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Abstract 
The domestication is the process where animals have adapted to human conditions. A 

prerequisite for domestication is tame behaviour towards humans and subsequently, selection 

for other desirable traits took place which led to changes in several behavioural and 

physiological parameters. The domestication of chickens (Gallus gallus) was initiated around 

8000 years ago, and today we see clear phenotypic and genotypic alterations when comparing 

domestic breeds with the wild ancestor. Our modern domestic production breeds have been 

selected for, and still undergo heavy selection for high meat and egg yields. Beside obvious 

morphological changes, studies investigating behavioural differences between the ancestral 

Red Junglefowl and domestic breeds show, for example, differences in fearfulness, foraging 

strategies, exploratory behaviour and sociality. The modern production environments are 

intense and already from hatch chicks are exposed to harsh conditions. From an animal 

welfare perspective, the production environment contain many stressful aspects. The shift in 

stressor types between wild and captive conditions have likely contributed to alterations in 

stress tolerance when comparing domestic breeds to the wild ancestors. Previous research on 

mammalian models have underlined that early-life stressor exposure can induce negative 

consequences both immediately and in adulthood, but can also affect the offspring in a 

transgenerational fashion. The effects observed are for example disturbance of normal brain 

development, a hyper-reactive hypothalamic-pituitary-adrenal (HPA) -axis, decreased 

immune function and increased risk of developing cognitive dysfunction and abnormal 

behaviour. In chickens, the long-term effects of stress during the chick phase and during 

puberty are not well-investigated, and further, conflicting data has been presented on the 

hatchling HPA-axis reactivity.  

In this thesis, results from four projects are presented, which all concern stress and welfare at 

different ages in chickens. The development of the HPA-axis and how chicks respond to early 

stress both on the short- and long term was investigated. Furthermore, an experiment on the 

effects of stress exposure a different ages during puberty was conducted, in search of 

particularly stress-sensitive periods. Two papers address domestication effects on the stress 

response.  

In paper I, the results show that the HPA-axis is fully functioning at hatch, resulting in 

elevated corticosterone levels at exposure to stressful conditions. Breed differences indicate 

domestication effects on the reactivity and development of the HPA-axis; the Red Junglefowl 

displayed a lower corticosterone baseline and a lower stress response on day one, compared to 

a domestic breed, whereas the results were the opposite on day 23. Similar results were seen 

in paper IV, conducted on adult birds, where the Red Junglefowl had a more pronounced 

reaction to acute stress but a faster recovery period, both with respect to behaviour and 

physiology. In commercial hatcheries, chick are exposed to multiple potential stressors on 

their first day of life. In paper II, chicks who had experienced the potentially stressful 

environment in a commercial hatchery was compared to a quietly treated control group. The 

hatchery managed birds displayed a reduced growth pattern and tendencies towards altered 

vigilance and reduced locomotion was seen as an effect of stress in adulthood. 



 

 

In paper III, it was demonstrated that one week of stress exposure at different ages during the 

chick phase and puberty affect long-term behaviour and physiology, however depending on 

age of stress exposure, different parameters were affected. The early stress also induced 

transgenerational effects, most clearly on HPA-axis reactivity, and showed some overlapping 

differentially expressed genes.  

In summary, domestication has altered the acute stress coping behaviours as well as the 

development and reactivity of the HPA-axis both in young and adult birds. Furthermore, 

puberty can be regarded as an equally stress sensitive period as the chick stage and affect 

various behaviours, stress physiology and gene expression. The outcome can vary depending 

on timing and nature of stressor.  

 

  



 

 

Populärvetenskaplig sammanfattning 
I denna avhandling presenteras resultat från fyra studier där alla har effekter av stress hos 

höns som gemensam nämnare. Vi har främst tittat på hur stress tidigt i livet påverkar 

beteendet och mängden stresshormoner i blodet på kort och lång sikt, men även hur den tidiga 

stressen kan påverka avkomman. I två av studierna undersöks också effekterna av 

domesticering. 

 

Domesticeringen, processen där vi avlat djur på tamhet och andra önskvärda anlag, har 

anpassat djuren till våra mänskliga förhållanden. Förfadern till alla våra domesticerade raser, 

det Röda djungelhönset, finns fortfarande kvar i vilda populationer i Sydostasien. Detta är en 

stor fördel då man vill studera domesticeringsprocessen och vilka förändringar som 

uppkommit, eftersom man kan göra studier på vilda och tama höns och sedan direkt jämföra 

skillnader och likheter.  

Domesticeringen av höns inleddes för ca 8000 år sedan. Man tror att högre tolerans mot stress 

kan vara en bidragande faktor i domesticeringsprocessen eftersom tamhönsen har fått anpassa 

sig till miljöer och förhållanden som egentligen kan betraktas som onaturliga för en höna, till 

exempel mycket stora flockar, trånga utrymmen och inomhusvistelse. 

Ägg och kyckling är viktiga livsmedel i stora delar av världen och bara i Sverige kläcks 

många miljoner höns till kött- och äggproduktion varje år. På kläckerier utsätts kycklingar för 

en rad av potentiellt stressande situationer och behandlingar och man har varit osäker på om 

detta påverkar kycklingarna negativt. Forskning visar att stress tidigt i livet kan störa 

utvecklingen av bl.a. hjärnan och stressystemet, som kontrollerar utsöndringen av 

stresshormoner. Negativa erfarenheter tidigt i livet kan ge upphov till bl.a. beteendestörningar, 

sänkt immunförsvar och påverka kognitiva beteenden senare i livet. Det innebär att det kan 

vara mer allvarligt att utsättas för stress när man är liten jämfört med när man är äldre.  

 

Vid stress ökar mängden stresshormoner i blodet. Detta leder till att beteendet förändras och 

vissa kroppsfunktioner minskar i aktivitet för att energin istället behövs i musklerna. Kroppen 

förbereder sig på att försvara sig mot det potentiella hotet genom kamp eller flykt. Genom att 

ta blodprov kan man mäta mängden stresshormoner. 

I ett delprojekt i denna avhandling undersöktes välfärd hos nykläckta kycklingar och huruvida 

hanteringen på kläckerier kan bidra till fysiologiska och beteendemässiga förändringar hos 

djuren. Vidare har vi undersökt hur stressystemet utvecklas tiden efter kläckning, och om det 

finns skillnader i hur Röda djungelhöns och domesticerade värphöns reagerar på stress. Vi har 

också undersökt om stress vid olika åldrar under kycklingstadie och pubertet kan ge effekter i 

vuxen ålder och slutligen har vi undersökt hur akut stress hos vuxna djur påverkar beteende 

och en rad olika hormoner. 

 



 

 

Mina resultat visar att kycklingstadiet och puberteten kan anses som stresskänsliga perioder 

och ge upphov till kort- och långsiktiga effekter på beteende, genexpression och 

stressfysiologi. Även avkomman kan i vissa avseenden påverkas. Jag har också kunnat 

bekräfta att kycklingar har en fullt fungerande fysiologisk stressrespons redan från dag ett 

efter kläckning, och att de potentiellt stressande upplevelserna på kläckerier kan ha 

långsiktiga effekter. Vidare har jag kunnat påvisa att domesticeringen har påverkat 

stresshantering både tidigt i livet och i vuxen ålder. 
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Domestication 
Domestication is the process where animals have adapted to a life in human proximity (Price, 

1984). Already during the 19th century, domestication was described by Darwin (1859) as 

something more than only taming of animals, but rather a goal-oriented and conscious human 

action. The process can be regarded as a rapid form of evolution where strong selection for 

human-desired traits can lead to obvious phenotypic changes within just decades. Examples of 

desired traits can for example be specific behaviours in dogs, such as retrieving or herding 

behaviour, production traits in farm animals such as high milk or meat gain, or purely 

appearance, seen in a range of domestic species. The most well-known domestication 

experiment was conducted in the 1960’s, known as “The Farm Fox Experiment”. Silver foxes 

were solely selected for tame behaviour towards a human hand reaching into the cage of the 

fox. After a few generations, the selected foxes developed morphological changes, such as 

piebald coat, floppy ears and curled tail, traits often seen in our domestic dog. The foxes also 

developed some dog-like behaviour and actively sought human contact (Belyaev, 1979; Trut, 

1999). Tameness selection is a leading hypothesis concerning the initiation of the 

domestication process.  

 

The transition from wild to captive environments has comprised to some fundamental 

changes, which are similar between domestic species, and is commonly referred to as the 

domestic phenotype (Price, 1999). During the selection for tameness or reduced aggression 

towards humans, most likely a simultaneous selection on neurobiological processes occurred, 

resulting in similar changes in phenotypes across species. Compared to the wild ancestors, the 

domesticates typically display morphological differences such as coat colour change, 

decreased skull size (brachycephaly), large variations in body size and also physiological 

differences in terms of altered reproduction cycles and altered endocrine responses. Further, 

alterations are evident in for example foraging and exploratory behaviour and in social 

tolerance. Several potential stressors can be identified in captive environments, since it differs 

considerably from natural settings. An increased stress tolerance may thereby have been a key 

factor in the domestication process. Many of the phenotypic variations we see in domesticated 

breeds are due to correlated selection responses where selection is focused on a few specific 

traits but a vast amount of additional traits are affected. The correlated changes are a 

consequence of underlying genetic mechanisms such as pleiotropy or linked genes (Jensen, 

2010). 

 

 

Domestication of Chickens 
The main progenitor to our domestic chicken breeds is considered to be the Red Junglefowl 

(Gallus gallus) (RJF) (Fumihito et al., 1996). Wild specimens can be found in south-east 

Asia, including the Indian subcontinent, where they typically inhabit forests and semi-open 

habitats (Al-Nasser et al., 2007). Studies on the natural behaviour of chickens describe highly 

social groups where strict hierarchies are developed (Guhl, 1968). The domestication of 

chickens was initiated around 8000 years ago, and domesticated populations of RJF 
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seemingly rose independently in different parts of Asia (Liu et al., 2006; Kanginakudru et al., 

2008). The initial purpose for selective breeding in chickens may have been fighting and 

religious purposes (Nicol, 2015), and the selection for aggressive behaviour for the purpose of 

cock fighting is still ongoing in parts of the world. Despite the millenias of domestication, the 

directed selection for production traits during the last century is even more is striking. An 

example is the broiler chickens, selection for increased meat yield which has resulted in 

growth rates that increased with over 400 % during 50 years (Zuidhof et al., 2014). The 

domestic White Leghorn (WL) has been, and still is, bred for egg production traits i.e. larger 

and a higher number. As adults, the WL is also almost twice the weight of RJF. As many 

other domestic species, also chickens have developed altered plumage colour variations due to 

domestication (Fig 1). 

 

 

 
Figure 1. The domestication process has resulted in striking morphological changes, such as changes in 

plumage colour and size. The picture show adult males of the wild progenitor the Red Junglefowl (middle), a 

domestic White leghorn bred for egg production (left) and a broiler selected for high meat yield (right). (Photo: 

Anna-Carin Carlsson).  

 

The previously mentioned tameness selection hypothesis has also been tested in RJF and after 

only a few generations, selection for increased tameness resulted in birds with reduced human 

fear, increased body size and higher metabolic rate (Agnvall et al., 2015), and produce larger 

offspring (Agnvall et al., 2014), traits indicative of a domestic phenotype. Furthermore, a vast 

amount of comparative studies on chicken domestication have used the RJF and the WL as 

models. Several behaviours have proven to differ: RJF have better spatial learning compared 

to WL (Lindqvist et al., 2007), higher general fearfulness (Campler et al., 2009) and display 

increased activity levels after fearful exposure (Schütz et al., 2001). RJF chicks also have 

higher imprinting abilities and larger behaviour flexibility (Kirkden et al., 2008). Also 

foraging behaviour differs; WL to a lesser extent contrafreeload compared to the RJF, 

choosing freely available food while RJF prefer to search for food (Lindqvist and Jensen, 

2009). Some of the behavioural changes could be explained by the resource allocation theory, 
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where redistribution of energy for production purposes leaves less energy for activity and 

exploration (Schütz and Jensen, 2001). In general, the domestic birds display a more energy 

conservative behavioural repertoire. Even though we see clear changes, few fundamental 

behaviours however have changed as a consequence of domestication (Price, 1999). Similar 

to their ancestors, domestic chickens are strongly motivated to for example perform perching, 

dust bathing and nesting behaviour (Nicol, 2015).  

 

The stressors in captive environments fundamentally differ from the ones identified in the 

wild. As identified by Morgan and Tromborg (2007) artificial habitats contain a wide range of 

potential stressors, such as artificial light, unfamiliar sounds and odours, temperature 

alterations, confinement, lack of retreat space, restricted feeding and foraging, forced human 

proximity and abnormal social groups. Many of these stressors can be regarded as being of 

chronic nature, while acute stressors are fewer. The stressful environment applies a hard 

pressure on the individual and its coping ability, but in the long run, increased tolerance to 

stress is likely to be selected for through the generations, since it can be expected that the best 

suited individuals have a higher survival rate. Increased stress tolerance can thereby be 

regarded as an important driving force in the domestication process. The different stressors in 

wild and captive environments have likely contributed to alterations in stress tolerance, but 

the behavioural and physiological response to acute stress and its recovery period has not 

previously been cohesively explored in adult chickens with emphasis on domestication. By 

comparing the RJF and the WL, this was investigated in paper IV. 
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Chicken farming 
Billions of chickens are used for farming purposes around the world every year. Commercial 

poultry production consists of birds from two very different selection lines:  meat-producing 

broilers and the egg-producing breeds (Fig. 1). Viewing numbers from 2012, close to 60 

billion chickens were slaughtered worldwide for meat production, and an additional 4 or 5 

billion layers were kept for egg production (Nicol, 2015). Domestic chickens in commercial 

settings live under what can be regarded as extreme conditions. The commercial poultry 

production is dominated by two housing systems – furnished cages and free-range systems, 

sometimes with out-door access. According to Swedish standards, space requirements for 

cages must be at least 0.06 m2 per individual and be equipped with a perch, dust-bath and nest 

box. In free-range one-level systems, depending on weight, nine or 7.5 individuals are 

allowed per m2 (SJVFS, 2010:15).  

 

As previously mentioned, several stressors has been identified in production environments 

(Morgan and Tromborg, 2007). Stress in production environments can be regarded as a 

negative spiral, where stress in the chicken can result in delayed onset of the laying cycle and 

decreased egg production (Shini et al., 2009) and stress in the mother can induce 

consequences in the offspring (Henriksen et al., 2011). The breeding of laying hens for egg 

production is somewhat complex and conducted in several steps to increase egg yield and 

quality. International companies control the breeding of “grand-parental” generations. Groups 

of grand-parental males and females are separately bred on single desired traits, with the main 

focus being on viability and production traits. These animals are then paired, generating a 

parental generation. These parental animals are exported to producers, where they again are 

paired.  The offspring from the parental generation are called hybrids, since they acquired all 

the desired traits from the grand-parents, via the parental generation and are the ones used for 

the actual egg production. After hatching these hybrid layer chicks are transported in boxes to 

pullet breeders where they are raised and at 15 weeks of age again transported to the layer 

farms (Svenskaägg.se; Appleby et al., 2004).  

 

Hatching procedure and early environment 
Common management procedures in the chicken industry can be identified as potentially 

stressful for the animals, especially during the first days of the chicks’ life. Human presence 

and handling already at an early age elicits avoidance responses (Jones, 1993) and within the 

hatchery, chicks are typically transported on conveyer belts (Fig. 2). In the layer breeds, males 

are immediately culled after sex-sorting. The sex-sorting procedure may be stressful and also 

painful. When done by ocular inspection of the cloaca, the body of the chick is manually 

squeezed to expose the genitals.  
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Figure 2. Newly hatched chicks transported on a conveyer belt towards the vaccination station.  

(Photo: Marcus Hansson) 

 

Exposure to additional painful treatments (vaccination and wing-tagging,), regroupings, 

artificial light and extreme group sizes are common practice. In some countries, de-beaking 

also occurs, a practise however abandoned in Sweden. Further, transportation to pullet 

breeders by trucks may last for several hours and is also likely to be stressful.  In the wild, 

chicks are normally guided by the mother and brooded for thermoregulatory purposes (Sherry, 

1981). Maternal presence has been shown to play a significant part in the development of 

natural behaviours, see section “Postnatal stress”. In commercial settings, the maternal care is 

replaced by human-provided solutions and chicks never come in contact with adult 

individuals during rearing.  

 

Welfare aspects 
Research within the topic of animal welfare and domestication can address housing 

conditions, human-animal interactions, health and disease, behavioural aspects, food and 

feeding etc., but it can also address human views on animals. Carenzi and Verga (2009) states 

that since humans keep animals, animal welfare is closely linked to human husbandry and 

further  Lund et al. (2006b) highlights the importance of viewing animal welfare science as an 

interdisciplinary field which includes both natural and social science approaches. Similar to 

stress, also the concept of animal welfare have many definitions. Traditionally for farm 

animals, a good welfare was when animals were healthy and produced well, thereby measured 

solely on physiological parameters. The modern view however states that animals are sentient 

beings and thereby have needs (Odendaal, 1998), which can be determined for example by 

how hard they work to get it (Duncan, 2002) and feelings (Hewson, 2003), such as hunger, 

fear or frustration. This is reflected in the European Union legislation. (Lisbon treaty, 2009). 

As presented by Morgan and Tromborg (2007) and Appleby et al. (2004), several factors in 

captive environments are potentially stressful for the individual. These stressors are valid for 

animals of all ages including young.  Moreover, in connection to early experiences we can 
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identify additional stressors as mentioned in later sections, such as early weaning, maternal 

separation, and social instability. No official laws or directives on the handling of newly 

hatched chicks in commercial hatcheries have yet been formulated in Sweden, besides the 

general statement saying that animals should be treated well. Applied research evaluating 

chick welfare on hatcheries are lacking, and thereby, paper II may contribute to some 

knowledge.  
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Stress 
The fundamental function of the stress response is being the inbuilt security system, alerting 
us on potential dangers. Consequently, stress exposure and the stress response is not 
profoundly bad, even though we tend to view it as negative. Under normal circumstances 
acute stress does not lead to a pathological state, however repeated acute stress or chronic 
stress can in the long run be detrimental. When exposed to a potential stressor, various 
responses takes place, preparing the individual to act upon the threat. Taking all variables into 
consideration during a stress response, a complex picture crystalizes, with a close interplay 
between the nervous system, neuroendocrine pathways and behavioural responses. Depending 
on stressor type, severity, timing, species and previous experience, the effects of the stressor 
exposure may vary, which is more closely described and discussed in the following sections. 

Induction of stress may elicit altered responses between individuals depending on how it is 
perceived. This can be illustrated by an experiment on rats, performed by Weiss (1970) and 
Weiss (1971). Unpredictable electrical shock caused more severe somatic stress reactions, 
compared to rats who could predict the unpleasant treatment by a sound signal. These kinds of 
studies show that the lack of perceived control and predictability are major sources of stress, 
and is more recently discussed in a review by Koolhaas et al. (2011). 

The stress response is sometimes quantified in order to specify and pinpoint the stressors’ 

severity. It can be classifications as mild, moderate and severe stress, and the outcome differs 
(Moberg and Mench, 2000). Mild and moderate stressors can enhance performance and stress 
coping, while severe stress can result in pathological states (Fig. 3).  
 

 
Figure 3. Stress severity and performance explained as an inverted U-shaped curve. Low stress levels reduces attention and 
decrease performance, while high levels of stress also decrease our performance, due to deleterious anxiety levels. Optimal 

performance is reached under slightly heightened stress conditions. The figure is inspired by Korte et al. (2007) and 
Koolhaas et al. (2011). 
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Stress definitions 
No predominate definition of the term “stress” exists, rather, there seem to be as many 

definitions of stress as there are researchers working with the topic.  

“Everybody knows what stress is and nobody knows what it is.” 

These are the words of Hans Selye (Selye, 1973), the inventor of the stress concept. By this 

quote, Selye is addressing the problem in finding a universal definition. He himself defines 

stress as “a nonspecific response of the body to any demand made upon it”, suggesting that 

the nonspecific response can be for example exposure to extreme temperatures, exercise and 

metabolic challenges, but also include positive experience. He further claims that complete 

release from stress means death. Examples of definitions suggested by others are for example: 

“threat to homeostasis” (Moberg and Mench, 2000) or “state of disharmony” (Chrousos and 

Gold, 1992). Importantly though, stimulus that generate what we perceive as positive 

outcomes (exercise, arousal, excitement) also activates the HPA-axis. Such stimuli could 

therefore also be interpreted as stress and thus fall into the definitions mentioned above, 

making the story even more complex and in my view problematic.  

The definition and ideas about stress that I prefer and will here on use, was discussed and 

stated by Koolhaas et al. (2011), where the authors go deeper into the discussion on what 

actually can be interpreted as stress and a stress response. They suggest that events perceived 

as negative, and where the response exceeds the adaptive capacity in the organism, should be 

regarded as stress. However physiological changes due to a perceived positive event or 

emotion should be regarded as normal physiological mechanisms and not be viewed as stress. 

 

The stress response 
When exposed to a potential internal or external threat, a cascade of reactions are triggered. 

We can identify 4 major system responses at this stage (see for example review by Love et al. 

(2013): (1) The autonomic nervous system, (2) the immune system, (3) the endocrine system 

and (4) behavioural outcomes. Upon stimulation from an acute stressor, the sympathetic 

nervous system is activated, leading to the first hormonal response with the release of the 

cathecolamines (most importantly adrenaline and noradrenaline) (Romero and Butler, 2007). 

This increases the heart rate and blood pressure, energy resources are allocated to muscular 

tissue and the body prepares for fight or flight. Simply changing behaviour and moving away 

from the threat could at this stage terminate the threat and eliminate further responses 

(Moberg and Mench, 2000). Typical short-term behavioural changes as a response to acute 

stress are increased vigilance and altered foraging behaviour (Lindqvist and Jensen, 2009), 

and may also be breed-specific as observed in paper IV. A second cascade of hormonal 

responses then follows, ending with the release of glucocorticoids, which mainly is cortisol in 

most mammals, and corticosterone on rodents, birds, fish and amphibians (see section the 

HPA-axis).  

The sympathetic nervous system is mainly activated as a response to acute stress and typically 

have a short duration, while the glucocorticoid response can be prolonged and induce long-
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lasting effects. Constantly heightened levels of glucocorticoids puts a higher demand on the 

systems and typical effects of stress are impaired immune function (Solomon et al., 1968; 

O'Mahony et al., 2009), deteriorated growth (Satterlee et al., 2000) decreased reproduction 

(Odihambo Mumma et al., 2006; Shini et al., 2009), altered cognitive functions (see for 

example Lindqvist et al. (2007) behavioural abnormalities (Jones et al., 2010) and anorexia 

(Shibasaki et al., 1988; Vallès et al., 2000).  

Repeated cortisol or corticosterone (here on referred to as CORT) administration has been 

used for experimental mimicking of chronic stress. In adult chickens, the administration 

resulted in several physiological changes, such as a significant change in body weight and 

relative organ weights, an increase of blood glucose, cholesterol and triglyceride and 

heterophil / lymphocyte ratio (H/L-ratio) (Puvadolpirod and Thaxton, 2000; Shini et al., 2009) 

and increased feather pecking (El-lethey et al., 2001). Breeding for altered COTR responses 

has also been performed. In a group of Japanese Quail (Coturnix japonica), extensively bred 

for altered CORT response during restraint, quail with a high CORT response displayed 

fluctuating asymmetry in normally bilateral symmetric characteristics (Satterlee et al., 2000), 

and Japanese Quail with low plasma CORT response reaches puberty earlier than birds with 

high response (Satterlee et al., 2002). Some studies investigating stress have failed to 

demonstrate any later effects, for example, Marasco et al. (2012) orally administered CORT 

to Japanese Quail between post-natal day 5 and 19. A subsequent restraint-stress protocol on 

day 22 and 64 did not show any effects. Others have shown enhanced behavioural abilities 

following early stress regimes, especially with emphasis on cognition. In the Japanese Quail 

one week of stress during the second week of life resulted in enhanced behavioural flexibility 

(Calandreau et al., 2011), Increased spatial learning as an effect of stress has been seen in 

chickens (Goerlich et al., 2012). We thereby see that the exposure to stress affect a variety of 

outcomes in birds.   

 

The HPA-axis and maturation in chickens 
The neuroendocrine pathway activated upon stress is the hypothalamic-pituitary-adrenal axis 

(HPA-axis) (Fig 4.), which ends with the release of glucocorticoids. The following description 

of the HPA-axis function is based on Moberg and Mench (2000), Romero and Butler (2007) 

and Lightman (2008). Upon an internal or external threat, the hypothalamus is activated. The 

paraventricular nucleus then synthesizes corticotrophin releasing hormone (CRH) and 

vasopressin, regulating the production and release of adrenocorticotrophic hormone (ACTH) 

from the anterior pituitary. ACTH promotes uptake and conversion of cholesterol to CORT. 

The adrenal cortex produces and releases the glucocorticoids in response to the ACTH 

stimulation. The HPA-axis is controlled by negative feedback and glucocorticoids inhibit the 

production of CRH and in the cleaving of proopiomenlanocortin (POMC) into ACTH. The 

negative feedback is controlled by hippocampal type I and II corticosteroid receptors 

(Maccari et al., 1992). Also adrenaline stimulates the ACTH release and thereby the 

sympathetic nervous system response also stimulates HPA-axis activation. 
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Figure 4. Simplified description of the HPA-axis, showing the most important intermediates and the negative feedback of 

corticosterone (cortisol in most mammals).  

 

Circulating levels of CORT can be detected from embryonic day eight and a progressive 

increase is evident between day 14 and 16, where after CORT levels peak just before hatch 

(Jenkins and Porter, 2004). This is indicative of sufficiently matured adrenals. Further, the 

system is capable of elevating CORT levels as a response to stress already at this stage (Wise 

and Frye, 1973). Whether the system is able to respond to stress on day one post hatch is 

however debated (Wise and Frye, 1973; Freeman, 1982; Decuypere et al., 1989; Holmes et 

al., 1990) and is further investigated in paper I.  

 

HPG-axis 
The hypothalamic-pituitary-gonadal axis (HPG-axis) is the neuroendocrine pathway 

responsible for the release of sex hormones. Amongst other functions, it’s involved in the 

development of the reproductive organs, the ovarian cycle in females and spermatogenesis in 

males. The description of its function is based on Brown and Spencer (2013) and Wingfield 

and Sapolsky (2003). 

As the HPA-axis, also the HPG-axis is under hypothalamic control. The hypothalamus secrets 

gonadotrophic releasing hormone (GnRH) to the anterior pituitary which stimulates the 

secretion of Luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the 

anterior pituitary. The hormones travel via the bloodstream, stimulating the gonads to produce 

several hormones including the main sex hormones oestrogen and testosterone.  

Experimentally evaluated, HPA-axis activation generally suppresses the HPG-axis (for 

review, see Rivier and Rivest (1991)). Reproductive abilities become secondary upon a stress 

response and energy is allocated to behavioural and physiological stress coping mechanisms 

(Wingfield and Sapolsky, 2003). The HPA- and HPG-axis are further connected; sex 

hormones are involved in the control of the HPA-axis where oestrogens may increase HPA-
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axis reactivity and androgens have the opposite function (McCormick et al., 2002; Lund et al., 

2006a), implying males and females may respond differently to stress. This has been 

investigated in rats; daily maternal separation during the first three weeks of life decreased 

ACTH levels in males later in life, whereas females displayed more emotional reactivity 

(Renard et al., 2007). Sex-specific alterations to the stress response have also been observed 

chickens (Goerlich et al., 2012; Elfwing et al., 2015).  

 

Steroid hormones 
Steroids are synthetized from cholesterol and can be grouped into sex steroids and 

corticosteroids (for an overview, see fig. 5).  The corticosteroids include the glucocorticoids 

which are the main stress hormones. Besides being an important hormone in the stress 

regulatory system, CORT plays an important role in gluconeogenesis, stimulating the liver to 

convert fat and proteins to intermediate molecules which in turn convert to glucose. Upon 

stress exposure, increased CORT levels further stimulates this process and energy is allocated 

to muscular tissue consequently preparing the body for an energy-demanding reaction.   

The sex steroids can further be grouped into sex-specific hormones: androgens for males and 

oestrogens for females. The steroid hormones are further investigated with emphasis on 

domestication effects in paper IV.   

 

 

Figure 5. Steroid hormones. Cholesterol (top left) is the precursor to all steroid hormones, which can be 

grouped into corticosteroids (left) and sex-hormones. Highlighted in white are the hormones measured in paper 

IV. (Illustration by Magnus Elfwing). 
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Stress early in life 
During the perinatal period, an individual is highly sensitive to environmental changes likely 

due to high plasticity in the developing brain, which could be a way of preparing the 

individual for future challenges. 

 

Early experiences can cause phenotypic changes that affect adult behaviour and physiology. A 

vast amount of research has evaluated the effects of perinatal environment and the 

consequences in a range of species on several different aspects, for example behaviour 

(Clarke and Schneider, 1993; Appleby et al., 2004; Calandreau et al., 2011), physiology 

(Suárez et al., 2001; Rivarola and Suárez, 2009), immunology (Rodenburg et al., 2008), gene 

expression  and transgenerational alterations (Weaver et al., 2004; Goerlich et al., 2012) 

Looking more closely into behavioural alterations due to early stress exposure, effects have 

been seen on learning/memory (Calandreau et al., 2011), sexual behaviour (Sachser and 

Kaiser, 1996), fear and anxiety behaviours (Lukkes et al., 2009) and further, there is an 

increased risk of developing abnormal behaviour (Lutz et al., 2003; Jensen et al., 2006; Riber 

et al., 2007). The behavioural development of an individual is controlled by genetic 

mechanisms alongside with environmental factors, and exposure to perinatal stress can cause 

structural brain alterations (Nordquist et al., 2012) (Nowicki et al., 2002) (Mirescu et al., 

2004) or for a review, see Lupien et al. (2009). Aversive early experiences can also cause 

transgenerational effects in an epigenetic fashion (Crews et al., 2012; Goerlich et al., 2012). 

Additionally, early stress can also negatively affect longevity by a shortening of the 

telomeres, as seen in Jackdaws (Corvus monedula) (Boonekamp et al., 2014). Maternal 

separation is considered a potent stressor, and the long-term effects have been evaluated in 

many studies, underlining deleterious consequences on both behaviour and physiology in 

maternally deprived young (see for example Mirescu et al. (2004) or reviews by Parker and 

Maestripieri (2011) and Latham and Mason (2008)). Long term effects observed are for 

example visceral hypersensivity (O'Mahony et al., 2009), impaired growth and altered HPA-

axis response (Matsumoto et al., 2006), increased risk of development of abnormal behaviour 

(Colson et al., 2006), and depression (Réus et al., 2011). Evidently, the topic of early 

postnatal stress and long term effects has been scrutinized in mammals, but less is known in 

chickens. This is further discussed in section “Postnatal stress”. 

 

 

The stress-hyporesponsive period and the developmental hypothesis 

The stress-hypo-responsive period (SHRP) was firstly described as the “stress-nonresponsive 

period” by Schapiro et al. (1962). A large amount of research on the topic was performed by 

Seymore Levine and co-workers. The SHRP is a period of subnormal HPA-axis function 

lasting approximately between day four and 14 in rats (Levine, 1994), between day one and 

12 in mice (Schmidt et al., 2003), and has also been suggested to exist in dogs (Nagasawa et 

al., 2014). Only low levels of baseline glucocorticoids are present at this time and few 

treatments except for maternal separation elicit a glucocorticoid response (Levine et al., 

1991).The function of the SHRP is suggested to be protection from circulating stress 

hormones since they may have damaging effects on the CNS- and- brain development 
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(Lupien et al., 2009). Disruptions by maternal separation during the SHRP is also sex-

dependent. Investigations on effects later in life show that males have lower levels of ACTH 

compared to females, and comparing maternally separated rats to controls, attenuated ACTH 

and CORT levels were seen in the stressed male rats (Renard et al., 2007).  

 

The chick developmental stage at the point of hatch fundamentally differs between avian 

species. According to the developmental hypothesis (Blas & Baos in: (Capaldo, 2008)) the 

development of chicks at hatch follow a gradient. Some are highly altricial (e.g. hawkes, 

herons and passerines), completely relying on parental care the first period of time post hatch. 

They lack down and the eyes may still be closed. Other bird species such as the chicken and 

many ground-nesting species, are on the contrary precocial and thereby mobile, explorative 

and able to forage by themselves soon after hatch. However the ability to thermoregulate is 

not fully developed and thereby they rely on a parent to retain normal temperature.  Also the 

stress response is suggested to follow the developmental gradient. The stress reactivity 

gradient can be linked to the SHRP in mammals, suggesting that birds also have a SHRP 

which is more pronounced in the highly alticial species and decreases along the gradient of 

development. Since chickens are highly preocial, we hypothesized that chickens lack or have 

only a short SHRP. This was one of the research questions evaluated in paper I.  

 

 

Prenatal stress 

The most common way of inducing prenatal (but also postnatal) stress is to manipulate the 

mother before or during pregnancy/brooding. Several consequences on a range of behavioural 

and physiological parameters can be found in the offspring due to maternal manipulations and 

that can induce epigenetic programming of the stress response (Darnaudéry and Maccari, 

2008; Burton and Metcalfe, 2014). Already during the foetal stage, effects of maternal stress 

was observed: reduced organ growth was evident and the placental expression and activity of 

the enzyme 11β-hydroxysteroid dehydrogenase type 2, normally protecting the foetus from 

high levels of maternal CORT, was attenuated (Mairesse et al., 2007). As reviewed by 

Braastad (1998) maternal stress may affect reproductive success and offspring ratios as well 

as maternal behaviour, and subsequently affect offspring in terms of for example behaviour- 

and HPA-axis alterations. In general, prenatally stressed mammals show impaired stress 

coping abilities later in life which could be due to a prolonged CORT secretion (Henry et al., 

1994) and reduced number of type I and II corticosteroid receptors in the hippocampus, partly 

controlling the negative feedback of the HPA-axis (Henry et al., 1994; Barbazanges et al., 

1996). 

 

Birds are a good model for prenatal (or pre-hatch) research. By directly manipulating the egg 

and/or incubation conditions, experiments can be conducted in standardized ways without 

interference from maternal factors (Henriksen et al., 2011). It has been shown that maternal 

effects such as elevated levels of maternal steroid hormones can be transferred to the egg and 

give rise to long-term, and often deleterious phenotypic effects in the chick (Hayward and 

Wingfield, 2004; Satterlee et al., 2007; Schmidt et al., 2009). Also behaviour can be affected: 

stressed hens produced offspring with altered TI-duration and reduced food-competition 
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abilities (Janczak et al., 2007). Further, CORT injection of Japanese quail eggs induced sex-

effects; after a restraint-stress protocol on the offspring on post-hatch day 22 and 64, males 

responded stronger to the procedure (Marasco et al., 2012). Further, Yellow-legged gull 

(Larus michahellis) eggs were injected with CORT where after the chicks displayed 

attenuated rates and loudness of late embryonic vocalizations and reduced begging display 

around hatch and T-cell mediated immunity was depressed (Rubolini et al., 2005). Similar 

results were found in barn swallows (Hirundo rustica) where nestlings hatched from CORT 

injected eggs had lower hatchability, smaller body size and slower plumage development 

compared to untreated controls (Saino et al., 2005). CORT injection of domestic chicken eggs 

resulted in increased human fear behaviour in the chicks when tested day 12 to 14 post-hatch, 

and also deteriorated growth was observed in one week old CORT treated chicks (Janczak et 

al., 2006). Unpredictable mild stressors on laying female quail gave rise to earlier hatching, 

alterations in egg composition and also altered the phenotype of the offspring, however partly 

on the contrary to the barn swallows, the quail chicks originating from stressed mothers were 

heavier (Guibert et al., 2011). In conclusion, maternal stress results in alterations in 

hatchability and egg composition which may contribute to diverging phenotypic traits in the 

offspring. 

 

Postnatal stress 

As previously mentioned, mammalian literature clearly describe the effects of postnatal stress 

and its long-term effects. In chickens, the effects are poorly investigated wherefore it was of 

interest to evaluate this further (Paper II and III). In chicken welfare research, investigations 

with main focus on early environment and long term effects have been performed with 

emphasis on for example housing conditions, group sizes, and parental presence. For 

example, provision of perches from day one enhance three-dimensional space use later in life 

(Gunnarsson et al., 2000). Several experiments have used abnormal behaviour for evaluating 

of early stress and rearing conditions (see for example Huber-Eicher and Wechsler (1997), 

Johnsen et al. (1998)). Chicks are precocial and can be raised without parents if provided 

feed, water, and an additional heat source. This is common practice in commercial settings, 

but as presented above, maternal separation is considered a severe stressor in mammals. 

Studies on maternal care in chicks is a target for animal welfare studies. Chicks are clearly 

influenced in a positive manner if guided by a hen during rearing. Chicks develop the same 

food preference as the hen, perform significantly more ground pecks and perform more 

feeding activities (Wauters et al., 2002). Brooded chicks also show higher social motivation, 

seen both in chickens (Perré et al., 2002) and in Japanese quail (Bertin and Richard‐Yris, 

2005). Further, chicks reared with hens are less fearful (Shimmura et al., 2010) and display 

less neophobia (Perré et al., 2002). In Japanese quail, chicks raised by human-habituated 

mothers in turn displayed decreased fearfulness towards static and moving humans (Bertin 

and Richard-Yris, 2004). Mortality due to abnormal behaviours also decreases in brooded 

flocks (Jensen et al., 2006). Additionally, also brain structures differed when comparing 

brooded and non-brooded chicks. Individuals reared as orphans had a significantly greater 

lateralization of the hippocampus (examined at 52 weeks of age) compared to chicks raised 

with mothers (Nordquist et al., 2012). Further, Riber et al. (2007) observed earlier onset of 
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perching and more ground pecks in chicks raised with mothers compared with chicks without 

maternal presence. This highlights the connection between increasing levels of natural 

behaviour with reduced stress and thus resulting in fewer abormal behaviours later in life. 

Seemingly, not only mammals but also birds are behaviourally and physiologically affected 

by maternal separation.  

 

Studies having a more basic research angle on early experience and long-term effects in 

chicks under laboratory conditions are fewer (for an overview, see Tab. 1, Discussion 

section). Novelty and social isolation on day 1 post hatch resulted in reduced fearfulness on 

day 15 post hatch (Shini et al., 2009). Goerlich et al. (2012) found that exposure to repeated 

social isolation increased associative learning abilities and increased HPA-axis reactivity in 

adulthood. Another aspect from the same general study showed significant gene expression 

correlations in the stressed males between the chick phase and adulthood. In stress treated 

males, a shorter tonic immobility duration and increased anxiety in an open field setting was 

seen, as well as a tendency towards delayed sexual maturation. (Elfwing et al., 2015).  

 

Interestingly, pre-and postnatal stress can elicit differentiated outcomes. For example, Vallée 

et al. (1997) saw that prenatally stressed rats displayed increased anxiety behaviour and 

elevated CORT response when stressed as adults, whereas the postnatally stressed group 

showed less emotional reactivity and a lower CORT response. This suggests that prenatally 

stressed offspring display lower degrees of plasticity, compared to postnatally stressed 

animals. 

 

Stress in puberty 

The long-term effects of pubertal stress is more solidly investigated in rodents and humans 

(Eiland and Romeo, 2013) than in birds. In humans, a significant development of the frontal 

cortex takes place between age eight to 14 and the amygdala keeps developing until late 20’s 

(Giedd et al., 1996). In rodents, hippocampal volume increases during the transition to 

puberty but was disrupted by chronic stress during puberty (Isgor et al., 2004). In the same 

experiment, the 28-day long stress treatment increased the HPA-axis reactivity and decreased 

the navigation skills in a Morris water maze. The most pronounced development at the 

pubertal stage however is most likely the maturation of the reproductive system.  

The stress response during the pubertal stage is fairly unexplored in chickens despite the 

significant maturation of several systems which might be disrupted by increased 

glucocorticoid levels at this period.  Viewing natural conditions, an important behavioural 

change is evident between approximately six to eight weeks, when the chicks independence 

from the mother increases (McBride et al., 1969). Around eight weeks of age, the male comb 

is clearly developing (Hagen and Wallace, 1961). In layer males, a significant increase of 

circulating levels of testosterone and LH is initiated on week 12. LH levels peaks at week 14, 

whereas testosterone levels stabilize around week 19. A significant increase of FSH is seen 

from week 14 and rises progressively at least until week 24 (Lovell et al., 2000). In females, 

FSH tends to fluctuate between week five and 20 and thereafter stabilize. A significant 

increase of progesterone occurs at 15 weeks of age and rises progressively until week 19 

(Lovell et al., 2001), and coincides with the onset of lay at week 19-20 (Schütz et al., 2002), 
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which implies the finalizing of sexual maturation in females around that age. To our 

knowledge, Paper III is the first paper specifically evaluating long-term effects of stress 

during puberty in chickens with main emphasis on behaviour, however one study found that 

chronic and repeated oral supplementation of CORT during puberty delayed the onset of lay 

(Shini et al., 2009). 

 

Transgenerational effects 

Again, plenty of work has been performed on the topic of maternal stress and the 

transgenerational inheretance in rodents and in humans (see for example Matthews and 

Phillips (2012)). Also in the domestic chicken, stress related plasticity in the offspring can be 

induced not only by means of genetic mechanisms but also by epigenetic mechanisms. This 

was seen when adult individuals were exposed to unpredictable light rhythms. The adults 

developed a “better safe than sorry”-foraging strategy, favouring easy accessible feed over 

highly desirable but hidden food. The conservative foraging behaviour was seen in the 

offspring (Nätt et al., 2009), mechanistically explained by suggesting transgenerationally 

transmitted changes in DNA-methylation patterns. In chicks exposed to intermittent social 

instability during 21 days, transgenerational effects were particularly seen in males. Their 

CORT response to restraint stress and a correlation of gene expression differences were seen 

across generations indicating epigenetic inheritance (Goerlich et al., 2012). Further, 

hypothalamic differential gene expression correlated between day 28 and 213 in males, but 

not in females (Elfwing et al., 2015). Also in quail, maternal behaviour characteristics have 

been shown to transmit to the offspring, with emphasis on social reinstatement behaviour 

(Formanek et al., 2008), further proving potential transgenerational effects of stress. To gain 

more knowledge on transgenerational effects of stress in chickens during different life phases, 

this was investigated in paper III with a specific angle towards pubertal stress. 
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General aim 
The aim of this thesis was to investigate how stress in different life phases, with an emphasis 

on early experiences, affect behaviour and stress physiology on the short- and long-term 

(Paper I, II, III), and if it affects chick welfare in production environments (Paper II). Further, 

we wanted to investigate if and how domestication has contributed to changes in the stress 

response (Paper I and IV). 
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Paper summaries 
 

Paper I 
Post-hatch ontogeny and domestication effects on the stress response in chickens (Gallus 

gallus). Ericsson, M., Jensen, P. 

Submitted to Scientific Reports 

Background and aim: Circulating levels of corticosterone during the embryonic stage in 

chickens have previously been reported, indicating at least a partially developed HPA-axis. 

The physiological response in terms of activation of the HPA-axis and the following release 

corticosterone during early post hatch is however debated. Whether the HPA-axis 

development differs due to the domestication process or not is unknown. This was 

investigated with the aim of presenting a coherent view of the early post-hatch development 

of the HPA-axis and its reactivity, complemented with behavioural data, in different breeds of 

chickens.  

Method: The breeds/strains Red Junglefowl, SLU13 and Dekalb White were tested on day 

one, nine, 16 and 23 days post-hatch. To evaluate HPA-axis reactivity, a blood sample after 

10 minutes of restraint was taken and compared to baseline values. The behaviours total 

distance moved and time spent in social zone were measured in a modified open field arena.  

Results: A significant corticosterone response to restraint stress was seen in all investigated 

breeds/strains. The baseline levels of corticosterone decreased over time, indicating an 

ongoing maturity of the system. The post-restraint levels of corticosterone showed a 

significant effect between breeds over the test ages. The modified open field behaviour test 

showed a more adult-like and breed-typical behavioural reaction on day 23 compared to 

earlier ages, further suggesting an ongoing development during the first weeks post hatch. 

Conclusion: Newly hatched chicks have a fully reactive, yet developing HPA-axis. 

Behavioural data further supports this. Also during the chick stage, domestication effects on 

stress responsiveness can be detected. 
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Paper II 
Limited effects of commercial hatchery routines on behaviour and physiology of laying 

hens. Ericsson, M., Bélteky, J., Soto, M., Jensen, P.  

Manuscript 

Background and aim: Early stress can cause long-term deleterious effects. In commercial 

hatcheries, numerous potential sources of stress can be identified, for example human 

handling, sex-sorting, crowding and transportation with risk for injuries and can be 

questionable from an animals welfare perspective. We wanted to investigate short and long 

term effects of hatchery management procedures on behaviour, stress physiology and gene 

expression.  

Method: 70 eggs were collected from a commercial hatchery on day 18 of incubation. They 

hatched under as quiet circumstances as possible in our research hatchery and functioned as a 

control group. 70 day old chicks were collected from the same hatchery and originated from 

the same incubator and parental flock. The undisturbed behaviour was measured, starting on 

day four. A sub-group was sacrificed on day ten and hypothalamus was dissected for gene 

expression analysis. In adulthood, an emergence test was performed, as well as a social 

regrouping paradigm for evaluating baseline behaviour and comparing post-stress behaviour. 

Baseline corticosterone was measured and compared to stress-induced levels. 

Results: At hatch and until day 15, the control birds were significantly heavier. Hatchery * 

stress tendencies were observed, where hatchery managed birds displayed a larger increase in 

vigilance and reduced locomotion post stress compared to controls. No baseline behaviour 

differences were observed. The early undisturbed behaviour test showed no effect between the 

groups, neither did the emergence test performed in adulthood. Hatchery males tended to 

show a decreased HPA-axis recovery compared to females after restraint stress. No 

differences in gene expression were seen, but in females, one significant GO term, type 

“Cellular component”, was detected. 

Conclusions: Hatchery management procedures seemingly have no immediate behaviour 

effects but small gene expression differences were found early in life. Weak effects were seen 

in adulthood on behaviour and stress physiology. Further research is suggested on the topic 

for gaining deeper understanding on the few effects observed. 
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Paper III 
Long-term and transgenerational effects of stress experienced during different life 

phases in chickens (Gallus gallus). Ericsson, M.*, Henriksen, R.*, Bélteky, J., Sundman, A-

S., Shionoya, K., Jensen, P., (2016).  

 

PLoS ONE 11(4): e0153879 

 

Background and aim: Exposure to early aversive stimuli can induce long-term and 

transgenerational effects. Puberty has been proven to be a stress sensitive period in mammals, 

but the topic is not thoroughly investigated in chickens. In commercial egg production, 

multiple potential stressors are present throughout the pre-adult phase, such as re-groupings 

and transportations. The aim was to search for particularly stress-sensitive periods by 

evaluating short-and long-term effects on behaviour, stress physiology and gene expression. 

Also, transgenerational effects were evaluated. 

 

Methods: Three groups of chicks were exposed to a variety of stressors during six 

consecutive days at either two weeks, eight weeks or 17 weeks of age, whereas a 

corresponding control group was left undisturbed. After each stress week, a battery series of 

behavioural tests were performed. After reaching sexual maturity, all birds were tested in a 

battery of behavioural tests, as well as for physiological stress reactivity. A second generation 

was generated for behaviour- and stress- reactivity measurements.  In both generations, the 

hypothalamus was dissected and tested for transgenerational gene expression correlations. 

 

Results: A variety of behaviours were affected both in the short and long term in the 

treatment groups. Immediate effects were more pronounced in two week and eight week 

stressed birds. All groups were affected in adulthood but on different parameters which was 

also reflected in the offspring generation.  

 

Conclusions: A particularly stress sensitive period could be not be detected, however we 

conclude that stress during puberty is equally critical to being exposed to stress as during the 

chick phase. This contributes to the basic understanding of stress sensitivity in chickens and 

could have important welfare implications in egg-production procedures. 
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Paper IV 
Domestication effects on behavioural and hormonal responses to acute stress in chickens 

Ericsson, M.*, Fallahsharoudi, A.*, Bergquist, J., Kushnir, M.M., Jensen, P. (2014). 

 Physiology & Behaviour 133, 161-169. 

Background an aim: The domestication process has fundamentally changed certain aspects 

of behaviour and physiology. A shift in stressor type in captive environments compared to 

natural conditions have likely modified stress coping behaviours and physiological stress 

responses. The aim was to evaluate behavioural and physiological recovery to an acute 

stressor, as well as investigate differences between a range of steroid hormones between the 

ancestral Red Junglefowl and the domestic White Leghorn. 

Method: In individual arenas, baseline behaviour was recorded for both breeds. Subsequent 

post-stress behaviours were recorded after 3 minutes of restraint and compared to baseline 

conditions. Baseline levels of steroid hormones and the levels after restraint stress were 

analysed using liquid chromatography tandem mass spectrometry, a method previously never 

reported for analysing chicken blood. 

Results: The behavioural recovery differed significantly between the breeds in several 

behaviours. A typical pattern was an immediate large response with a fast return to baseline in 

the Red Junglefowl as opposed to White leghorn where there was a smaller initial response 

but a prolonged recovery time. A similar pattern was seen in the corticosterone response. 

Several steroid hormones differed significantly at baseline conditions. 

Conclusion: The domestication process has altered the behavioural response to acute stress, 

possibly due to alterations in selection pressure in human-controlled environments.  Baseline 

levels of steroid hormones have also changed, possibly due to selection for the high demands 

on the reproduction system. 
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Discussion 
In summary, we see that the domestication process has altered the acute stress coping 

mechanisms in young and adult birds and also modified hormone levels. Henceforth, the 

pubertal phase can be regarded as a stress-sensitive period. Depending on timing however, the 

outcome may differ. The early and pubertal environment can also affect the offspring in a 

transgenerational fashion, again with different outcomes. 

There is no doubt that there is an appreciable plasticity in the neurohormonal pathway in 

perinatal animal which can be modified by stress. It seems however like the intensity, time 

slot and duration of the stressor plays a significant role in whether the stress has deleterious 

effects on the individual or not. There are seemingly also different effects depending on if the 

stress is prenatal or postnatal. Prenatal stress to a large extent seems to evoke dysfunction in 

the HPA-axis with rather deleterious effects as a consequence in adulthood (reviewed by 

Weinstock (1997)). As stated previously, exposure to stress post-birth/hatch, can enhance 

individual stress coping abilities as adult, implying a higher degree of plasticity in the young 

individual compared to the embryo/foetus.  

 

Ontogeny of the stress response 
It is clear that stressor type and timing cause different effects on the stress response, which is 

why we ca not label one time period as more sensitive than any other (Table 1). However, 

what we indeed see is that both early and pubertal exposure to stress in chickens affects 

behaviour and physiology later in life, alters gene expression, and subsequently affects the 

offspring. Thereby our results from paper III concerning the birds stressed at two weeks of 

age fit into the previous findings on the topic.  

An overall reflection over the large variety of outcomes as an effect of early stress is that the 

timing, as well as stressors types differ, which could contribute to the complexity of 

evaluation. Seemingly, different stressors generates different outcomes. The same stressor 

however but at different ages early in life alters the outcome, as was observed in paper III. 

Similarly in rodent literature, different outcomes depending on timing and stressor nature has 

been shown (King and Edwards, 1999). However, we indeed see that some stressors generate 

increased cognitive abilities (Shini et al., 2009; Goerlich et al., 2012), where both stressor and 

timing differs. Both the mentioned experiments however applied a chronic stress procedure. 

Another factor that might generate the different outcomes in adulthood is the method for 

evaluation. Different behavioural tests measure different things and the test can also be 

interpreted differently due to experimenter. For example, the emergence test and the open 

field tests can be viewed as a measure of fearfulness (Forkman et al., 2007), but in chickens, 

also a measure of exploration. Thereby the outcomes and results could be similar but appear 

different.  
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The developmental hypothesis (Blas & Baos in: (Capaldo, 2008)) suggests that chickens 

should have a very small, or no SHRP, however the literature on the topic is contradictive. 

Circulating levels of CORT can be detected during the embryonic stage and peak just before 

hatch (Scott et al., 1981). Bone breakage triggers the HPA-axis on embryonic day 18, but not 

on post-natal day one (Wise and Frye, 1973), while restraint has been shown to induce a 

response (Holmes et al., 1990). Cold stress did not elicit a CORT response in day-old chicks 

(Freeman, 1982), however a CORT response was elicited on day one after ACTH injection, 

with a very large increase of plasma CORT levels as an effect (Decuypere et al., 1989).  The 

results from paper I confirms a reactive HPA-axis already from day one post hatch, further 

supported with behavioural data where a behavioural change was seen as an effects of the 

restraint procedure. Thereby, data from paper I suggest no presence of an SHRP in chickens 

which suits the developmental hypothesis. Further, the results from paper I show an age effect 

on CORT baseline- and post-stress levels, which decreased with age until day 23, indicating a 

post-hatch maturation of the system. The day 23 levels were more similar to the adult levels 

detected in paper IV. CORT production from isolated adrenal cells show the same 

developmental trend post-hatch (Carsia et al., 1987). 

 

As mentioned earlier, a supressed HPG-axis may contribute to deteriorated growth. As seen in 

paper II, hatchery treated birds had a slower growth at least until day 15. In paper III, 

decreased growth was seen the day after the week of stress exposure in birds exposed to stress 

at two and eight weeks of age. Deteriorated growth is a well-known stress response (Vallès et 

al., 2000) and may be the result of decreased food intake. Decreased appetite is suggested to 

be closely connected to increased levels of CRH, which indeed are elevated during stress. 

This was suggested when stress-induced anorexia was counteracted by injection of CRH-

antagonists (Shibasaki et al., 1988). The impaired growth pattern in the chicks may thereby be 

a result of elevated CRH, resulting in decreased appetite.  

 

Levels of glucocorticoids are hypothesized to interfere with normal brain development during 

the early postnatal phase, henceforth we can hypothesize that glucocorticoids have similar 

interfering effects during puberty. In rats, the HPA-axis typically show a prolonged activation 

to stress compared to adults (Vázquez and Akil, 1993) and further, adults seemingly habituate 

more efficiently to repeated acute stress compared to adolescents, suggesting to be due to 

incomplete development of the CORT negative feedback system (Goldman et al., 1973). 

Stress during puberty in birds however is less investigated but some studies indeed exist: 

Zebra finches were selected for CORT response after a restraint protocol at eight weeks of age 

(Hodgson et al., 2007) inducing reduction in mineralocorticoid mRNA receptor expression in 

the hippocampus. The selected line also performed less successfully in a spatial learning task. 

Interestingly, similar patterns have also been seen in chickens, where an unpredictable light 

regime was applied throughout the pubertal phase and long term effects on impaired spatial 

learning abilities were seen, which was also observed in the offspring (Lindqvist et al., 2007). 

Few studies have experimentally manipulated the stress response in birds covering the 

pubertal phase, alongside with paper III, the recently mentioned experiment by Lindqvist and 



25 

 

Jensen (2009) is one of the few. In production settings, aviary rearing throughout the chick 

phase and puberty showed later behavioural differences compared to cage-reared birds in 

terms of increased spatial distribution and lower fearfulness (Brantsæter et al., 2016). 

Transgenerational effects was observed in paper III. Behaviourally the offspring to birds 

stressed at 17 weeks displayed increased fear, and offspring to chickens exposed to stress at 

two weeks of age displayed a decreased CORT response compared to the offspring of birds 

stressed at eight weeks of age. Transgenerational alterations of the HPA-axis response can 

thereby result in both increased and decreased levels. The results are similar to previous 

results presented by Goerlich et al. (2012) and Elfwing et al. (2015), where a 

transgenerational desensitisation was seen on HPA-axis reactivity. Due to its connection to 

negative experiences and outcomes, we tend to associate the release of stress hormones as bad 

or harmful. One must not forget though that the activation of the HPA-axis and following 

release of CORT is a safety mechanism, protecting us from internal or external threats. 

Thereby a decreased HPA-axis response may communicate not to take the threat seriously 

enough, resulting in injury or death.  The results from paper III confirms previous findings 

showing that stress in the parental generation can predispose altered stress coping styles in the 

offspring. A novel finding from paper III is that stress during puberty in chickens 

differentially alters the offspring. 

 

Even though the HPA-axis is a major neurobiological pathway reacting to stress, several 

neurobiological processes are under development during early life and might also play a role 

on the long-term effects. This could explain the different outcomes depending on timing of 

stressor or stressor type. Even if it is likely in most cases that for example modification in 

glucocorticoid receptor density has occurred, it is not necessarily alterations in the HPA-axis 

itself that causes the long-term effect, but it may have influence on other systems. For 

example, the autonomic nervous system is still under maturation during the first weeks of life 

in chicks, as investigated by Elfwing (unpublished data), and also here, domestication effects 

have been detected. Different stressors could thereby influence different neurobiological 

processes and alter the later outcome. Also, it is known that the HPG-axis activity decreases 

upon HPA-axis activation (Rivier and Rivest, 1991). To conclude, looking at the ontogeny 

perspective, increased glucocorticoid levels may affect and alter the natural development of 

neurobiological systems currently developing and this might also explain the different 

behavioural and physiological outcomes. 
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Stress as a contributing factor in domestication 
Discussing tameness selection from another angle, one could hypothesize that reduced 

fearfulness contributes to increased stress tolerance. The key to the domestication process is 

most likely tame behaviour towards humans and with that as a starting point, selection for 

desired traits could take place. The domestic phenotype is likely a result of correlated 

selection responses, appearing when selecting on tameness/reduced aggression towards 

humans (Trut, 1999; Agnvall et al., 2012; Agnvall et al., 2014; Agnvall et al., 2015).  

Environmental factors in commercial settings such as crowding and cage housing (Appleby et 

al., 2004) have been shown to be stressful and may have contributed to altered stress coping 

abilities in domestic chickens. A selection for tolerance towards higher levels of chronic 

stressors as opposed to acute stressors may have taken place during domestication, as the 

results from paper I and IV suggests. In adulthood, the domestic breed has a prolonged HPA-

axis response and the behavioural recovery was slower compared to RJF, who showed a more 

acute reaction with a faster return to baseline as was demonstrated in paper IV. This is in line 

with previous research; domestic animals generally show a reduced stress response (Künzl 

and Sachser, 1999; Harri et al., 2003; Albert et al., 2008). Domestication effects on HPA-axis 

response, as well as on the behavioural response was already seen during the chick phase in 

paper I. A unique contribution from paper I is the domestication effects on the HPA-axis 

response early in life, where the WL have a higher response to stress on day one compared to 

the RJF, whereas the opposite was seen on day 23. On day one, a pattern atypical for 

domestication was seen, however a gradual shift towards the more expected results 

crystallized with age. This may be due to different maturation patterns. On day 23, the 

response appeared more similar to previous findings with respect to both neuroendocrinology 

and behaviour as found in paper IV where an attenuated HPA-axis response in domestic 

breeds, and a higher social reinstatement motivation in RJF were seen. From paper IV, we can 

also conclude that domestication has contributed to an altered response to acute stress, both 

behaviourally and physiologically. After being exposed to an acute stressor, the RJF showed 

large behavioural responses with a fast return to baseline. WL showed a more discrete 

response but recovered slower. The same pattern was seen for CORT levels. In paper IV we 

also investigated domestication differences in baseline and post stress levels of a range of 

steroid hormones, which to our knowledge never has been thoroughly investigated. Several 

baseline levels of steroid hormones differed between the breeds, where the WL in general had 

higher levels, which may be a result of the selection on high egg production. Paper IV, 

alongside with paper I, thereby contributes with further knowledge on stress related 

domestication effects. 
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Welfare implications 
The Swedish law states that animals should be treated well, however, there are no specific 

regulations for the handling routines of chicks in hatcheries. In paper II, a group of chicks that 

had experienced the commercial hatchery routines was compared to a quietly treated control 

group. Decreased growth patterns were observed in the hatchery managed group, but no 

behavioural effects were seen in the early undisturbed behaviour which took place between 

day four to ten. Paper II however showed that hatchery treated bird tended to increase the 

vigilant behaviour and decrease locomotion more after stress compared to controls. Increased 

vigilance is a known behavioural stress response in chickens (Lindqvist and Jensen, 2009) and 

implies that the hatchery management may have had long-term effects. An interesting 

continuation of this project would be to evaluate the behaviour and acute stress response 

during the hatchery management procedure itself. Since paper I confirms a reactive HPA-axis 

to acute stress on day one, a HPA-axis response likely would be elicited during the hatchery 

management. Even though, under experimental conditions, factors having a beneficial 

influence on chick development are often missing and the conditions are far from natural. The 

sub-natural conditions may also elicit a stress response, potentially masking the stress 

response in the experimental animals. If this is true, this could also explain the few differences 

from paper II.  

According to “the five freedoms” of animal welfare, formalized in the late 1970’s by the UK 

farm animal welfare council (FAWC, 1979) animals should be free from fear and distress, 

which is also similarly stated in the more recent Welfare Quality® program for farm animals 

(Botreau et al., 2007), which focus on positive animal welfare. The hatchery system today is 

short of welfare aspect regulations. Even though few rules are set concerning other new-born 

mammals, day-old chicks are treated in manners rarely seen in other new-borns, e.g. puppies, 

calves, foals or piglets. For example, the early maternal separation in dairy calves and 

castration of piglets without anaesthetics (recently abandoned in Sweden) are well-known, 

thoroughly researched, and publically debated problems, however the hatchery management 

is less publically debated. As previously mentioned, males are immediately culled after sex 

determination in hatcheries.  The pressure to be efficient is the main reason for this type of 

handling of the chicks. Economical profit in the chicken industry likely requires high numbers 

of produced animals, resulting in more effective hatchery systems which are potentially not 

optimal from the animal welfare point of view. An apparent way of reducing the hatchling 

numbers by half is finding a straight-forward way to determine the sex already before hatch. 

Since males are undesired in egg production, reducing hatchling numbers by half would likely 

reduce work load, rationalize the production and thereby detach possibilities to increase the 

welfare in hatcheries.   

 

Increasing rodent literature (see for example Berger et al. (2016)) shows that stressful 

conditions can affect several generations. The transgenerational effects seen in chickens in 

increasing numbers of studies are also interesting from a welfare perspective. Since maternal 

stress can be transferred to the offspring, considerations should thereby be taken on the female 

environment and not only on the offspring environment. One study saw that in layer parental 

stocks, high CORT was connected to low egg weight, and human presence was related to high 
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mortality (de Haas et al., 2014), which implies presence of fear and stress in the parentals. 

This subsequently suggests that stress in the breeding (grand-parental) flocks may affect the 

hybrid (parental) generation and potentially also spread to the production animals.  

 

The reactiveness of the HPA-axis and behaviour effects found in paper I suits well with 

previous applied behaviour literature where early environmental factors have shown to 

generate behavioural alterations. For example, sand provision from day one delayed the onset 

of feather pecking (however not completely preventing it). Provision of dust bathing material 

alongside with straw from day one prevented bloody injuries and only low rates of severe 

feather pecking were observed (Huber-Eicher and Wechsler, 1997). In a similar experiment, 

provision of straw and/or sand during the four first weeks of life decreased mortality (mainly 

due to cannibalism) compared to groups raised on wire mesh flooring (Johnsen et al., 1998). 

Also, presence of a female or a dark brooder reduces feather pecking (Jensen et al., 2006; 

Riber et al., 2007; Gilani et al., 2012)  
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Conclusions 
 
 

 The HPA-axis is reactive from day one post-hatch but is still maturing. 
 

 The reactiveness of the HPA-axis early in life has been altered due to domestication. 
 

 Hatchery management has small effects on later behaviour and physiology. 
 

 Stress during early life and puberty affect within- and trans-generational behaviour, 
physiology and gene expression.  
 

 The domestication process has changed several steroid hormone levels.  
 

 The domestication has changed the behavioural and physiological response to acute 
stress. 
 

The conclusions from this thesis are that the domestication process has reduced the acute 
physiological stress response as observed both early in life and as adults, and domestication 
has prolonged the behavioural recovery from an acute stressor. Disturbances in the chick- 
and- pubertal environment affect the ontogeny of the stress response with emphasis on both 
behaviour, neuroendocrinology and hypothalamic gene expression.  
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