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Abstract
Domestication is the process through which animals adapt to conditions provided by
humans. The domesticated phenotype differs from wild ancestors in a number of traits
relating to physiology, morphology and behaviour. One of the most striking differences
is the animals’ fear response towards humans, and reduced fear of humans is assumed
to have been an early prerequisite for the success of domestication. The early
alterations seen in the domesticated phenotype may be traits developed as a correlated
selection response due to tameness rather than selected upon one by one.
This thesis summarizes a project where Red Junglefowl were selected for divergent fear
of humans during six generations. In every generation, fear response to human was
assessed in a standardized test and, according to fear score, the animals were bred for
either high fear of humans (H) or low fear of humans (L). The animals were, above that
of the standardized selection test, behaviourally phenotyped in different tests in each
generation mainly focusing on fear, exploration and social behaviour. In addition to
behaviour, the animals were phenotyped for body weight, egg weight, metabolism, feed
intake, plumage condition, blood plasma corticosterone and peripheral serotonin.
After culling, vital organs and brains were harvested and weighed.
In paper I, we demonstrated that the selection trait has a significant genetic
heritability and is genetically correlated with other behavioural responses associated
with fearfulness and exploration. In paper II, we concluded that animals from the L
strain had better plumage condition, higher weight, laid larger eggs and also generated
larger offspring. Furthermore, when tested in a social dominance test with a limited
resource, they received less and performed more aggression regardless of whether the
restricted source was edible or not. In paper III, we revealed that animals from the L
strain had higher basal metabolic rate as chicks, gained more weight in relation to feed
intake and were bolder in a Novel Object test. Furthermore, the L males had higher
plasma levels of peripheral serotonin, but the corticosterone after a restraint stress test
did not differ. In paper IV and V, we concluded the project by comparing brain and
organ weights as well as behaviour of the parental generation (P0) with the fifth
selected generation (S5). The absolute brain weight as well as the weight specific brain
weight were larger in the animals selected on H than in the L-animals. The relative
weight of telencephalon was significantly higher in H whereas relative weight of
cerebellum was significantly lower. Heart, liver, spleen and testes were all relatively
heavier in H animals than in L. Interestingly, the behaviours assessed in P0 and S5
seemed to be rather resilient to the selection with only small differences in S5.
To summarize, the selection on divergent tameness in Red Junglefowl has affected
several phenotypic traits associated with the domesticated phenotype. The results of
this project indicate that tameness in Red Junglefowl could be an underlying factor
driving trait modifications towards the domesticated phenotype.

Populärvetenskaplig sammanfattning
Den här avhandlingen är ett resultat av ett projekt där vi avlat djur på tamhet för att
undersöka egenskapens roll i den tidiga domesticeringen. De domesticerade djur som
vi har i vår närhet har alla genomgått en process där de har anpassats för vår miljö. Det
skulle kunna liknas vid en snabb evolution, där ett djurs utseende och beteende
förändras under en relativt sett kort tid genom avel av människan. Domesticerade djur
skiljer sig från sina vilda släktingar på många olika sätt, de kan vara både mindre och
större är ursprunget, finnas i olika färgvariationer, ha ändrade kroppsproportioner och
de skiljer sig även åt i tröskelvärden för beteende från de vilda djuren. Skillnaderna
mellan domesticerade djur och ursprunget är förvånansvärt lika mellan djurarter och
man brukar kalla detta för den domesticerade fenotypen.
I det här projektet ville vi se om den domesticerade fenotypen egentligen är en
biprodukt som uppkommer om man avlar djur på tamhet, på så sätt skulle rädslan för
människor vara en nyckelegenskap för domesticeringen. För att undersöka detta
använde vi det röda djungelhönset (RJF) som alla domesticerade höns härstammar
ifrån. I sex generationer avlades RJF som antingen hade hög eller låg rädsla för
människor. Eftersom vi bara har ett avelskriterium kan vi dra slutsatsen att om dessa
djur kommer att skilja sig åt på fler sätt så beror det på korrelerade selektionseffekter.
Det vill säga, man avlar på en egenskap och andra egenskaper följer med.
I varje generation har vi utfört beteendetester på djuren som främst varit kopplade till
rädsla, utforskande och sociala beteenden. Utöver beteendetesterna har vi undersökt
djurens kroppsvikt, äggvikt, metabolism, födointag, fjäderdräkt och tagit blodprov för
att mäta kortikosteron och serotonin. När djuren har avlivats har vi vägt hjärnan,
hjärtat, levern, mjälten och testiklarna.
Efter sex generationer av selekterad avel hade hönsen i projektet förändrats på olika
sätt. Först och främst konstaterade vi att rädslan för människa är möjlig att avla på då
den har en signifikant genetisk arvbarhet. De djuren som har en låg rädsla för
människor har blivit större, socialt dominanta, lägger större ägg och får större
avkomma. Metabolismen har påverkats så att de höns som har låg rädsla för
människor har högre metabolism och omsätter även maten mer till tillväxt än de
djuren med hög rädsla. Aveln har även påverkat djurens morfologi, de djuren som har
hög rädsla för människor och alltså kan anses vara mer som ursprunget har större
hjärna, hjärta, lever och mjälte. Många av dessa förändringar som uppkommit redan
efter sex generationer korrelerar med de skillnader man ser mellan vilda och
domesticerade djur vilket påvisar vikten av egenskapen för domesticeringsprocessen.
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Domestication
In 1984, Price defined domestication as “that process by which a population of animals
becomes adapted to man and to the captive environment by some combination of
genetic changes occurring over generations and environmentally induced
developmental events during each generation”. Domestication can be viewed as an
accelerated evolution and a result of conscious breeding for characteristics; it has also
resulted in both morphological and behavioural changes (Price 1999). Even though
many scientists have defined domestication, it is difficult to do so in a way that conveys
all the impact it has had on both humans and animals. Ducos (1989) writes that a
satisfactory definition of domestication should mention that the behaviour of not only
animals, but also of man has been changed during domestication. To live in an
environment surrounded by domesticated animals is something we take for granted.
The importance and the impact domesticated animals have had on our lifestyle is
extensive and a mankind without domesticated animals is hard to imagine.
It was probably due to the process of domestication, of both animals and plants, that
humans started an agricultural lifestyle (Smith 2001). The dog was the first species that
became domesticated. Through genetic sequencing, Frantz et al. (2016) revealed that
the dog derived from two distinct wolf populations from east and west Eurasia with
the dog and the wolf clearly divided from each other 14 000 years ago, hence before
the settlement of humans. Among livestock, sheep (Meadows 2014) and goats (Zeder
and Hesse 2000) were probably the first animals to become domesticated around
10 000 years ago in East Asia, followed by cattle and pigs (Clutton-Brock 1999).
Chickens, the focus of this thesis, started the domestication process around 8000 years
ago (West and Zhou 1988). The details of this will be discussed later in the thesis. It is
not yet clear why humans started to domesticate animals, but it is clear that, in the time
span it occurred, people started to become more resident and settled down from the
hunter-gatherer lifestyle (Clutton-Brock 1999). Most domesticated species are now
used for food production and companionship (Price 1984).
Domestication is affected by genetic changes influenced by inbreeding, genetic drift,
artificial selection and natural selection in captivity. Although selection pressure is
altered in captivity, the domestication process has to be actively selected for in order
to occur (Künzl et al. 2003). The domesticated phenotype refers to the ability the
animals have to adapt to the captive environment. Hence, domesticated animals are
less sensitive to changes in their environment (Price 1999). Interestingly, only a few
species have gone through the process of domestication, and attempts with species not
suited for domestication have been documented (Clutton-Brock 1981). The species that
have successfully gone through the process of domestication have all some traits in
common, e.g., they are highly social animals, have short flight distance to humans, are
not specialists in terms of food intake and, in the case of domesticated birds, most are
precocial (Diamond 2002). It is not difficult to imagine that animals that possess these
characteristics are easy to hold in captivity. Other favourable traits in captivity are high
reproduction rates and promiscuous mating. Additionally, having a social hierarchy
reduces aggressiveness when several individuals are kept in the same place (Appleby
et al. 2004).

1

Effects of domestication
Domesticated animals differ from their wild counterparts in numerous ways that,
interestingly, are similar in many aspects between species; this is generally referred to
as the domesticated phenotype (Clutton-Brock 1999; Jackson and Diamond 1996;
Price 1999) and will be described in the following section.
Behaviour
Although there are behaviour differences between wild and domestic animals, it is
mainly not in the behaviour repertoire, but rather in the threshold for different
behaviours (Price 1999). Chickens, for example, selected for high egg production
perform the same behaviour repertoire as Red Junglefowl in a stable group situation,
but differ on a quantitative level with less wing flapping, waltzing and crowing (Boice
1973; Väisänen et al. 2005). Another difference between the domesticated chickens
and the wild type can be seen in their foraging strategy where the wild type performs
more contrafreeloading. Contrafreeloading is the term used when an animal uses more
energy for the actual search for food than necessary. Possibly, domesticated chickens,
selected for high egg production, have higher growth and reproduction investment,
which in turn leads to a higher need of food and energy, hence, the decrease in
contrafreeloading (Lindqvist et al. 2002; Schütz and Jensen 2001). Moreover, the
social life of the domesticated animal differs in many aspects from the social life of the
wild ancestor. The domesticated animals are more socially tolerant with groups that
are much more dynamic considering group size, regrouping and home ranges
compared to the progenitor. In order to cope with this, one could expect that the social
behaviour of domesticated animals has altered during the process and that mutations
affecting social behaviour have been important during domestication (Jensen and
Wright 2014).
Physiology and morphology
Most domesticated animals have altered their size during early domestication and
most common among the species is a decrease in size (Tchernov and Horwitz 1991).
However, during the last 100 years, selection on domesticated animals has intensified
on traits favourable for production, such as meat, milk and egg yield, and the modern
domestic animal is not necessarily smaller in size than the wild ancestor (Emmerson
1997; Oltenacu and Broom 2010; Zuidhof et al. 2014). In addition to alterations in
body size, growth, colour and metabolism, reproduction is also affected by
domestication (Devlin et al. 2001; Rosenfeld et al. 2015). Domesticated laying
chickens, for example, start their egg laying at 18 weeks, about seven weeks earlier than
the Red Junglefowl (Schütz et al. 2002).
Another commonly seen alteration in domestic animals is a reduction in brain size.
There are numerous examples of domesticated animals of different taxa with a
reduction of overall brain weight such as mink (Kruska 1996), sheep (Ebinger 1974),
pigs (Plogmann and Kruska 1990) and several avian species including turkeys (Ebinger
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and Röhrs 1994), chickens (Jackson and Diamond 1996), pigeons (Rehkämper et al.
2008) and ducks (Ebinger 1995). The brain is a highly energy demanding organ and in
captivity, where challenges to survive and reproduce are different from the wild, a large
brain is probably too costly (Diamond 2002). The reduction in brain size may be a
result of a trade-off between other energy demanding physiological traits such as
reproduction and growth (Isler and van Schaik 2006b). Interestingly, the brain does
not seem to be affected by domestication as a homogenous organ but instead some
parts are more affected than others. The telencephalon, for example, seems to weigh
less in most domesticated species (Kruska 1988a; Kruska 1988b)
A very recent suggestion for a common cause underlying the alterations seen in
domesticates is that, along with domestication as an unselected by-product, selection
for a reduction in neural crest-derived tissue has occurred that in turn affected neural
crest cell (NCC) numbers at their final sites. This ultimately leads to the morphological
changes seen in the domesticated phenotype. The deficit of NCC could be produced via
three routes: reduced number of original NCC, lesser migratory capabilities of NCC or
decreased proliferation of NCC at final sites (Wilkins et al. 2014)

Fear
Domesticated animals differ in their fear response from the wild ancestors probably
due to both unconscious selection and direct selection (Forkman et al. 2007). Boissy
(1995) defined fear as a behavioural response to the perception of actual danger. When
an animal experiences fear, the defence system activates and glucocorticoids as well as
adrenal catecholamine enable a rapid behavioural action by mobilizing available
resources (Boissy 1995). Numerous papers of different species (chickens (Campler et
al. 2009); finches (Suzuki et al. 2013); sheep (Dwyer 2004); rats (Blanchard et al.
1986)) indicate the same result: the domesticated variant is less fearful than the wild
ancestor, which indicates that fear in some context has been an important target during
domestication. Although domesticated animals experience limited situations with
actual predators, there are several situations in their everyday lives that can elicit fearrelated responses (Hargreaves and Hutson 1990; Wohlt et al. 1994). The behaviour
responses to fear vary greatly between and even within species with active defence
(attack, threat), active avoidance (flight, escape) or even immobility (freezing) being
common responses. The different strategies are probably more or less successful
depending on different factors such as level of fear, environment and physical state of
the frightened animal. That fear as a concept differs between contexts has been proven
both by behavioural observations and by QTL-mapping in different species of wild and
domestic animals. In cattle, QTL analysis of two behaviour tests with fear in different
contexts, flight from human and social isolation, were investigated. They found no QTL
overlaps on these two traits which supports the hypothesis that different genetic factors
influence behavioural responses to different situations (Gutierrez-Gil et al. 2008). In
sheep, Hazard et al. (2014) found no QTL overlaps for the different behaviour traits
tested. Hence, the behavioural responses in domestic sheep to social separation and
3

exposure to humans are under polygenic influence. Further, in cattle, there were no
correlations between flight from human and novelty, although the flight distances were
consistent in different test situations (Gibbons et al. 2009), and wild caught
greenfinches (Carduelis chloris) showed no correlation between different tests of
fearfulness, although they showed repeatability within tests (Sepp et al. 2014). These
examples indicate that fear and fearfulness are driven and motivated by different
underlying genetic mechanisms and that the behavioural responses are not necessarily
correlated.

Selection on tameness
One of the most striking differences between a domesticated animal and the wild
progenitor is the reduced fear response towards humans. Domesticated animals can
more easily be handled by humans compared to the wild type, which instead usually
expresses a high fear of humans. It is difficult to determine how the domestication of
animals originally started. One possible theory is that animals that stayed close to
human settlements were later either caught or allowed to stay in the surroundings and
were then eventually bred upon and their offspring were probably less fearful for
humans and so on. It is therefore likely that this trait – tameness – was both important
and crucial for domestication (Belyaev et al. 1985). With this theory as background,
there have been several selection projects on different species such as silver fox
(Belyaev et al. 1985), rat (Albert et al. 2008) and mink (Malmkvist and Hansen 2002).

Selection on tameness in silver foxes (Vulpes vulpes)
The most famous and long-lasting project is the farm-fox experiment started by Dmitry
K. Belyaev in Siberia. He selected the foxes strictly on a fear for human test, carefully
described in Belyaev et al. (1985), which has been conducted in the same manner for
every generation for more than 50 years. His aim was to show that many of the
morphological and behavioural differences between domesticated animals and their
wild ancestors could originate from only one behaviour trait, fear for humans. The
foxes he bred upon had been in captivity for more than 80 years but had retained their
wild type of behaviour and strict seasonal rhythm of reproduction (Belyaev and
Borodin 1982). One of the first changes accompanying the selection was a decrease in
activity of the HPA-axis (Trut et al. 1972). After a few generations, some characteristics
of the domesticated phenotype appeared in the selected foxes, such as floppy ears,
piebald marks, short tails, curly tails, etc., all similar to the domestic dog. They also
differed ontogenetically such that the selected foxes show the first fear response after
9 weeks compared to the wild type that showed it after 6 weeks. This delay in
development could be caused by levels of corticosteroid hormone in the plasma being
lower in the selected foxes (Belyaev et al. 1985). After 20 selected generations, some of
the females also changed their reproduction cycle to twice a year (Belyaev and Borodin
1982), and the selected animals also had higher levels of central serotonin (Popova et
4

al. 1991). Kukekova et al. (2008) found a strong principal component that explained
more than 48% of the behaviour variance associated with tame behaviour in the foxes.
By QTL mapping, they revealed that this component was associated with a region on
chromosome 12. This region, in turn, is homologous to a region on chromosome 5 in
dogs that is presumed to be responsible for the early domestication of wolves
(Kukekova et al. 2011; vonHoldt et al. 2010).

Selection on tameness in rats (Rattus norvegicus)
Belyaev and colleagues also selected wild brown rats on either high or low
aggressiveness towards a glove. After 8-10 generations, the rats’ aggressiveness
towards the glove had either increased or decreased depending on selection although
the aggression towards conspecifics remained unchanged (Naumenko et al. 1989).
After 20 generations, the low aggression rats adrenocortical activity and monoamines
in the brain had changed with lower levels of plasma corticosterone and higher mean
levels of serotonin (5-HT) in the brain (Naumenko et al. 1989). In an intercross
between the tame and the aggressive rats, Albert et al. (2009) identified two significant
QTL for tameness. Interestingly, these loci overlap with QTL for adrenal gland weight
and for anxiety-related traits which are known to be affected in domesticated animals
(Price 1999; Richter 1952).

Selection on tameness in Mink (Neovision vision)
In a similar selection study done on mink, the behaviour differences between two
selected strains have been investigated. The study started in Denmark 1988 where the
selection test was based on the approach/avoidance theory. By putting a stick into the
cage, the researchers could score if the animal approached the stick (considered as
confident) or avoided the stick (considered as fearful). In 1998, 10 years after the
selection process started, Malmqvist and Hansen (2002) performed an extensive
investigation of behaviour differences between these two strains of mink. They studied
the minks in the stick test, Trapezov’s hand test, novel object test, social test, novel food
test and an x-maze test. The conclusion they could draw from the results was that the
strain that reacted fearful to the stick in the selection test also acted more fearful in all
the other test situations (Malmkvist and Hansen 2002).
Whether the correlated selection responses seen in these studies are due to genes that
can act on more than one trait, pleiotropy, or due to genes that are closely located on
the chromosome and may be inherited together, linkage, is not yet fully known.
Although it is still an open question if the domesticated phenotype is due to correlated
selection responses, i.e. pleiotropy or linkage, or due to active selection on these traits,
the farm fox experiment, the selection on wild rats and farmed mink emphasize the
importance of the fear of human trait for the early domestication process.
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Chicken domestication
The domesticated chicken as well as its ancestors belong to the genus Gallus
(Junglefowl), which contains four species: 1) Gallus gallus (Red Junglefowl), 2) Gallus
sonneratii (Grey Junglefowl), 3) Gallus lafayetii (Ceylon Junglefowl) and 4) Gallus
varius (Green Junglefowl) (Al-Nasser et al. 2007). The Red Junglefowl (G. gallus),
which lives in field edges, groves, and scrubland in India, China, Java, Malaysia,
Indonesia and the Philippines, was believed to be the sole ancestor of the domesticated
chicken (Al-Nasser et al. 2007; Collias and Collias 1996; West and Zhou 1988) until
2008 when Eriksson et al (2008) investigated the origin of the yellow skin that is
abundant among domesticated chickens. Surprisingly, this trait likely originates from
the Grey Junglefowl which means that the domesticated chicken probably originates
from a hybrid between the Grey and the Red Junglefowl.
The domestication process started at around 8000 years ago (West and Zhou 1988) in
South and Southeast Asia and probably started out simultaneously in different
countries in Asia (Liu et al. 2006). The focus of the domestication of the chicken in the
beginning was most likely not on their eggs since Red Junglefowl only produce five to
six eggs in a breeding season, but rather on cockfighting or religious reasons (Liu et al.
2006; Nicol 2015)
The Red Junglefowl has been behaviourally described in the wild by Collias and Collias
(1967) and was found to be a highly fearful bird that is difficult to get sight of. The Red
Junglefowl is generally smaller than the domesticated chicken, a female weighs about
800 g and a male around 1000 g (Schütz et al. 2002). There is substantial sexual
dimorphism with the male larger than the female and more colourful. The female is
mostly brown while the male is red on the neck and back and has long black (almost
shimmering blue, purple and green) feathers on the tail (Zuk et al. 1990) (Figure 1).
The domesticated chicken is now one of the world’s most widespread species and is the
main food source in many countries. The total number of chickens in the world is
difficult to calculate and even to imagine, but in 2012 nearly 60 billion chickens were
killed for meat and 4-5 billion (109) egg laying hens produced over 1 trillion (1012) eggs
(Nicol 2015). This indicates the importance of the chicken as a domesticated species
for the human population.
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Figure 1. Male and female Red Junglefowl.

Photo: Per Jensen
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The aim of this thesis
The overall aim of this thesis was to investigate the correlated selection responses in
Red Junglefowl selected on divergent fear of humans. In contrast to the farm fox
experiment, the chicken has already undergone the domestication process and its
differences from the ancestors of the chicken have already been described in numerous
papers, a few examples are Abeyesinghe et al. 2009; Andersson et al. 2001; Borowicz
and Graves 1986; Campler et al. 2009; Campo et al. 2001; Chase 1982; Clarke and
Jones 2001; D'Eath and Dawkins 1996; D'Eath and Stone 1999; Dawkins 1995; de Haas
et al. 2013; Eklund and Jensen 2010. The domesticated phenotype mentioned above is
highly relevant for the domesticated chicken since they have, among other differences,
altered their reproduction capacity (Schütz et al. 2002), growth (Kerje et al. 2003a),
colouration (Kerje et al. 2003b) and behaviours such as fear response towards humans
(Campler et al. 2009), exploration and foraging strategy (Schütz and Jensen 2001).
In this project, we tested the hypothesis that alterations of domesticated animals from
their wild counterparts are correlated selection responses from the animals’ fear of
human response. In order to test this, we bred Red Junglefowl for six generations
solely on divergent fear response in a standardised fear of human test. The animals
from every generation were then phenotyped in different behaviour tests, most of them
related to fear, but also social behaviour and dominance. The animals were weighed at
different ages and organs were harvested at cull. Since the selection focused on fear,
corticosterone and peripheral serotonin were assessed in S6 in order to measure
differences in the endocrine system.
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Method
Animals
The breeding procedure is thoroughly described in Agnvall et al. (2012), but will be
repeated here as well for clarity. The animals in this experiment originate from two
captive populations that had been held in captivity for more than five generations with
a population size of about 70-80 individuals in every generation. The population from
Copenhagen Zoo (COP) could range free over an area of 7 ha occasionally experiencing
predators and they could also breed freely. The other population from Götala (GOT)
was held in a research environment, sex separated and with no natural exposure to
predators. The two populations differed significantly in their overall fear level and are
thoroughly described in Håkansson and Jensen (2008) and Håkansson and Jensen
(2005). In order to maximize the genetic variation in the parental generation (P0), the
two populations were crossbred for two generations by first mating 13 pairs of COP
females with GOT males (COPxGOT) and 15 pairs of COP males with GOT females
(GOTxCOP). In the next generation (P00) the outbreeding continued with mating 11
pairs of GOTxCOP females with COPxGOT males and 8 pairs of GOTxCOP males with
COPxGOT females. The offspring of the second outbred generation (the third outbred
generation) constituted the parental generation (P0) of the experiment (Agnvall et al.
2012). The P0 was the first generation that was exposed to the selection test (described
below) which all the following generations were subjected to and bred upon depending
on fear score.

Selection test
At the age of 12 weeks, the chickens were subjected to the standardized selection test
where the fear response to a human was assessed. The test is described in details in
(Agnvall et al. 2012), paper I. It was performed in an arena measuring 100 x 300 x 210
cm with wire mesh roof and walls except for 50 cm high solid walls at the bottom. The
floor of the arena was made of concrete and divided into three equally sized zones, one
for every meter and not visible to the chicken (Figure 2).

Figure 2 shows a schematic picture of the fear of human arena. The two lines
symbolize the zones into which the test person enters every minute.
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The chickens were individually collected in darkness from the home pen by an assistant
and given to the test person in darkness. Each chicken was then placed, still in
darkness, in the middle of the arena with the test person standing in one short end of
the arena. The test started when the light was turned on and the behaviour (according
to ethogram, table 1) was scored with one-zero sampling every 10th second. After one
minute, the test person moved into the second zone continuing to score the behaviour
of the chicken during the subsequent minute. The same procedure was repeated for the
next minute and the test ended with the test person attempting to touch the chicken
and scoring the behaviour in the same manner. In all, the test proceeded for three
minutes. The score ranged from 1 to 5, where 1 signified a fearless animal and 5 a highly
fearful animal. In the end, this was calculated to an average of all the sampling points
which then constituted the fear score assigned to the chicken.
Table 1 Selection criteria for the selection test, Fear of human
Fear level

Behaviour

1

Exploring, standing or walking, with short neck.

2

Standing or walking with eyes open and neck stretched. Headflicks and vocalizing 1-5/10 sec.

3

Standing or walking with eyes open and neck stretched. Headflicks and vocalizing 6-15/10 sec.

4

Standing or walking with eyes open and neck stretched. Headflicks and vocalizing >15/10 sec.

5

Escape attempts and vocalizing loudly alt. the bird is completely still (freeze behaviour)

In order to validate the consistency of the behaviour of the chicken and the interobserver reliability, ten randomly selected chickens from S2 were tested twice and with
two different observers. There was a significant correlation between the fear score of
the chickens and between the two observers (Agnvall et al. 2012).

Selection and breeding
Depending on the fear score assigned to the animals in the selection test, the animals
of P0 were divided into High fear (H), Low fear (L) and Unselected (U, called
Intermediate (I) in Agnvall et al. 2012 but was then renamed). The H and L groups
each consisted of 27 % of the chickens with the highest and lowest scores respectively.
The U group consisted of the rest of the chickens from the P0 generation. Within H, L
and U, the animals were mated randomly in the P0 generation, 24 pairs of H and L and
6 pairs of U. This generated S1, the first selected generation, and, in the same way as
P0, they were subjected to the selection test at the age of 12 weeks. To generate S2, the
20 most fearful chickens within H were mated, the 22 least fearful chickens within L
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were mated, and random pairs were formed in U, whilst keeping the family origin for
every bird under control to minimize inbreeding. The same procedure was repeated for
generating S3, S4, S5 and finally S6. For detailed information about every generation,
see figure 3. The unselected strains started out by the name “intermediate”. We
changed that and renamed it to “unselected strain” since the purpose of the strain was
not to keep and breed a strain in between High and Low, but to have animals that were
not intentionally bred on their fear score. As such, they were bred within the same
strain from P0, but selected solely on pedigree and not depending on fear score.
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Figure 3 Breeding schedule of the selected birds from P00 and P0, the parentals, to S6, the sixth
selected generation.
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Housing
All the animals were pedigree hatched in family compartments in Marsalles
Commercial incubators at 37.7 ˚C, 55 % humidity and with rotation of the eggs every
hour in the hatchery Krujit located at Linköping University. Directly after hatching, the
chicks were removed from the incubator, weighed, vaccinated against Mareks disease
and wing tagged. The chickens were housed together in pens furnished with saw dust,
heat lamps during the first weeks, perches, feed and water ad libitum. The pens
measured 75 x 75 x 180 cm from start and were then gradually expanded with a
maximum size of 225 x 225 x 180 cm. At the age of 5 weeks, the chickens were moved
to the chicken house, Wood-Gush, located 15 km from Linköping University where they
were housed together until 12 weeks of age when they were sex separated. All the
generations from this experiment have been housed in the same two pens, measuring
300*300*300 cm, in the chicken house. The pens were furnished with a triplex system
with nest boxes, sawdust, perches and feed and water ad libitum. From S4 and onwards
the chickens also had access to an outdoor aviary furnished with branches and pallet
collar filled with material for dust bathing. The birds were on a 12 h day 12 h night
cycle.

Behaviour tests
The behaviour tests used in this experiment can roughly be divided into three areas of
interest: measuring fearfulness, social behaviour and explorative behaviour. All the
behaviour tests are thoroughly described in papers I and V.
Fear related behaviour tests
Since we selected the animals on their fear of human level, we started out by measuring
different aspects of fearfulness. In the aerial predator (AP) test, the animals were
subjected to a predator model suddenly flying over the arena. This test measures both
fear in a sudden situation and reactions to a predator. For more information about the
test see Agnvall et al. 2012, paper I. The tonic immobility (TI) reaction of a chicken is
probably a defence mechanism towards a direct predator attack. This reaction is widely
used to measure the fear reaction in chickens (Gallup 1979). In this test, the simulated
predator attack is hands on (in the presences of a human) and there are no sudden
surprises as in the aerial predator test, thus, these tests complement each other. As
mentioned earlier, chickens are highly social animals and social isolation is a
potentially fearful situation. In the open field test, the animals’ fear reaction to social
isolation in an open area is measured; this test is widely used to measure fear and
anxiety in different species (Archer 1973). The open field test was done when the chicks
were 4 weeks (OF4W) and 16 weeks old (OF16W) in slightly different settings and in
different locations.
Social behaviour tests
As mentioned in the introduction, the social behaviour of the chicken has been altered
during domestication, thus, we also wanted to assess and explore any differences due
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to the selection. In a social reinstatement test (SR), the distance moved in the arena
and the time spent in the social zone near an unknown conspecific could be a
measurement of how stressful the social isolation is for the chicken and hence how
social the animal is. In generation S3 (paper II), we measured the overall social
behaviour of the chickens in an undisturbed situation in groups of three animals of the
same strain and sex. This was followed by a social dominance test with a limited
resource in groups of three, but now with one chicken from each strain. Since the test
in S3 was done in the presence of a human, we repeated the test in S4, but now with
video recording and no direct observation in order to exclude the factor of the animals’
different fear level towards humans.
Foraging and exploration test
Since it was previously known that exploration and feeding strategy have been altered
during domestication, we also wanted to include this in our experiment. In the foraging
and exploration test, the animals were subjected to different food sources that required
more or less energy from the chicken while the chicken obtained more or less energy
from the food source. This was done in a social stable environment without social
isolation, for details see paper II (Agnvall et al. 2014).
To measure the animals’ fear reaction or curiosity towards a novel object, we subjected
the chickens to a novel object (a coca cola can), in a safe environment, with no vision
of a human being (detaily described in paper III).
Other measurement
Besides behaviour tests, we also documented body weight, plumage condition, egg
weight and harvested organs when the animals were culled. All the six generations were
treated almost identically, although some variations were inevitable.
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Paper summary
Paper I
Heritability and Genetic Correlations of Fear-Related Behaviour in Red
Junglefowl- Possible implications for early domestication
Agnvall B., Jöngren M., Strandberg E. and Jensen P., 2012. PLoS ONE, 7, e35162.

First and foremost, we needed to estimate the heritability of the selection trait and any
possible genetic correlations between this trait and other traits the animals have been
tested upon. For the first paper, we used the parental generation (P0) and the first and
second selected generations (S1 and S2). We hypothesised that groups of birds differing
in their fearfulness towards humans would also differ in other behavioural phenotypes
and that there would be significant heritabilities associated with the phenotypes as well
as significant genetic correlations between various traits. In order to test the
hypothesis, all the animals in each generation were, in addition to being weighed at
hatching, also exposed to a number of behavioural tests in order to map out the
phenotypes of the chickens. Most of the behaviour tests were related to different kinds
of fearfulness such as social reinstatement (SR), open field (OF4, OF16), aerial
predator (AP) and tonic immobility (TI). The other areas of interest connected to the
domesticated phenotype were foraging and exploration strategy, hence we also tested
these traits in a foraging and exploration test (FE). Heritability, genetic correlations
and breeding values were estimated.
The results from this study revealed that the selection trait had a significant genetic
component with a moderate but significant heritability, hence it is possible to select for
this trait. The animals’ fear of human level also genetically correlated to behavioural
responses of which some were associated with fearfulness and others with exploration
and foraging.
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Paper II
Red Junglefowl (Gallus gallus) selected for low fear of humans are larger,
more dominant and produce larger offspring
Agnvall, B., Ali, A., Olby, S. and Jensen, P. 2014. Animal, 8, 1498-1505.

Since we, in paper I, found a genetic correlation between the fear of human trait and
exploration and foraging, we were interested in further investigating this area of
research. In paper II, we therefore mainly focused on how social behaviour (SB) and
social dominance (SD) in feed and non-feed related situations were affected by the
selection. We measured this on animals of the third (S3) and fourth (S4) selected
generations. In SB, three animals (same sex and selection) were placed in an arena with
free access to feed, water and perches; three groups were tested at the same time. The
social behaviour was observed, after 18h of habituation, during a 3h period with
continuous sampling for 5 min periods interspersed by 10 min pauses. The SD test took
place immediately after SB finished by moving one animal from each group into
selection mixed (but still sex separated) groups of three. In order to measure
dominance in S3, we used mealworms as a limited resource and in S4 we added water
and a dust bath as limited resources. In S4, the animals were deprived of the resource
which they were going to be tested for and the behaviour of the animals was video
recorded, not directly observed as in S3, in order to exclude any possible effects of a
human in the test situation. In S3, the chickens were also subjected to an exploratory
behaviour and sociality test (ES) in order to investigate the animals’ propensity to
explore a novel arena with known and unknown feed and at the same time maintain
social contact with a conspecific of the same selection strain and sex. In addition, we
also measured plumage condition, growth, egg weight and weight of offspring as
possible indicators of adaption to the environment the animals live in.
To sum up, the results of this study showed that animals selected for low fear of
humans performed more aggressive behaviours in SD in all of the three resource
situations and were more feed motivated, both in SD and ES. They also had less
damaged plumage, which indicates that they were less exposed to feather pecking.
Furthermore, they were also larger as adults, laid larger eggs and generated larger
offspring than birds selected on high fear of humans. We interpreted this as the
animals selected on low fear possibly being better able to cope with the experimental
environment in which they had been selected.
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Paper III
Is domestication driven by reduced fear of humans? Boldness, metabolism
and serotonin levels in divergently selected red junglefowl (Gallus gallus)
Agnvall B., Katamajaa R., Altimiras J. and Jensen P., 2015, Biology Letters 11, 9.

Since we, both in papers I and II, learned that feeding motivation and weight of
offspring, eggs and adults were affected by the selection we wanted to further
investigate this. This led us to measure the animals basal metabolic rate (BMR) in S5,
using open flow respirometry at the age of five to six weeks. Further, at the age of 1921 weeks, feed intake and boldness were assessed. We measured individual feed intake
over 7 days by weighing the feed remains every day. Feed efficiency was assessed by
dividing the average weekly growth of each bird between 112 and 200 days by its total
feed intake. Finally, when the birds were still in cages, they were subjected to a novel
object (NO) test in order to measure the individual boldness of the chickens. The
latency for the chicken to approach a novel object with egg as motivator was recorded
at 19-21 weeks. Later, in S6 at the age of 28 weeks, we assessed plasma corticosterone
before and after a short period of physical restraint. Blood was collected within 3
minutes of human handling, after 10 minutes of restraint (hanging in a fish net) and a
third sample was collected 30 minutes after the first blood sample. At 47 weeks of age,
we collected blood for peripheral serotonin analysis. Both corticosterone and serotonin
were measured with ELISA.
The results from this study revealed that animals selected on low fear of humans had
higher BMR as chicks and tended to have higher feed efficiency than animals selected
on high fear of humans. The serotonin levels were also higher in low fear (L) males,
which perhaps could mediate the BMR and feed efficiency differences. The L birds
(particularly females) were also bolder in the NO test, but, interestingly, there were no
effects of selection on plasma corticosterone. We expected that animals selected on low
fear of humans would have an overall reduced stress and fear response which was
supported by the results in NO, but not by the plasma corticosterone. The results from
this study support the hypothesis that reduced fear of humans during the early phases
of chicken domestication may have caused birds to evolve a phenotypic complex
involving increased boldness and a more growth-promoting metabolism.
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Paper IV
Brain size is reduced by selection for tameness in Red Junglefowl –
correlated effects in vital organs
Agnvall B., Bélteky J. and Jensen P. Submitted

A well-known phenotypic alteration correlated with domestication is the change in
morphology, and especially brain size, of the animals. We were therefore interested in
the comparison of brain size and other vital organs between the parental generation
(P0) and the fifth selected generation (S5). When the birds were 48-54 weeks, we
weighed and culled them with rapid decapitation. The brain (divided into four parts
referred to as: telencephalon, cerebellum, midbrain and optic lobe), liver, spleen, heart
and testicles from the males were collected and weighed. Since the strains differed in
body size, relative weights were used for further analysis (except for the absolute brain
weight). The weight of the organs and the body weight were analysed within S5 as well
as between P0 and S5.
The results from this study showed that the absolute and relative sizes of major organs,
particularly the brain, can change as a result of correlated responses to selection for
tameness in Red Junglefowl. Animals selected on high fear of humans (S5H) had
heavier brains than low fear animals (S5L). The brain weight also differed from P0 to
S5H in the same direction with S5H having a heavier brain. This indicates that
domesticated phenotypes may, to some extent, evolve as a correlated effect of reduced
fear of humans, a trait that is of central importance for the initial phases of
domestication. Furthermore, our results show that modifications of brain size may
selectively act on only some brain regions indicating that the correlated effects may
possibly be adaptive and affecting specific brain functions. S5H had a significantly
larger telencephalon than S5L whereas the cerebellum showed the opposite alteration
with S5L being larger than S5H. Optic lobes did not differ within S5, but S5L had
significantly smaller optic lobes than P0. The midbrain did not differ within S5 or
between S5 and P0. The other collected organs also differed within S5, mainly in the
same direction with S5H having relatively heavier heart, spleen, liver and testicles. The
modifications, both between P0 and S5 and within S5, generally go in the direction
expected from the domesticated phenotype indicating that tameness may be a driving
factor underlying organ size changes.
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Paper V
Effects of divergent selection for fear of humans on behaviour in Red
Junglefowl
Agnvall B., Jensen P. Accepted for publication in PLoS ONE

Domesticated animals differ from the progenitor mostly in thresholds of behaviour
rather than in the behaviour repertoire as such. In order to discover any behaviour
differences as a correlated response from the selection on the divergent fear of human
trait, we again tested animals from the fifth selected generation (S5) to the parental
generation (P0). The birds were tested for social reinstatement tendency, open field
behaviour at two different ages, foraging/exploration, response to a simulated aerial
predator attack and tonic immobility. All the tests are thoroughly described in Agnvall
et al. (2012).
The results revealed that most of the behaviours measured in this study did not differ
between the two selected strains. In the parental generation, a few behaviours differed
between the divided strains such as distance moved in social reinstatement, time spent
in periphery in the open field test as chicks and stand alert in the aerial predator test.
There was also a significant sex x selection interaction in the explorative behaviour
during the aerial predator test. In the fifth selected generation, there were no
significant effects of selection on tonic immobility and foraging/exploration while time
spent in the social zone in the social reinstatement test differed between the strains.
Both variables measured in the open field test had a significant interaction between sex
and selection. Overall, the differences in behaviours are few between the strains and,
although the fear of human trait, the behaviour the animals were selected upon,
differed significantly, the selection seems to have a relatively small impact on other
aspects of fearfulness as well as sociality, exploration and foraging behaviour. In
conclusion, since the selection on reduced fear of humans has caused significant effects
on several phenotypic traits associated with the domesticated phenotype (Agnvall et al.
2014; Agnvall et al. 2012; Agnvall et al. 2015), this indicated that fundamental
behaviour is more resilient against the selection.
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Discussion
The aim of this thesis was to investigate the correlated selection responses due to
divergent selection on the fear of human response in the Red Junglefowl. In paper I,
we concluded that the fear of human trait had a low but significant genetic heritability
component, hence it was possible to select on this trait. The selection trait showed a
genetic correlation with traits connected to the domesticated phenotype such as
propensity to search for hidden food and exploration (paper I). In further generations,
the selection affected several traits connected to the domesticated phenotype such as
size, social behaviour, feeding motivation, metabolism and brain size (paper II, III, IV).
On the other hand, after five selected generations, the behaviour measured between
the strains seemed to be rather unaffected by the selection. There were few behavioural
differences between P0 and S5, which indicates that fundamental species-specific
behaviour is more resilient to correlated selection responses than phenotypes related
to growth and reproduction (paper V). The modification of the animals that has
appeared due to the selection generally goes in the direction of the domesticated
phenotype, which indicates that tameness may be a necessary first step in the
domestication process of the chicken.

The domestic phenotype
Behaviour effects
Generally, the behaviour repertoire of a domesticated animal remains unchanged
compared to the wild ancestor, but the stimulus threshold at which behaviour is
expressed is altered. In paper V, we investigated the behaviour modifications due to
the selection on tameness with the main focus on different aspects of fearfulness, social
behaviour and exploration in a foraging environment. Although there were few
differences between P0 and S5, the selection seems to have affected some behaviour
responses. Within S5, there was a main effect of selection in the aerial predator test
and an interaction between selection and sex in the social reinstatement and open field
test, meaning that the selection has affected the sexes differently. Fear of humans in
our selection strain, or in chickens in general, seems to be a very special and isolated
trait that does not affect the overall fearfulness of the chicken.
The fear tests used in this study are frequently used in chicken research and are
considered to assess fear (Campler et al. 2009; Håkansson and Jensen 2005, 2008;
Jöngren et al. 2010). In an earlier study, Jöngren et al. (2010) exposed Red Junglefowl
females to similar fear tests and found two major components explaining 48.4% of the
variance in a PCA. The first component was interpreted as a general fear factor whereas
the second was mainly explained by TI. This indicates a low correlation between
general fear and TI. Interestingly, there are other studies pointing in the same direction
(Mignon-Grasteau et al. 2003; Schütz et al. 2004) i.e., that TI is differentiated from
general fear. TI is probably a defense reaction to a predator attack and perhaps our
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selection trait, fear of humans as predators, would come out as different from general
fear as well.
When an animal experiences fear, activation of the HPA-axis occurs simultaneously
with a behaviour response (Labar and Ledoux 2010). The HPA-axis has previously
been investigated in a comparative study between the domesticated chicken and the
Red Junglefowl which revealed a stronger physiological reaction but a faster recovery
in the wild type (Ericsson et al. 2014). Since the selection in this thesis is based on a
fear behaviour, the alterations in corticosterone produced by the HPA-axis were of
great interest to us. Indeed, modification of the adrenals was also one of the differences
that occurred in the silver foxes selected on a similar trait. The foxes selected on
tameness had less active adrenals than the wild type starting from the 10th selected
generation (Trut et al. 1972). In our study, however, there was no effect of selection on
corticosterone level, but we could see a time effect showing that the animals did
experience fear during the restraint stress test (paper III). Of course, it is difficult to
know if the corticosterone levels would change after additional generations, perhaps
six generations in birds are too few to alter the HPA-axis. According to Trut et al.
(2013), some of the parental foxes in the project were selected from various farms
based on their lack of a distinct aggressive response to humans. It is, therefore, possible
that the parental animals in the fox experiment already had less active HPA-axis from
the beginning. In comparison, the differences in adrenals in the wild caught rats
selected on low aggression towards humans, did not appear until after 20 generations
(Naumenko et al. 1989). In this present project, we started our selection by dividing a
mixed population into three categories solely depending on their fear score from the
standardized test.
Weight
The main change in appearance found in this experiment was a reduced size in high
fear compared to low fear birds. The animals selected on low fear of humans had a
significantly larger body weight at any age measured (paper I, II, III, IV). This is not in
accordance with the generally observed effect in the domesticated phenotype where
early domesticated animals usually reduce their sizes (Tchernov and Horwitz 1991).
The metabolic rate, as well as the feed efficiency, was also higher in birds selected on
low fear of humans. These findings are probably all connected in that birds with higher
metabolic rate fed more and gained more weight in relation to feed intake because of
the feed efficiency. A mediating factor of the metabolism alterations, at least in the low
fear males, may be the increased secretion of 5-HT in blood measured in S6 (paper III).
Even though the connection between platelet 5-HT and central 5-HT is not fully
understood, the higher levels in the low fear males are interesting since central 5-HT
is known to have effects on feeding and satiety (Voigt and Fink 2015), and 5-HT in
blood platelets originates from the gastrointestinal tract (Mück-Šeler and Pivac 2011).
In addition to its important role in feeding and satiety, 5-HT plays an important role
in fear (Bolhuis et al. 2009). Animals with higher levels of 5-HT experience less fear
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and are able to allocate their resources into growth and reproduction rather than
vigilance.
The weight difference was also one of the first modifications that appeared in this
selection. The L animals were generally larger and produced larger eggs and offspring
(paper II). In S5, this was further investigated with the calculation of feed efficiency
that revealed an interaction between sex and selection indicating that low fear females
gained more weight in relation to feed intake (paper III). The weights of eggs and
offspring, as well as growth, are related to alterations in reproduction which were also
seen in the experiment where silver foxes were selected for low fear of humans (Trut et
al. 2009). The foxes selected on low fear of humans altered their reproduction into two
seasons per year compared to the wild type that only reproduces once a year (Belyaev
and Borodin 1982).
When investigating the gene expression differences between the two strains, Bélteky et
al. (2016) found two differentially expressed genes located centrally in a QTL region
called GROWTH1 on chromosome 1 that previously has been associated with a large
size difference between a layer breed and the Red Junglefowl (Kerje et al. 2003a).
Interestingly, this QTL region has also been associated with differences in social
behaviour between domesticated chickens and Red Junglefowl. During chicken
domestication, social behaviour as well as size of the animals has been altered, as
mentioned before. Generally, the domesticated chicken has a higher social tolerance
and, regarding chickens bred for the egg and meat industry, they are generally larger
than the wild type. The differences seen in this project point in the same direction with
larger animals with low fear of humans expressing more aggressive behaviour than the
high fear animals.
Colouration
The colouration was also one of the first differences seen in the farm fox project
resulting after only a few generations (Belyaev et al. 1985). This has not yet been
measured systematically in this project although no white pigmentations have been
observed. Domesticated chickens are present in many different colours and previous
research has shown that chickens that are homozygous for the dominant white allele,
PMEL17, hence the white domesticated variant, were both less aggressive and less
explorative than the chickens homozygous for the wild type allele (Karlsson et al. 2010;
Karlsson et al. 2011). This indicates that the colouration in the domesticated chicken,
just as in the foxes bred on tameness, is somehow related to the behaviour that
corresponds to the domesticated phenotype. However, since Red Junglefowl, unlike
the silver fox, do not have white colourations in the wild type, a change in colouration
would probably have to occur through a spontaneous mutation, although possible
epigenetic effects on pigmentation should not be excluded.
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Brain and other organs
In paper IV, we revealed that the brain and organ weight had been modified due to the
selection on tameness. A reduction of brain weight and size is known as a domestic
feature and this may be an adaptation to a new niche since domesticated animals are
provided with food and shelter by humans. The domesticated chicken has a smaller
brain relative to body weight than the Red Junglefowl (Jackson and Diamond 1996)
although the absolute weight is larger in the White leghorn due to the large weight
difference (Henriksen et al. 2016). Even among domesticated chickens there are
alterations in the brain morphology between breeds (Rehkämper et al. 2003). The
brain size differences in our selected birds are a result of a correlated response to the
active selection on tameness. Guppies actively selected on brain size responded quickly
to the selection and in the second selected generation the differences in brain size were
already prominent (Kotrschal et al. 2013). Number of offspring and gut size seemed to
have a negative correlation with a large brain in guppies, which strengthens the theory
of a trade-off between a large brain and other energy expensive organs such as gonads,
fat storage, and muscle tissue (Isler and van Schaik 2006a). In our chickens selected
on tameness, the high fear animals had heavier brains than the low fear animals.
Interestingly, their testicles, as well as all other harvested organs, were larger in
relation to body weight. However, since the body weight significantly differed between
the strains, the absolute values did not differ; the high fear animals seem to have organs
of about the same weight as the low fear animals that have a significantly larger body
weight. Could it be that the high fear animals invest more in their organs and less in
their total body mass and fat storage? It would be interesting to investigate this further
by measuring sperm number and fat storage.
In the guppies, large brained females outperformed those with small brains in a
learning assay indicating that brain size correlates with cognitive ability (Kotrschal et
al. 2013). The cognitive ability in the chickens as a consequence of small or large brain
size would be interesting to further investigate with the high vs low fear animals.
Although the chicken breed with the relatively largest brain, the White Crested Polish
Chicken, does not show improved cognitive ability in behaviour tests (Mehlhorn and
Rehkämper 2013), we know from previous work that Red Junglefowl differ from the
White Leghorn in their cognitive ability (Lindqvist and Jensen 2009).

Implications of this project
Chicken domestication
Originally, chickens were probably not domesticated because of our interest in their
eggs or meat. Recent data has shown that the evolutionary roots of the chicken are
related to the distribution of cockfighting which was probably of the greatest interest
when humans started to keep chickens (Liu et al. 2006). It is, therefore, likely that
intra-aggressive males were of great interest when breeding in order to produce
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successful cockfighting birds. The relation between fear of humans and aggressive
males is interesting since animals that possess pure aggressive behaviour without
underlying fear ought to have a low fear of humans. On the other hand, the relations
an animal has to humans and to conspecifics are different traits, but low fear of humans
could indicate an overall more confident animal. The results from paper II, indicate
that the animals with low fear of humans were more dominant and expressed more
aggressive behaviour towards the animals from the high fear strain when tested with a
limited resource.
It is interesting that the main alterations of the animals selected on low fear of humans
are similar to traits favourable in chicken production such as larger eggs, larger body
weight and more efficient growth. These are traits that have been intensely and actively
selected upon during the last 50 years (Zuidhof et al. 2014) in order to increase the
meat and egg yield. The changes we see in our selected chickens are, of course, not as
prominent as in the production industry, but, if we are allowed to speculate, these
alterations were perhaps seen in an early stage in the process of the chicken
domestication. The Greylag goose was probably the first domesticated bird (Sossinka
1982), but has never reached the high popularity of the chicken. If growth and egg
weight were one of the earliest modifications in domestication, this could be one key
factor in the popularity of the chicken.
Unpredictability of genetic correlation
In paper I, we found a genetic correlation between the trait selected upon and other
behavioural responses associated with exploration and fear. The genetic correlations
were observed in the propensity to search for hidden food and changes between food
containers in the foraging and exploration test as well as exploration in the aerial
predator test. Due to the genetic correlation, we expected these traits to follow the
divergence of the selection trait; however, when the tests were repeated in S5, this was
not found and there were no significant differences between the selection strains in
these variables. In a simulation experiment, Gromko (1995) concluded that there are
many possible combinations of pleiotropic effects characterized by the same value for
genetic correlation, which means that the genetic correlation does not uniquely
determine a particular set of pleiotropic effects. So, if the genetic correlations
calculated in our study were due to pleiotropic effects, this could have had a substantial
impact on the variation in the correlated response of the behaviour in the chickens.
However, as reported before in this thesis, behaviour seems to be rather resilient to
this selection and few behaviour traits seem to be correlated to the selection

Method discussion
The selection test
The core of the project is the selection and, therefore, the fear of human test, which was
designed before P0 was hatched. For selecting on fear of humans, I think it is valuable
27

that, in our selection test, the whole body of the test person is located in the arena
together with the chicken. In other fear of human tests, only the hand has been visible
to the animal (Albert et al. 2008; Belyaev 1979; Hansen 1996), but, since chickens are
imprinted as newly hatched, it is possible that the animals already have been imprinted
on the test persons’ hands during the first hours in life. This makes it crucial for a
selection test to encompass the whole body of the test person.
Breeding and sample size
This project started out with a mix of two populations in order to maximize the genetic
variation in the animals. A weakness of the project is the sample size in each of the
selection lines. Due to the resource limitations, it was impossible to have several
replicated populations which of course would have been favorable. Due to the small
sample size, the breeding selection has varied between 75 % to 13 % of the birds in each
generation within selection strain. The selection has always been conducted with a
wide family representation as highest priority and fear score as the second priority, and
brothers and sisters have not been paired. It is impossible to exclude the impact of
genetic drift on the selection, but, since the selection has only been ongoing for six
generations, the genes affecting the results are probably not fixated or eliminated.
Although we cannot exclude the impact of genetic drift, many of the variables in the
project are diverging in the same direction as the selection trait with the unselected
line remaining similar to P0. When studying the differences in gene expression in the
hypothalamus of the selected chickens, Bélteky et al. (2016) found no differentially
expressed genes in the P0. This indicates that we probably did not unintentionally
breed on animals with a diverged gene expression from the beginning.
Fear of humans vs imprinting in chickens
The fear of human trait has previously been proven to be important for the
domestication process in mammalian animals, as mentioned for the silver fox, mink
and rats. The question is, how important is this trait for a species that shows filial
imprinting as newly hatched? During the first hours of life, chickens are imprinted on
any large, moving object in their vicinity. Wild Red Junglefowl chicks could easily have
been imprinted on humans and they would then have a low fear of humans by default.
This would, of course, not be inherited, but the process could be repeated in every
generation. Imprinting has, in fact, been altered during domestication (Kirkden et al.
2008). So, was the reduced fear of humans really a crucial trait for the domestication
of the chicken? According to the results from this project, it seems that, when selecting
on this trait, the correlated selection responses are in the direction of the domesticated
phenotype of the chicken. This could indicate that the trait was important in the
domestication process of the chicken.
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Conclusions
In conclusion, selection on divergent fear of human in Red Junglefowl alters a number
of phenotypic traits. The animals selected on low fear of human are, after six selected
generations, more dominant, larger, produce larger eggs and offspring, and also have
increased blood 5-HT, higher metabolism, higher feed efficiency and lower brain
weight. The selection has affected only a few behaviour responses of which some are
sex dependent. These modifications in the animals are probably correlated selection
responses due to the selection criteria, the fear of human response. These results
correspond to some extent with previous selection experiments on tameness in
mammals such as the silver fox, mink and rat. Furthermore, this indicates the
importance of tameness in the process of domestication.
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