare acts and regulations (Department for Environment Food & 

Rural Affairs, 2007), but specific recommendations for this group of birds are still needed. One of 

the reasons for the lack of guidelines aiming specifically at layer breeders is the general assumption 

that the needs of the parental flock mirror those of the commercial layers without considering the 

genetic and environmental differences that separate these two groups. It is through research, 

however, that we can understand and expose the potential differences in physiology and behaviour 

between breeders and commercial layers. 

Additionally, once the study of maternal stress started to expand outside of the realm of 

laboratory mammals and began to focus on farm animals as well, it became clear that the 

experiences of breeder flocks could impact the development, behaviour, physiology and overall 

welfare of commercial layers. As this research shows, layer breeders seem to be more resilient to 

the transfer of maternal stress than initially predicted. However, this does not mean that maternal 

stress is inexistent or should not be studied in these animals. Instead, it suggests that corticosterone 

might be involved, but not as the primary mediator for maternal stress in laying hens; therefore, 

encouraging further investigation on different biological mechanisms. Lastly, genetic differences 

between different strains of birds can significantly impact their behavioural and physiological 



 

115 

responses to stress. They should be taken into consideration when making any decisions or 

assessments, either in a commercial or research environment. In conclusion, this research helped 

clarify the effects of genetic variation among commercial and pure genetic lines of layer breeders 

in the field of maternal stress. 
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