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Preface

Domestication, which is by definition a long ongoing process, was one of the most sig‐
nificant cultural and evolutionary transitions of human history. Domestication was indeed a
core component of a major change in the way of life of an increasing number of human soci‐
eties throughout the world, in a process called Neolithisation. This process constitutes also a
fundamental change in the evolution of the biosphere, mainly due to the development of
agriculture, which is now responsible for the transformation of approximately 40 percent of
the earth’s surface.

Ever since Darwin, the study of domestication has puzzled scientists. Each year, hundreds
of articles, as well as several books, are published in numerous disciplines, among which
include archaeology, ethnoarchaeology, genetics, evolutionary biology, and zootechny. Nev‐
ertheless, despite this vivid interest, both the terms “domestication” and “domestic animal”
remain confusing and poorly defined, and several animal groups are still poorly studied,
such as fish and insects.

Because there is no scientific reason to consider the domestication of land and aquatic ani‐
mals differently, this book groups scholars working both on different topics and animal
taxa. Fruitful exchanges between these diverse scholars could bring new insights to both the
concept of domestication itself and the differences between wild and domesticated animals.
On a more applied view, this could also help to better domesticate species in the future as
farmed animals are continuously evolving generations after generations, particularly in re‐
sponse to changes in technology and husbandry practices, which are also evolving and con‐
stantly improving, and to global change.

The book includes seven chapters, three on land animals and four on aquatic animals. The
first chapter presents a brief overview of the domestication of land animals, focusing on the
five major farmed species (cattle, pig, sheep, goat, and horse). The second chapter provides
an in-depth overview of the complex process of domestication, admixture, and selection
leading towards the genetic diversity in extant animal breeds, using pig as the model. The
third chapter presents an overview of the main ancient and recent insect domestication his‐
tories and rereads them b through the lens of the domestication process, pathways, triggers,
and consequences observed in other animal species. The fourth chapter briefly assesses the
domestication of fish, by focusing on seven of the main farmed species globally (common
carp, Nile tilapia, rainbow trout, striped catfish, Atlantic salmon, European seabass, and At‐
lantic Bluefin tuna). The fifth chapter reviews behavioural traits in hatchery-reared fishes
that have often been altered in a characteristic manner by domestication. The sixth chapter is
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an extensive discussion of the welfare of fish over the course of domestication. Finally, the
seventh chapter provides a comprehensive analysis of the domestication history of Eurasian
perch in Europe.

It is my hope that this book will stimulate new discussions among scholars working on dif‐
ferent topics and animal groups.

Fabrice Teletchea
UR AFPA

Université de Lorraine
Vandoeuvre-Les-Nancy, France
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Abstract

In the origin of modern humans, hunting of wild animals and gathering of wild plants in
nature were the primary subsistence strategies. Yet, about 12,000 years ago, the domesti-
cation of plants and animals began. The two main goals of the present chapter are to
briefly describe (i) how wild animals were domesticated and (ii) what are the main
biological consequences for the major farmed species (cattle, pig, sheep, goat, and horse).
During about 98% of their domestication history, domestic animals have been managed in
a sustainable way by farmers, followed by a period of strong selection about 200 years ago
to produce hundreds of well-defined breeds. A few decades ago, the selection pressures
have further increased, leading to a few industrial breeds, which were introduced in
numerous countries, most often at the expense of local breeds. Within a few decades, we
thus might lose most of the highly valuable farm animal genetic resources that humans
have gradually selected over the past millennia. Consequently, priorities should be given
to preserve the genetic resources in marginal or rare breeds, and selection programs
should aim at restoring the genetic diversity in industrial breeds.

Keywords: domestication, domesticated animals, genetics, industrial breed, local breed

1. Introduction

Since the origin of modern humans, Homo sapiens, about 200,000 years ago, hunting of wild
animals and gathering of wild plants in nature were the primary subsistence strategies [1]. Yet,
about 12,000 years ago, at the end of the most recent ice age and during the transition to the
present interglacial period, domestication of plants and animals began [1–5]. This phenome-
non occurred in at most nine areas of the world: the Fertile Crescent, China, Mesoamerica,
Andes/Amazonia, Eastern United States, Sahel, tropical West Africa, Ethiopia, and New
Guinea [4]. From these handful homelands of agriculture, a restricted number of domesticated
species were progressively introduced across the globe as farmers migrate to new regions [4].
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This is because the control of food production conferred to farmers huge demographic,
technological, political, and military advantages over neighboring hunter-gatherers, allowing
them to impose their lifestyle [4]. The history of the past millennia consists of tales of hunter-
gatherer societies becoming driven out, infected, conquered, or exterminated by farming
societies in all areas across the world suitable for farming [3, 4].

The domestication of plants and animals was part of a major transformation in the way of life
of an increasing number of human societies, with deep social and spiritual changes, called the
Neolithic transition [5, 6]. This also enabled a strong increase of the human population from
about 1 million during the millennia before the advent of agriculture [7] to more than 7 billion
today [8]. The increase of human population is spectacular during the past decades (Figure 1),
with an additional 4 billion people since 1960 [8].

In 2010, the world agricultural production reaches more than 7.6 billion tons [7], representing a
three-fold increase compared to 1961 (Figure 2). Globally, less than two-thirds of crop produc-
tion (on a mass basis) are allocated to human food, versus 35% to animal feed, and 3% for
bioenergy or other industrial products [9]. It is, however, important to highlight that global
food production relied in fine on a tiny fraction of wild species domesticated in the past
millennia, representing about 0.08% of known land plant species and 0.0002% of known land
animal species [10]. Only about 15 plant species and less than 10 animal species supply more
than 90% of worldwide agriculture production [11]. Four crops (wheat, rice, corn, and potato)
account for more food production than all other crops combined [11]. Inversely, hunting and
gathering have today become secondary (and most often recreational) activities that contribute
little to global food security [12], one significant exception being the consumption of wild meat
in a few regions, notably in Central Africa [13]. This implies that even tough humans con-
sumed diverse food products across the globe; they mostly come from the same domesticated
plant and animal species. In the past decades, the standardization of food products has also
strongly increased with the spread of few multinational food companies, such as McDonald’s
or Subway.

The other main consequences of domestication are that the bulk of global agriculture is today
based on the culture or farming of a few alien domesticated species that had been

Figure 1. World population growth over time (modified from [8]).
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progressively introduced in all continents. This has contributed to widespread faunal and
floral homogenization [14]. Nevertheless, because alien species are present for a very long
period, they are generally not perceived as exogenous or introduced [15], but rather as part of
the natural landscape [16–18]. This phenomenon has been described as the shifting baseline
syndrome [19]. Agriculture is today responsible for the destruction or modification of nearly
40% of the land surface [20]. For instance, about 7 to 11 million km2 of forest have been lost in
the past 300 years due to land-use activities, primarily for agricultural expansion and timber
extraction [20]. Besides, intensification of agriculture has also resulted in the degradation of
water quality in numerous freshwater and coastal ecosystems due to the global use of fertil-
izers, pesticides, and antibiotics [9, 20]. Modern agriculture is thus generally considered to be
the primary destructive force of biodiversity [17], which has led to the sixth mass extinction
[21]. Some scientists even consider that truly wild nature (pristine zones from human impacts)
does no longer exist on Earth [22]. In 2002, Crutzen [23] proposed to assign the term
“Anthropocene” to the present geological epoch, supplementing the Holocene, once humans
have become an important geochemical force and perhaps the dominant ecological force on
the planet. The Anthropocene era could be said to have started in the late eighteenth century
[23]. In conclusion, domestication corresponds to a pivotal change in the history not only of
humanity but also of the biosphere [5, 6].

The two main goals of the present chapter are to briefly describe (i) how wild animals were
domesticated and (ii) what are the main biological consequences for the major farmed species.

2. How were animals domesticated?

Domestication is a long and endless process by which animals become adapted to both
humans and captive conditions ([24–26]; for an overview of definitions of domestication, see

Figure 2. Global agricultural production, 1961–2010 (modified from [7]).
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[27]). Three main pathways of domestication have been proposed for land animals: a commen-
sal pathway, a prey pathway, and a directed pathway [6, 28–30]. In the commensal pathway,
the animals themselves played the largest role [29]. The animals first move into an anthropo-
genic habitat, most likely spurred by an attraction to human waste, and later develop a two-
way partnership with humans [29]. Several domesticated species have followed this path,
among which are dog (Canis familiaris), cat (Felis catus), or chicken (Gallus domesticus) [29]. In
the prey pathway, humans have initiated domestication, perhaps as a response to depletion of
local stocks of prey animals that humans had hunted for thousands of years [31], to enhance
the yield or predictability of a resource (meat or hides) [29]. Over time and under certain
circumstances, these game management strategies developed into actual herd management
and, eventually, the controlled breeding of managed animals [28]. The main species that
followed this pathway are sheep (Ovis aries), goat (Capra hircus), or cattle (Bos taurus) [29]. In
the direct pathway, humans deliberately set out to domesticate a species [28, 31]. This pathway
skips the early phases of habituation and management and starts with the capture of wild
animals with the deliberate intention of controlling their reproduction [29]. This pathway
occurred more rapidly and was accompanied by a dramatic bottleneck [29]. The main species
are horse (Equus caballus), donkey (Equus asinus), and dromedary (Camelus dromedarius) [28].

Species that followed either commensal or prey pathways tend to possess more traits that
make them appropriate candidates for domestication. Conversely, species on directed path-
ways likely possess barriers to domestication that require more knowledge on the part of
humans to overcome [28, 31].

Whatever the pathway followed, captive animals began to be domesticated at some point. Yet,
as for domestication, there is no consensus today about what a domesticated species is (see [27]
for a review of the main definitions). Nevertheless, most authors considered that a domesti-
cated species is a group of animals reproduced in captivity and modified from their wild
congeners [27]. Yet, wild and domesticated animals should not be considered as complemen-
taries (such as true/false, dead/alive) but rather as antonyms (such as long/short, fast/slow)
because they represent the extremes of a process and not a simple dichotomy [32]. In other
words, there is not a clear biological separation between wild and domesticated animals [33].
In addition, a domesticated animal is neither in a final nor a static status, and thus farmed
species are still evolving today, particularly in response to changes in technology and hus-
bandry practices, which themselves are evolving and constantly improving [34]. Conversely,
domesticated species can sometimes return to nature, a process known as feralization [35].

3. How have animals evolved during domestication?

During domestication, five main genetic processes were involved [15, 28, 34], including
inbreeding and genetic drift (two uncontrolled processes), natural selection in captivity and
relaxation of natural selection (two partially controlled processes), and active selection (one
controlled process) [34, 35]. The two uncontrolled processes are due to the limited size of the
population (known as inbreeding) and the random changes in gene frequencies (genetic drift).

Animal Domestication4

The two partially controlled processes are natural selection in captivity that accounts for
selection imposed on captive populations that cannot be attributed to active (or artificial)
selection and relaxation of natural selection expectably accompanying the transition from wild
to captive environments [35]. At last, the fifth genetic process is controlled, known as active
selection, because changes are directional [34, 35].

Domesticated animals have been profoundly modified during domestication. Indeed, the
variation range of certain traits within a domesticated species occasionally exceeds that in
whole families or even orders [36, 37]. Modifications resulting from domestication concern
morphoanatomy, physiology, behavior, and genetics [31, 35, 38–40]. Behavior is probably the
first to have been modified during domestication [35]. Nevertheless, behavioral traits neither
appeared nor disappeared during domestication but rather are the response thresholds that
changed [34, 35]. One of the most remarkable behavioral changes shared by all domesticates is
their tolerance of proximity to (or complete lack of fear of) people [31, 37, 39]. Besides, because
humans provide shelter, food, and protection against predators, domesticated animals most
often express a lower incidence of antipredator behaviors and show lower motivation for
foraging [34]. More generally, mood, emotion, agnostic and affiliative behavior, as well as
social communication all have been modified in some way by domestication [39]. Most domes-
ticated animals are also more precocious than their wild counterparts [34]. The activity of their
reproductive system became enhanced and relatively uncoupled from the environmental
photoperiod, and they all acquired the capacity to reproduce in any season and more often
than once a year [37]. At last, the most spectacular and obvious changes concern morphology,
among which are the animal size (dwarfs and giants), proportions (fewer vertebrae, shorter
tails), color, length and texture of coat, wavy or curly hair, rolled tails, and floppy ears or other
manifestations of neoteny (the retention of juvenile features into sexual maturity) [37, 39]. In
most domesticated species, head or brain size has decreased [34]. The most illustrative exam-
ple of such considerable changes is the morphological variations in dogs [37]. These morpho-
logical changes (“domestication syndrome”) may all be linked to strong selection for lowered
reactivity to external stimuli [31]. At the beginning of the twentieth century, modern breeding
programs were initiated, leading to dramatic changes in productivity, e.g., increase laying rate
for laying hens or improved feed conservation ratio, meat yield, and growth rate in broiler
chickens [41].

4. A brief history of the major domesticated animals

Even though the decision to consider farmed or captive animals as domesticated is subjective
and arbitrary [35, 41], most authors agree that about 40 species around the world that directly
or indirectly contribute to agriculture are domesticated; this number varies between 20 and 50
following the definitions used for a domesticated animal [36, 42–44]. Several of those domes-
ticated species have a distinct scientific name than their wild ancestors [25].

The 14 most important domesticated mammal species are indicated in Table 1, among which
the domestication of the “big five” (cattle, pig, sheep, goat, and horse) [3, 4] are further
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relaxation of natural selection (two partially controlled processes), and active selection (one
controlled process) [34, 35]. The two uncontrolled processes are due to the limited size of the
population (known as inbreeding) and the random changes in gene frequencies (genetic drift).

Animal Domestication4

The two partially controlled processes are natural selection in captivity that accounts for
selection imposed on captive populations that cannot be attributed to active (or artificial)
selection and relaxation of natural selection expectably accompanying the transition from wild
to captive environments [35]. At last, the fifth genetic process is controlled, known as active
selection, because changes are directional [34, 35].

Domesticated animals have been profoundly modified during domestication. Indeed, the
variation range of certain traits within a domesticated species occasionally exceeds that in
whole families or even orders [36, 37]. Modifications resulting from domestication concern
morphoanatomy, physiology, behavior, and genetics [31, 35, 38–40]. Behavior is probably the
first to have been modified during domestication [35]. Nevertheless, behavioral traits neither
appeared nor disappeared during domestication but rather are the response thresholds that
changed [34, 35]. One of the most remarkable behavioral changes shared by all domesticates is
their tolerance of proximity to (or complete lack of fear of) people [31, 37, 39]. Besides, because
humans provide shelter, food, and protection against predators, domesticated animals most
often express a lower incidence of antipredator behaviors and show lower motivation for
foraging [34]. More generally, mood, emotion, agnostic and affiliative behavior, as well as
social communication all have been modified in some way by domestication [39]. Most domes-
ticated animals are also more precocious than their wild counterparts [34]. The activity of their
reproductive system became enhanced and relatively uncoupled from the environmental
photoperiod, and they all acquired the capacity to reproduce in any season and more often
than once a year [37]. At last, the most spectacular and obvious changes concern morphology,
among which are the animal size (dwarfs and giants), proportions (fewer vertebrae, shorter
tails), color, length and texture of coat, wavy or curly hair, rolled tails, and floppy ears or other
manifestations of neoteny (the retention of juvenile features into sexual maturity) [37, 39]. In
most domesticated species, head or brain size has decreased [34]. The most illustrative exam-
ple of such considerable changes is the morphological variations in dogs [37]. These morpho-
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The 14 most important domesticated mammal species are indicated in Table 1, among which
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described below. For the five most valuable species, the domestication resulted in the creation
of hundreds of breeds, particularly in the past centuries [42, 45, 46]. In France, the article
D.653.9 of the rural code defines breed for ruminant species as “a group of animals that share
sufficient common features to be considered homogeneous by one or several groups of
breeders that agree on the broodstock renewal and induced changes, including the interna-
tional level“ [47]. Breeds have therefore both a biological sense (common features) and a social
acceptance (group of breeders); the relative importance of the latter increased in the past years,
for scientists as well as in the application of policies [47].

4.1. Cattle

The wild ancestor of cattle is a group of races of the now extinct aurochs Bos primigenius
[48–50]. The aurochs, the last specimen of which died in a Polish park in 1627, had a very wide
geographic distribution, which extended from East Asia to Europe and North Africa [42, 48, 50].

Common
name

Scientific
names

Partial list of potential wild
progenitors (in bold the main one)

Approximate date of
domestication: BP

Number
of breeds

Pathway to
domestication

Sheep Ovis aries O. orientalis, O. musimon 9000 850 Prey pathway

Goat Capra hircus C. aegagrus, C. falconeri 9000 320 Prey pathway

Cow, cattle Bos taurus
and B. indicus

B. primigenius, B. namadicus 8000 815 Prey pathway

Pig Sus
domesticus

S. scrofa, S. celebensis, S. barbatus 8000 350 Commensal
pathway

Horse Equus
caballus

E. ferus, E. przewalski 6000 350 Directed
pathway

Dromedary Camelus
dromedarius

C. dromedarius 4500 50 Directed
pathway

Bactrian
camel

Camelus
bactrianus

C. ferus, C. bactrianus 4500 6 Directed
pathway

Llama and
alpaca

Lama glama
and L. pacos

L. guanicoe and V. vicugna (?) 6000 2 + 2 Prey pathway

Donkey or
ass

Equus asinus E. africanus 6000 70 Directed
pathway

Reindeer Rangifer
tarandus

R. tarandus

Water
buffalo

Bubalus
bubalis

B. bubalis 6000 70 Prey pathway

Yak Bos grunniens B. grunniens 4500 Prey pathway

Bali cattle Bos javanicus B. javanicus Prey pathway (?)

Mithan Bos frontalis B. frontalis Prey pathway (?)

BP, before present. If no information was found, cells were left empty. Note that the number of breeds per species varies
between authors.

Table 1. List of the world’s 14 valuable big domestic mammals, including the major 5 (in bold) followed by the minor 9
[3, 4, 25, 28, 42, 44].
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Traditionally, two major types of domestic cattle are considered: zebu (Bos indicus) which have
a prominent thoracic hump and taurine (Bos taurus), which do not [40, 42, 49, 50]. However,
these two species fully interbreed, and a meta-analysis of different microsatellite datasets
revealed taurine-zebu admixture over Europe, southwest Asia, and Africa [40, 45, 49, 50].
Molecular evidence suggest that these two species came from two independent domestication
events: zebu cattle were domesticated in the Indus valley region ca. 8000–7500 B.P., whereas
taurine cattle were domesticated in Anatolia 10,500–10,000 B.P. [40, 42, 50–52]. However,
Larson and Burger [29] recently suggested that only the latter was domesticated, while zebu
may have resulted from the introgression of wild zebu populations into taurine cattle that
were transported eastward. During several millennia, extensive gene flow among different
groups of domestic cattle, as well as with aurochs until its extinction, was possible, leading to
relatively high effective population sizes and preventing genetic drift at the regional scale [40,
48, 50, 51]. This might partly explain the relatively large cattle gene pool despite a likely
bottleneck at the time of domestication [50]. Besides, it is also possible that other species were
crossed with cattle in some areas of the world, including the yak (Bos grunniens) in Nepal or
banteng (Bos javanicus) in Southeast Asia and Indonesia, which also contribute to maintain or
increase genetic variability [40]. The large size of cattle and its low growth, as well as the early
use for milk or traction, imply relatively low levels of directed selection during millennia [51].
However, this situation changed dramatically about 200 years ago with the emergence of
breed concept [50]. The first cattle herd book was published in Britain in 1822 [49]. Since that
time, stronger selection pressures have been applied to local populations followed by stan-
dardization of the desired conformation and performance, such as high milk yield for dairy
cattle breeding programs [49]. This led to an isolation of breeds from each other (ca. 800 are
now recognized; see Table 2), which could have caused a genetic drift and inbreeding and
perhaps a fitness decrease [40, 46, 50]. Nevertheless, gene flow between neighboring regions
did not completely stop, as deliberate upgrading was realized in order to increase production
characteristics by using bulls of other populations from the same or a different country [45].
More recently, the number of males involved in reproduction schemes has drastically
decreased with the expansion of artificial insemination, leading to another strong reduction of
effective population size of breeds and inexorably to a genetic drift and loss of alleles [46, 50,
63]. For example, at the worldwide level, the Holstein cattle has an effective population size of
about 50 [50]. This strong decrease of the effective population size might explain the strong
reduction in fertility as well as the genetic diseases observed in this breed [50]. An even more
extreme result was found in Japan, where the Japanese black cattle had an effective population
size of 17.2 in between 1993 and 1997, despite a census size of 0.53 million reproductive cows
[49]. Another extreme case of low genetic variability is a feral British breed, Chillingham cattle,
for which 24 out of 25 microsatellite loci were found homozygous [46]. Inversely, numerous
cattle breeds still have substantial nucleotide diversity, indicating a large ancestral effective
population size [46]. In the past decades, a few of the most productive breeds were imported
throughout the world at the expense of local, apparently less productive populations [45].

4.2. Pig

The wild ancestor of domestic pigs is boar Sus scrofa [42, 64]. Wild boars occurred throughout
Eurasia and North Africa [42]. Multiple independent domestication events, mainly in Asia
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Traditionally, two major types of domestic cattle are considered: zebu (Bos indicus) which have
a prominent thoracic hump and taurine (Bos taurus), which do not [40, 42, 49, 50]. However,
these two species fully interbreed, and a meta-analysis of different microsatellite datasets
revealed taurine-zebu admixture over Europe, southwest Asia, and Africa [40, 45, 49, 50].
Molecular evidence suggest that these two species came from two independent domestication
events: zebu cattle were domesticated in the Indus valley region ca. 8000–7500 B.P., whereas
taurine cattle were domesticated in Anatolia 10,500–10,000 B.P. [40, 42, 50–52]. However,
Larson and Burger [29] recently suggested that only the latter was domesticated, while zebu
may have resulted from the introgression of wild zebu populations into taurine cattle that
were transported eastward. During several millennia, extensive gene flow among different
groups of domestic cattle, as well as with aurochs until its extinction, was possible, leading to
relatively high effective population sizes and preventing genetic drift at the regional scale [40,
48, 50, 51]. This might partly explain the relatively large cattle gene pool despite a likely
bottleneck at the time of domestication [50]. Besides, it is also possible that other species were
crossed with cattle in some areas of the world, including the yak (Bos grunniens) in Nepal or
banteng (Bos javanicus) in Southeast Asia and Indonesia, which also contribute to maintain or
increase genetic variability [40]. The large size of cattle and its low growth, as well as the early
use for milk or traction, imply relatively low levels of directed selection during millennia [51].
However, this situation changed dramatically about 200 years ago with the emergence of
breed concept [50]. The first cattle herd book was published in Britain in 1822 [49]. Since that
time, stronger selection pressures have been applied to local populations followed by stan-
dardization of the desired conformation and performance, such as high milk yield for dairy
cattle breeding programs [49]. This led to an isolation of breeds from each other (ca. 800 are
now recognized; see Table 2), which could have caused a genetic drift and inbreeding and
perhaps a fitness decrease [40, 46, 50]. Nevertheless, gene flow between neighboring regions
did not completely stop, as deliberate upgrading was realized in order to increase production
characteristics by using bulls of other populations from the same or a different country [45].
More recently, the number of males involved in reproduction schemes has drastically
decreased with the expansion of artificial insemination, leading to another strong reduction of
effective population size of breeds and inexorably to a genetic drift and loss of alleles [46, 50,
63]. For example, at the worldwide level, the Holstein cattle has an effective population size of
about 50 [50]. This strong decrease of the effective population size might explain the strong
reduction in fertility as well as the genetic diseases observed in this breed [50]. An even more
extreme result was found in Japan, where the Japanese black cattle had an effective population
size of 17.2 in between 1993 and 1997, despite a census size of 0.53 million reproductive cows
[49]. Another extreme case of low genetic variability is a feral British breed, Chillingham cattle,
for which 24 out of 25 microsatellite loci were found homozygous [46]. Inversely, numerous
cattle breeds still have substantial nucleotide diversity, indicating a large ancestral effective
population size [46]. In the past decades, a few of the most productive breeds were imported
throughout the world at the expense of local, apparently less productive populations [45].
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Minor, Europe, and East Asia, have probably occurred, starting approximately 9000 years ago
[40, 52, 64–66]; the earliest remains of domesticated pigs have been excavated at Çayönü in
Southeast Anatolia [65]. Chinese breeds originated in East Asia, whereas European breeds are
believed to have originated in Southwest Asia [42, 67]. These domestication events were
separated not only by thousands of kilometers but also by thousands of years [65]. During
millennia, it is likely that out-crossing of domestic pigs with wild boar was common in
traditional pig husbandry across Europe [52, 67]. By the late middle ages, European and Asian
domestic pigs were genetically very different because they were based on wild boar
populations that diverged around 1 million years ago, and for thousands of years, they were
submitted to selection pressures on very different traits [64, 68]. By the late eighteenth to early
nineteenth century, strict organized breeding was adopted to improve and develop livestock
breeds, particularly in Britain, as a reaction to increasing demand for meat in the wake of the
industrial revolution [64, 66]. European breeders turned also their attention to Asia and
imported Chinese pigs to improve their breeding stock [40, 64–66]. From the eighteenth
century, pig breeds were selectively bred for specific production traits such as early matura-
tion, rapid growth, and increased prolificacy. In addition, the coat color phenotype (which
includes both skin and hair pigmentation) was another morphological trait often used during
the selective breeding process. Substantial changes (body size, color, body shape, skull mor-
phology, ear carriage, behavior, prolificacy, teat number, and other traits) occurred in breeds
over a short period of time, resulting in the development of numerous distinct pig breed
phenotypes [64–66]. From the twentieth century, with the recognition of the benefits of genetic
improvement and changing consumer preferences, certain pig breeds experienced further
strong selection for lean meat content, muscularity, and enhanced reproduction [64, 66]. To
date, there are likely over 730 pig breeds or lines globally of which two thirds are in China and
Europe and over 270 are considered as endangered or critical. Currently, 58 pig breeds are
recorded as “transboundary” (occurring in more than one country) including 25 regional
transboundary breeds and 33 international transboundary breeds [65]. The worldwide distri-
bution of pigs is dominated by five international transboundary pig breeds from the United
States (USA) or Europe, i.e., Large white (117 countries), Duroc (93 countries), Landrace (91
countries), Hampshire (54 countries), and Pietrain (35 countries) [65].

4.3. Sheep

The wild ancestors of the domestic sheep are probably the mouflon (Ovis musimon) and the
urial (Ovis orientalis) [42, 49, 50]. Both archaeological and genetic data spot the domestication
center of sheep in eastern Anatolia and North-West Iran [50] between 8500 [49] and 12,000
years ago [40]. The sheep mitochondrial DNA polymorphism diversity and single-nucleotide
polymorphism (SNP) diversity seem to support an absence of a genetic bottleneck, and thus
domestication occurred from a broad genetic base [50, 69]. Sheep were first farmed for access
to meat before human-mediated specialization for wool and milk commenced ca. 4000–5000
years ago [69]. It has recently been shown that particular regions of the genome contain strong
evidence for accelerated change in response to artificial selection, such as the removal of horns,
likely to be one of the oldest morphological modifications that accompanied domestication
and a trait now common across many modern breeds [69]. Furthermore, other genomic
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regions under selection in sheep contain genes controlling pigmentation, reproduction, and
body size [69]. In the last few hundred years, the division of animals into breeds, followed by
the identification of superior rams and their disproportionate genetic contribution via artificial
insemination, has lifted the pace of genetic gain for production traits [69]. Extensive haplotype
sharing and generally low divergence time between breeds reveal that frequent genetic
exchange has occurred during the development of modern breeds [69]. Approximately 75%
of modern sheep breeds have retained an effective population size in excess of 300 [69]. The
number of breeds is comprised between 850 and 1409 [49]. Yet, many sheep breeds originally
selected for good performance in a specific, sometimes isolated, geographical area (e.g., the
Shetland, Soay, or Herdwick breeds) are now considered rare. With generalist-type sheep
taking over the larger part of intensive sheep production, maintaining genetic diversity by
conserving these traditional breeds has become a challenge [50, 70].

4.4. Goat

The wild ancestor of goat is the bezoar, Capra aegagrus [40, 42, 49]. The first archaeological
evidence of goat domestication traces back in the Fertile Crescent about 10,000 years ago [42,
49, 71]. A large-scale analysis of current bezoar mitochondrial DNA (mtDNA) polymorphism
over its whole geographic distribution suggested that the domestication process occurred over
a very large area encompassing eastern Anatolia and North-West Iran [50]. Additional primary
centers of goat domestication, including the Indus Valley, Southern Levant, and China, have not
been convincingly demonstrated yet [71]. Analysis of the goat mitochondrial DNA polymor-
phism of the main haplogroup (representing more than 90% of the haplotypes) strongly sup-
ports the absence of bottleneck at the domestication time in goats [50]. Besides, goat mtDNA
polymorphism also suggests high historical gene flow among continents, which already
occurred during the Neolithic expansion into Europe [49]. The extraordinary adaptability and
hardiness of goats favored their rapid spread over the Old World [71]. Goats have successfully
adapted to desert, mountainous, and tropical areas where other livestock species would not
thrive [71]. Between the fifteenth and eighteenth centuries, goats were transported to America
and Oceania [71]. Over the course of domestication, several morphological traits were modified,
such as horn and ear shapes, the presence of wattles, long hair, and coat colors, which were
driven probably by intentional selection as well as by genetic drift, isolation, and founder effects
[71]. Throughout the ages, goats have been raised for milk production and cheese, meat, and skin
and fiber commodities such as leather, mohair wool, and cashmere hair [71]. Breeds also show
strong differences in their physiological capacity of adaptation to extreme conditions of temper-
ature and humidity and differ in feed efficiency, behavior, and resistance to infectious and
parasitic diseases [71]. Today, Asia and Africa contain 58.2 and 36.2%, respectively, of the 1
billion goats worldwide with much smaller populations in Europe (1.7%), America (3.5%), and
Oceania (0.4%) [71]. China (187.8 million heads), India (133 million heads), Nigeria (71 million
heads), Pakistan (66.6 million heads), and Bangladesh (55.9 million heads) are the top five goat
producers [71]. In most countries, the sustained growth of the world goat population during the
last 50 years (from 368 million heads in 1964 to 1006 million heads in 2014) has not involved a
general improvement of the production and reproduction techniques associated with their
management. Well-organized selection programs are in contrast restricted to a few highly
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includes both skin and hair pigmentation) was another morphological trait often used during
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regions under selection in sheep contain genes controlling pigmentation, reproduction, and
body size [69]. In the last few hundred years, the division of animals into breeds, followed by
the identification of superior rams and their disproportionate genetic contribution via artificial
insemination, has lifted the pace of genetic gain for production traits [69]. Extensive haplotype
sharing and generally low divergence time between breeds reveal that frequent genetic
exchange has occurred during the development of modern breeds [69]. Approximately 75%
of modern sheep breeds have retained an effective population size in excess of 300 [69]. The
number of breeds is comprised between 850 and 1409 [49]. Yet, many sheep breeds originally
selected for good performance in a specific, sometimes isolated, geographical area (e.g., the
Shetland, Soay, or Herdwick breeds) are now considered rare. With generalist-type sheep
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thrive [71]. Between the fifteenth and eighteenth centuries, goats were transported to America
and Oceania [71]. Over the course of domestication, several morphological traits were modified,
such as horn and ear shapes, the presence of wattles, long hair, and coat colors, which were
driven probably by intentional selection as well as by genetic drift, isolation, and founder effects
[71]. Throughout the ages, goats have been raised for milk production and cheese, meat, and skin
and fiber commodities such as leather, mohair wool, and cashmere hair [71]. Breeds also show
strong differences in their physiological capacity of adaptation to extreme conditions of temper-
ature and humidity and differ in feed efficiency, behavior, and resistance to infectious and
parasitic diseases [71]. Today, Asia and Africa contain 58.2 and 36.2%, respectively, of the 1
billion goats worldwide with much smaller populations in Europe (1.7%), America (3.5%), and
Oceania (0.4%) [71]. China (187.8 million heads), India (133 million heads), Nigeria (71 million
heads), Pakistan (66.6 million heads), and Bangladesh (55.9 million heads) are the top five goat
producers [71]. In most countries, the sustained growth of the world goat population during the
last 50 years (from 368 million heads in 1964 to 1006 million heads in 2014) has not involved a
general improvement of the production and reproduction techniques associated with their
management. Well-organized selection programs are in contrast restricted to a few highly
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productive dairy breeds from Europe, North America, and Australia [71]. Despite its low caprine
census, Europe produces 17.5 and 42.5% of the goat milk and cheese, respectively, consumed
around the world, reflecting the benefits of raising highly selected dairy breeds such as the
Saanen, Alpine, and Toggenburg under semi-intensive or intensive conditions [71]. The main
traits under selection are milk production, protein and fat contents, somatic cell count, and udder
morphology [71]. Globally, it has been proposed that 500–600 goat breeds exist; yet it is difficult
to establish a reliable figure because several local populations are not managed via phenotypic
standardization, herd book registration, and controlled reproduction [71]. Among these breeds,
86 have spread beyond their countries of origin and are considered cosmopolitan or
transboundary breeds, whereas 19 have become extinct, and about 90 are critically endangered
or just endangered (such as Arapawa, Bagot, Golden Guernsey, San Clemente, andMallorquina),
whereas 157 are not at risk [71]. Population decline of local goat breeds is mostly due to their
replacement or uncontrolled crossbreeding with more productive foreign varieties, the progres-
sive abandonment of low income rural activities, and the lack of genetic conservation programs
[50, 71]. Some goat populations have escaped from captivity and became feral [71].

4.5. Horse

The wild ancestor of domestic horse is the now extinct, Equus ferus from central Asia [52]. The
Asian wild horse, Equus przewalskii [42], also significantly contributed to the genetic makeup of
domestic horses [72]. Even though there have been no confirmed sightings of wild
Przewalski’s horses since 1966, the species has been maintained in captivity for the last 90
years [42]. In addition to Przewalski’s horse, a third divergent lineage corresponding to a wild
population that inhabited the Holarctic region has also contributed to the genome of modern
domestic horses [72]. Both archaeological and genetic evidence strongly support the onset of
domestication of horse in the western Eurasian Steppes of Ukraine dating to 5500 years ago
[42, 72]. Over the course of domestication, it has been argued that difficulties in maintaining
domestic horse herd sizes during pastoral migrations led directly to restocking through the
capture of wild females [52, 72]. Horses were not only used as a source of meat and milk; their
stamina and quickness provide humans with rapid transportation, which has considerably
changed the speed and magnitude of the circulation of goods and people, as well as cultural
exchange, including the spread of Indo-European languages, religions, science, and art, and
diseases [72]. With the introduction of the horse collar and horseshoes in agriculture, the horse
was increasingly used for tilling soils, incrementing farmland productivity in medieval
Europe, and remains today a crucial asset to the agriculture of the least-developed countries
[72]. With a few notable exceptions, such as the Arabian, Mongolian, and Icelandic horses,
breeds (Table 1) have been created in the last two centuries [72]. The earliest horse studbook,
that of the Thoroughbred racing horses, was created in 1791 [72]. The population structure
resulting from selective breeding is characterized by high interbreed and low intrabreed
genetic diversity [72]. Domestic horses exhibit remarkable variation in coat coloration, includ-
ing the bay or bay-dun wild-type phenotypes, other basic colors like chestnut and black, as
well as dilution (e.g., cream and silver), and spotting patterns (e.g., leopard complex, tobiano,
and sabino) [72]. Horse locomotion has also been recurrently selected, including their ability to
perform alternate gaits, such as four-beat, lateral, or diagonal ambling [72]. Although some
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horse breeds, such as the Thoroughbred racing horses, are still extremely popular, a significant
part of this great diversity is currently endangered: 87 horse breeds are already extinct, and
among the remaining 905, almost a quarter are categorized as at risk [72].

5. Final considerations

Ever since Darwin, the study of domestication has puzzled scientists [39]. Hundreds of articles
are published each year [33, 39], as well as books, among which some are listed in Table 2.
Despite this interest, both the words “domestication” and “domestic animal” remain confus-
ing and poorly defined [32]. For domestication, this is mainly due to the inherent difficulty in
assigning static terms to a process involving long-term and continuous change [32]. For
“domestic animal,” this is because this sort of dichotomous perspective wild/domestic is false
and obscures the existence of transitional forms [32, 36, 73–75]. This is why the concept of
“domestication level” was proposed for fish to describe more accurately the diversity of
production methods as a continuum [52], from fishing up to the rearing of genetically
improved animals [24, 25, 41, 76, 77]. This concept could be applied to other animals [26, 27]
and may help describing the evolution of farmed species through both space and time in the
future [36, 73].

Traditionally, the process of domestication was assumed to be initiated by humans, involving
strong bottlenecks in the domestic population (corresponding to founder events due to the
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exchange, including the spread of Indo-European languages, religions, science, and art, and
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was increasingly used for tilling soils, incrementing farmland productivity in medieval
Europe, and remains today a crucial asset to the agriculture of the least-developed countries
[72]. With a few notable exceptions, such as the Arabian, Mongolian, and Icelandic horses,
breeds (Table 1) have been created in the last two centuries [72]. The earliest horse studbook,
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well as dilution (e.g., cream and silver), and spotting patterns (e.g., leopard complex, tobiano,
and sabino) [72]. Horse locomotion has also been recurrently selected, including their ability to
perform alternate gaits, such as four-beat, lateral, or diagonal ambling [72]. Although some
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selection of only a few individuals at the beginning of the process) and reproductive isolation
between wild and domestic forms [52, 67]. However, a growing body of archaeological,
genetic, and ethnohistorical evidence suggests that long-term gene flow between wild and
domestic stocks was much more common than previously expected, and selective breeding of
females was largely absent during the early phases of animal domestication [52, 67]. Therefore,
complete separation between wild and domestic populations was relatively late and region-
specific [52]. These findings challenge assumptions about severe genetic bottlenecks during
domestication and interpretations of genetic variability in terms of multiple instances of
domestication and raise new questions regarding ways in which behavioral and phenotypic
domestication traits were developed and maintained [52, 72]. The identity of the wild progen-
itor (or progenitors) of most domestic mammals remains also unclear because (i) the potential
wild progenitors are often able to interbreed and produce fertile offspring with the domesti-
cated congeners and (ii) many domestic animals can produce viable offspring with a host of
wild, closely related sister taxa [32]. Therefore, the intuitive notion that each modern domestic
animal (when discussed as a global population) is descended solely from a single wild species
is almost certainly incorrect, and the genetic ancestry of domestics is likely to be relatively
complex [32, 40].

Domesticated species are the result of a long and endless process that started millennia ago
(Table 1). During about 98% of their domestication history, farm animals have been managed
in a sustainable way by farmers, which lead to animals well adapted to local conditions [49,
50]. Yet, the situation changed dramatically 200 years ago as animals began to be selected for
the same phenotypic characteristics to produce hundreds of well-defined breeds (Table 1), and
reproduction among breeds was seriously reduced, leading to the fragmentation of the initial
gene pool [49, 50, 70]. A few decades ago, the selection pressures were increased further,
particularly with the use of artificial insemination, leading to a few industrial breeds with very
high performances [49, 50, 70]. In the United States, the average milk production/cow of dairy
cows increased by 1287 kg between 1993 and 2002, and 708 kg of this increase, or 55%, was due
to genetics [78]. Interestingly, until the mid-1980s, most of the increase in milk yield was the
result of improved management, in particular better application of nutritional standards and
improved quality of rough age [78]. Since then, genetics became the major factor as a result of
effective use of artificial insemination, intense selection based on progeny testing of bulls, and
worldwide distribution of semen from bulls with high genetic merit for production [78]. This
results in that, despite their total number of individuals, numerous industrial breeds have low
effective population sizes [49, 50, 70]. This might explain that apart from a highly favorable
increase in production, present-day selection for high production efficiency in livestock species
in many cases was accompanied by undesirable side effects for several physiological, immu-
nological, and reproduction traits [78, 79]. A new breeding goal aimed at improving fitness
and tolerance of metabolic stress is necessary to prevent the decrease in the quality of life of
farmed species and instead, perhaps, enhance it [70, 78–80]. More generally, an alternative to
breeding for specific traits is to target “robustness” and “resilience,” with the former focusing
on current variation among environments and the latter on future variation [81]. Management
strategies should be used to address short-term challenges from changing environments, and
genetic selection should be used to address long-term problems [81]. Another solution might
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be to crossbreed domesticated animals either with their wild ancestor (if they still exist) or with
wild relatives; it is therefore also urgent to properly assess the potential of the wild relatives as
genetic resources for agriculture, and because most are endangered, actions should be
implemented to preserve them [50]. Local breeds (present in only one country) in marginal
areas are also seriously endangered [49, 50, 80]. For instance, in Europe more than 40% of
livestock breeds are currently estimated to be endangered [82]. Farmers are often forced to
abandon their traditional breeds and to raise more competitive industrial breeds [40, 83]. As a
consequence, many locally adapted breeds have already disappeared [49, 50, 82]. Such a
phenomenon can be very fast, and a valuable traditional breed can be lost within a decade
[50]. Furthermore, even in less-developed countries, the introgression of genes from industrial
breeds seriously compromises the long-term persistence of genetic resources in locally well-
adapted breeds [49, 50, 83]. Adaptive traits may be rapidly lost by poorly designed crossbreed-
ing, leading to dilution of important adaptive loci of traditional breeds. Traits such as resis-
tance to local infectious and parasitic diseases, adaptation to poor forage, homing, and
gregarious behavior can be rapidly lost and difficult to rescue [50]. According to the FAO,
about 300 of 6000 breeds of farm animals have become extinct over the past 15 years, and 1350
currently face extinction in the near future [42, 50].

In conclusion, within a few decades, we might lose most of the highly valuable farm animal
genetic resources that humans have gradually selected over the past millennia [45, 49, 50, 72].
Subsidies should therefore be urgently given to help farmers who contribute to the in situ
preservation of genetic resources in marginal or rare breeds [80], and selection programs
should aim at restoring the genetic diversity in industrial breeds [49, 50].
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Abstract

Land animal domestication has typically led to remarkable phenotypic diversity, stemming 
from a broad genetic background. The process of land animal domestication turns out to 
be a complex, long-term event with extensive gene-flow between wild and captive popula-
tions. Using pig as model, this chapter provides an in-depth overview of domestication-
related events leading towards the genetic diversity in extant pig breeds. Five events in the 
evolutionary history and domestication of pigs can be recognized that are important for the 
genetic variation in modern pig genomes: (1) Speciation of Sus species in Island South-East 
Asia (ISEA); (2) Divergence between European and Asian lineages; (3) Independent domes-
tication leading to separate domesticated clades in Europe and Asia; (4) Hybridization 
between domesticated pigs from Asia and Europe; and (5) Breed formation. Remarkably, 
the extensive mixture of genetic material leading towards the current European commer-
cial pigs has resulted in domestic breeds that are genetically more diverse than their wild 
ancestors. Nowadays, commercial breeding and genomics go hand in hand. Genomics has 
not only proven useful to provide understanding about the domestication history of pigs 
but also about the molecular mechanisms underlying traits of interest. Moreover, genomic 
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their wild progenitors. The meaning of the word domestication is poorly defined and lacks 
consistency across different scientific disciplines [1]. From a population genetics perspec-
tive, domestication results in a deliberate separation of the captive, and then domesticated 
population from its parent population. Domestication is, therefore, initially indistinguish-
able from any other event that results in reduction of gene-flow between populations, and 
creating opportunity to respond to new selective pressures [2]. The simplest definition of 
domestication considers a domestic population as a subset of the wild population with ces-
sation of gene-flow [3]. Therefore, one can expect that domestication results in a reduction 
of genetic variation in the domesticated population. The onset of domestication occurred 
in multiple geographically distinct areas during the late Pleistocene to early Holocene 
transition (12,000–8200 B.P, [4]). The process of land animal domestication, however, turns 
out to be a complex, long-term event initiated by cultural transitions related to food pro-
duction [5, 6]. The definition of an animal to be considered domesticated varies, however, 
some common characteristics emerge from literature. Teletchea and Fontaine propose that 
a domesticated animal should be selectively bred in captivity and modified from its wild 
ancestors [7]. It is important to realize that those early considered domestic populations 
were genetically and phenotypically hardly distinguishable from wild types, and therefore 
geographical location was a better predictor of local characteristics than domestication sta-
tus [3]. The general assumption that multiple centers of domestication exist has important 
implications for the source of genetic and phenotypic variation in domesticated species. In 
cattle, for example, two distinct cattle lineages that separated ~300,000 ya, contributed to two 
major lineages of extant cattle, that is, taurine cattle (originating from Bos taurus) and indi-
cine cattle (originating from Bos indicus) [8]. It is not unlikely that multiple populations of 
wild land animals that are now extinct contributed to the genetic diversity that is observed 
in modern breeds [9]. The domestic animal populations accompanying human settlements 
did not necessarily remain at their original location of domestication. Rather, they moved 
along with early farmers spreading in Asia and from Eastern Anatolia throughout Europe 
[10]. During this process, the connection of domestic animals and farmers was relatively 
loose, enabling animals to hybridize with local wild populations [11]. Only centuries later, 
animals were actually kept in strict enclosures and intentionally bred for specific purposes, 
leading towards the best-known characteristic of domestic animals: docility [12]. This con-
trolled environment drastically reduced the opportunity of domestic herds to interbreed 
with local wild populations, which enabled strong divergence between domestic and wild 
forms. We should realize the genetic basis of the modifications leading towards morphologi-
cal differences in domestic animals compared to their wild ancestors is mostly provided by 
standing genetic variation, that is, mutations that were already present before the onset of 
domestication and selection. Therefore, indicating the genetic underpinnings of domestica-
tion remain challenging [13, 14]. Arguably, we can speak about a domestic population if not 
only the gene pool is distinct from the wild variety, but also (artificially) selected variants 
leading to desired phenotypes are at high(er) frequency in the domestic population [15–18]. 
In this chapter, an in-depth overview is provided for the complex process of domestication, 
admixture, and selection leading towards the genetic diversity in extant breeds, using pig 
as model.

Animal Domestication22

2. Genomic insight in pig domestication

Domesticated species are good models to study genomic and phenotypic consequences 
of demography and selection [19]. The use of higher DNA marker densities has enabled 
researchers to reveal the complexity of livestock domestication, which was shown to be far 
more complex than a single sampling from the wild [20]. Genotyping and sequencing tech-
nologies have opened up many opportunities to reveal the complex history of domestication, 
admixture, and selection in livestock [4, 20]. Combining modern sequence technologies with 
extensive studies on fossil records and land animal usage now enables the reconstruction of 
domestication in details. Apart from a suitable history and documentation, the availability of 
detailed genetic information is crucial to be able to study genomic alterations due to domesti-
cation. Pig (Sus scrofa, Linnaeus, 1758) was the first livestock species for which a genome con-
sortium was established with the intention to completely map the genome [21, 22]. The design 
of a 60k single nucleotide polymorphism (SNP) chip for pigs in 2009 greatly contributed to 
the applicability of genomics techniques in pig breeding, and simultaneously increased pos-
sibilities for population genomics studies [23]. The establishment of a consortium to sequence 
the pig genome in 2003 and publication of the pig reference genome in 2012 opened up an 
even greater window of opportunities to study various aspects of the genetics of pig, since the 
highest resolution possible became reality [21, 24]. Together with the evolutionary history of 
pig, these provide an unprecedented study system to demonstrate the impact of domestica-
tion from a genomics perspective. Pig genomes contain a complex composition of segments, 
reflecting the different backgrounds that contributed to the domestic animal it is today. 
Disentangling these genomic signatures provides enormous information about the complex 
background and history of the worlds’ most consumed meat type [25].

3. Conceptual history of the pig (Sus scrofa)

Here I will discuss genomic variation within and between different populations of pigs, pro-
viding deeper understanding of how domestication has influenced genetic diversity of pigs. 
Five major events in the evolutionary history and domestication of pigs can be recognized that 
are of importance for the distribution of genetic variation in modern pig genomes (Figure 1).

3.1. Speciation of Sus in island South-East Asia

Knowledge about the source of the domesticated form, the origin of the species, is essen-
tial to understand genetic variation within modern breeds. The Suidae family is particularly 
interesting for molecular genetic studies as it is one of the few mammalian lineages that has 
closely related species living today. Multiple Sus species originated roughly ~4 million years 
ago on Island Southeast Asia (ISEA). The island structure in this region probably promoted 
speciation, since the bearded pig Sus barbatus, the warty pigs S. celebensis and S. verrucosus but 
also wild S. scrofa occur on separate islands. The phylogenetic structure within the genus Sus 
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has been studied intensively and revealed a complex history of admixture [26, 27]. The past 
connection of landmasses at the Sunda shelf and isolation of Indonesian islands by the rapid 
sea level rise after the last glaciation period [28] created a dynamic process of (re)colonization, 
isolation and admixture of different Sus species and populations [29, 30]. The species that 
gave rise to the domesticated pig, Sus scrofa, has its origin in Southeast Asia some ~4 Mya and 
colonized almost the entire Eurasian mainland from there. The widespread and opportunistic 
nature of this species probably contributed to the fact that Sus scrofa is the only pig species that 
was successfully domesticated [25].

3.2. Divergence between European and Asian S. scrofa

Sus scrofa is widespread within Eurasia (Figure 1) and consists of many isolated wild and 
domesticated populations. The divergence between Western-European and Eastern-Asian 
populations has been estimated at about 1.2 Mya [24, 29], and has resulted in many fixed molec-
ular differences between the two groups. This divergence not only resulted in a European and 
an Asian S. scrofa clade, but also in differences in demographic history and population size. 
The last glacial maximum probably reduced population sizes of both European and Asian 

Figure 1. Schematic overview of the history of the pig (Sus scrofa). Five main events in pig history are indicated in 
blue, with the approximate timing of those events in red: (1) Speciation of Sus species in Island South-East Asia (ISEA). 
(2) Divergence between European and Asian S. scrofa lineages. (3) Independent domestication leading to separate 
domesticated clades in Europe and Asia. (4) Hybridization between domesticated pigs from Asia and Europe. (5) Breed 
formation.
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wild boars, but the reduction was most severe in Europe [24]. The geographic distribution of 
wild boar over Europe faced another severe decline starting in the middle ages and lasted until 
the late eighteenth century [25]. In the mid-nineteenth century, natural or human-mediated 
recolonization events resulted in isolated populations expanding their range. Some of these 
isolated populations were small in effective size for decades or longer, causing inbreeding 
and population differentiation. Local re-stocking of populations with geographically distinct 
wild boar resulted in complex genetic structures and signatures of population dynamics 
[31, 32]. Such complex genetic architectures have been detected in Italian and Luxembourgian 
wild boars. However, these mixed genomes could have been shaped due to ancient glacia-
tion events [33] or because of recent mixture [34]. Asian Sus scrofa is thought to have had a 
larger effective population size which, together with its proximity to the origin of the spe-
cies, results in higher genetic diversity compared to the European clade [24, 35, 36]. These 
highly distinct groups of wild boar provided the basis of the genetic background of the later  
domesticated pigs.

3.3. Independent domestication leading to separate clades

The demographic and geographic history of the domesticated pig may be just as complex as that 
of its wild counterpart. There is compelling evidence that pig domestication events occurred 
at multiple locations, Eastern Anatolia and China independently, some 9000–10,000 years ago 
[26, 37]. Domestication has not been a single event, but rather a long period with recurrent 
admixture with wild populations [38]. Following initial domestication, the traits selected as 
well as how animals were kept, strongly differed in Europe and Asia resulting in highly dif-
ferent domesticated pigs between Europe and Asia. Asian pigs were kept in close proximity of 
humans, often integrated in their settlements. By contrast, European pigs were roaming freely 
in forested areas in the surroundings [39, 40]. Only during the Industrial Revolution, a more 
strict pig farming system was adopted and implemented to fulfill the increasing demand for 
pork. Because of recurrent gene-flow between wild and domestic pigs, a reduction in genetic 
diversity cannot be observed in domesticated pigs compared to their presumed wild coun-
terparts [35, 38, 41]. One should realize though that European and Asian domesticated pigs 
have been geographically isolated for over a million years ago, because they have distinct wild 
origins. Therefore, they genetically resemble local wild boar more than domestic pigs from 
different geographic origins [24, 35]. This dichotomy also underlies the fact that European pigs 
and wild boar are genetically less diverse than Asian wild boar and domestic pigs.

3.4. Hybridization between domesticated pigs of different origin

It is well documented that during the Industrial Revolution in Europe, European pigs have 
been deliberately hybridized with Asian pigs. Urbanization in Europe increased the demand 
for meat such as pork, but during those times, pig farmers would still have their pigs roaming 
in surrounding forests. Forest cover was decreasing and a different pig production system 
seemed inevitable [40]. Due to this changing environment, pig breeders sought a way to improve 
their stock in such way that pigs had to become adapted to living in small(er) enclosures, be 
more prolific and gain weight more rapidly. This led to selection for traits better adapted to 
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the changed environment. Many of these traits were already present in Asian domestic pigs. 
Therefore, British farmers started crossbreeding their own pigs with these Asian pigs [40]. This 
introgression of Asian genetic material into European populations has long been demonstrated 
by genetic markers [42, 43]. Moreover, the intentional crossbreeding and consecutive artificial 
selection on Asia-derived traits enabled adaptive loci to emerge in the genome of European 
domestic pigs. Genes of Asian origin have been demonstrated to contribute to increased fertil-
ity and fatness in commercial Large White pigs [44, 45]. Very recently, hybridization between 
wild and domesticated pigs has been reported in Western Europe, resulting in traceable Asian 
genetic material in local wild boar populations in Germany [31, 32, 34].

3.5. Breed formation and globalization

Due to the worldwide consumption of pork, the species is farmed at a global scale, far exceed-
ing its original natural distribution (IUCN). The influence and contribution of commercial pig 
breeds to local ecology and biodiversity is however debated [31, 32, 46]. Also, escape or inten-
tional release of local stocks have resulted in feralization of domesticated pigs, which is now a 
major population in the United States, although the continent is not part of the native range of 
the species [47]. The domesticated pig as it is used nowadays for agricultural purposes consists 
of many breeds that have been separated and kept isolated for decades, which has resulted in 
many genetic differences between these breeds. Breed and population specific genetic stud-
ies have greatly enhanced the dissection of complex traits that are economically important. 
Knowing and understanding the origin and distribution of variation in (domesticated) species 
is important for conservation of genetic resources, such as culturally important heritage breeds 
[48]. Local husbandry and breeding techniques have created an enormous diversification of 
pig breeds. Generally, European breeds can be categorized into global commercial breeds, 
stemming from the White type in England, and local heritage breeds, developed locally and 
now often endangered [39]. It is notable that many heritage breeds genetically resemble the 
local wild boar more than global pig breeds, most likely because they were not improved 
by Asian gene-flow two centuries ago [35, 49–51]. The globalization of pig breeding and 
consumption has swamped local pig breeds with common commercial breeds from British 
heritage background, such as Large White, Landrace, Pietrain and Duroc [39]. Also, extensive 
admixture between breeds of different origin is known to occur, highly dependent on local 
breeding practices.

4. The hybrid nature of (pig) genomes

Increasing evidence showed that humans play an important role in stimulating hybridiza-
tion in wild species, either unintentionally or on purpose. Human-induced hybridization 
can not only be a by-product of globalization as some species became widely distributed 
due to human mobility, but it can also be intentional such as in domesticated species [40, 
52]. It is becoming apparent that many livestock species/breeds are actually a mixture of 
highly divergent populations with a mixed demographic history, combined in one genome. 
The formation of livestock breeds provides a good example of how man has influenced the 
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genomic architecture of a species. In cattle, for example, exchange of genetic material between 
different species promoted the uptake of beneficial traits from closely related species [53]. In 
pig, domestication does not seem to have left a clear population bottleneck, as demonstrated 
by the high level of genetic variation in European pigs [38]. This suggests that the majority 
of the genetic variation that is present in European wild boar is also present in domestic 
breeds, even though modern pigs are phenotypically clearly different from their wild coun-
terparts. Moreover, the gene-flow with wild populations as well as between different domes-
tic lineages enabled pig breeders to select for locally and globally preferred traits, using a 
broad genetic background [44, 45]. Remarkably, the extensive mixture of genetic material 
leading towards the current European commercial pigs has resulted in domestic breeds 
that are genetically more diverse than their wild ancestors in Europe [24, 35, 36, 41]. This 
counter-intuitive characteristic of commercial pigs is mainly driven by the influx of Asian 
genes during the Industrial Revolution [45]; local heritage breeds that do not display signs of 
Asian gene-flow tend to have lower genetic diversity [50, 51]. Nowadays, many breeds and 
definitions are used to describe the origin of (local) stock, with some being a complex mixture 
of Asian and European heritage, depending on the geographical region and the breeding 
practice of pig farmers.

5. Breeding and genomics go hand in hand

Pig farming has drastically changed since first domestication. Todays’ elaborate pig breeding 
industry has only few characteristics in common with early pig farmers, and has resulted 
in a highly professional large-scale pork production system, making use of latest technolo-
gies in animal breeding. Selection for particular traits not only improved due to more precise 
phenotyping and better defined traits such as carcass quality, growth rate and fertility [54], 
but also because of crossing breeds with desirable traits of different origins [45]. The use 
of pedigree information and large-scale tracking of animal relatedness has speeded up the 
improvement of pig breeds. In other livestock, especially cattle, the implementation of the use 
of genetic markers on top of pedigree information resulted in even more efficient selection 
[55]. The recent and rapid genetic progress can be achieved due to the implementation of 
genomic selection, in which animals are selected based on their performance predicted from 
their genotypes, rather than phenotypes [56]. This way, animals can be selected at an earlier 
stage, and predicted phenotypes for typically female traits can also be implemented using 
genotype information from males [57, 58].

Genomics has not only proven useful as a tool in genomic selection, but also has provided more 
understanding about the molecular mechanisms that underlie traits of interest. Knowledge 
about the link between genes and trait enables more accurate breeding [54]. Moreover, if 
the function of a specific gene is known, it can provide insight into the selection history of a 
breed. Numerous studies have successfully identified selection for genes linked to specific 
commercially important traits (Table 1). Interestingly, some of these genes under selection 
in European breeds have an Asian origin [59–61]. Also, genome-wide scans for detrimental 
variants have identified mutations in commercial populations with negative effects [62, 63]. 
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by genetic markers [42, 43]. Moreover, the intentional crossbreeding and consecutive artificial 
selection on Asia-derived traits enabled adaptive loci to emerge in the genome of European 
domestic pigs. Genes of Asian origin have been demonstrated to contribute to increased fertil-
ity and fatness in commercial Large White pigs [44, 45]. Very recently, hybridization between 
wild and domesticated pigs has been reported in Western Europe, resulting in traceable Asian 
genetic material in local wild boar populations in Germany [31, 32, 34].

3.5. Breed formation and globalization

Due to the worldwide consumption of pork, the species is farmed at a global scale, far exceed-
ing its original natural distribution (IUCN). The influence and contribution of commercial pig 
breeds to local ecology and biodiversity is however debated [31, 32, 46]. Also, escape or inten-
tional release of local stocks have resulted in feralization of domesticated pigs, which is now a 
major population in the United States, although the continent is not part of the native range of 
the species [47]. The domesticated pig as it is used nowadays for agricultural purposes consists 
of many breeds that have been separated and kept isolated for decades, which has resulted in 
many genetic differences between these breeds. Breed and population specific genetic stud-
ies have greatly enhanced the dissection of complex traits that are economically important. 
Knowing and understanding the origin and distribution of variation in (domesticated) species 
is important for conservation of genetic resources, such as culturally important heritage breeds 
[48]. Local husbandry and breeding techniques have created an enormous diversification of 
pig breeds. Generally, European breeds can be categorized into global commercial breeds, 
stemming from the White type in England, and local heritage breeds, developed locally and 
now often endangered [39]. It is notable that many heritage breeds genetically resemble the 
local wild boar more than global pig breeds, most likely because they were not improved 
by Asian gene-flow two centuries ago [35, 49–51]. The globalization of pig breeding and 
consumption has swamped local pig breeds with common commercial breeds from British 
heritage background, such as Large White, Landrace, Pietrain and Duroc [39]. Also, extensive 
admixture between breeds of different origin is known to occur, highly dependent on local 
breeding practices.

4. The hybrid nature of (pig) genomes

Increasing evidence showed that humans play an important role in stimulating hybridiza-
tion in wild species, either unintentionally or on purpose. Human-induced hybridization 
can not only be a by-product of globalization as some species became widely distributed 
due to human mobility, but it can also be intentional such as in domesticated species [40, 
52]. It is becoming apparent that many livestock species/breeds are actually a mixture of 
highly divergent populations with a mixed demographic history, combined in one genome. 
The formation of livestock breeds provides a good example of how man has influenced the 

Animal Domestication26

genomic architecture of a species. In cattle, for example, exchange of genetic material between 
different species promoted the uptake of beneficial traits from closely related species [53]. In 
pig, domestication does not seem to have left a clear population bottleneck, as demonstrated 
by the high level of genetic variation in European pigs [38]. This suggests that the majority 
of the genetic variation that is present in European wild boar is also present in domestic 
breeds, even though modern pigs are phenotypically clearly different from their wild coun-
terparts. Moreover, the gene-flow with wild populations as well as between different domes-
tic lineages enabled pig breeders to select for locally and globally preferred traits, using a 
broad genetic background [44, 45]. Remarkably, the extensive mixture of genetic material 
leading towards the current European commercial pigs has resulted in domestic breeds 
that are genetically more diverse than their wild ancestors in Europe [24, 35, 36, 41]. This 
counter-intuitive characteristic of commercial pigs is mainly driven by the influx of Asian 
genes during the Industrial Revolution [45]; local heritage breeds that do not display signs of 
Asian gene-flow tend to have lower genetic diversity [50, 51]. Nowadays, many breeds and 
definitions are used to describe the origin of (local) stock, with some being a complex mixture 
of Asian and European heritage, depending on the geographical region and the breeding 
practice of pig farmers.

5. Breeding and genomics go hand in hand

Pig farming has drastically changed since first domestication. Todays’ elaborate pig breeding 
industry has only few characteristics in common with early pig farmers, and has resulted 
in a highly professional large-scale pork production system, making use of latest technolo-
gies in animal breeding. Selection for particular traits not only improved due to more precise 
phenotyping and better defined traits such as carcass quality, growth rate and fertility [54], 
but also because of crossing breeds with desirable traits of different origins [45]. The use 
of pedigree information and large-scale tracking of animal relatedness has speeded up the 
improvement of pig breeds. In other livestock, especially cattle, the implementation of the use 
of genetic markers on top of pedigree information resulted in even more efficient selection 
[55]. The recent and rapid genetic progress can be achieved due to the implementation of 
genomic selection, in which animals are selected based on their performance predicted from 
their genotypes, rather than phenotypes [56]. This way, animals can be selected at an earlier 
stage, and predicted phenotypes for typically female traits can also be implemented using 
genotype information from males [57, 58].

Genomics has not only proven useful as a tool in genomic selection, but also has provided more 
understanding about the molecular mechanisms that underlie traits of interest. Knowledge 
about the link between genes and trait enables more accurate breeding [54]. Moreover, if 
the function of a specific gene is known, it can provide insight into the selection history of a 
breed. Numerous studies have successfully identified selection for genes linked to specific 
commercially important traits (Table 1). Interestingly, some of these genes under selection 
in European breeds have an Asian origin [59–61]. Also, genome-wide scans for detrimental 
variants have identified mutations in commercial populations with negative effects [62, 63]. 
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Recent work demonstrates that some variants that cause lethality in homozygous state are 
present at relatively high frequency in commercial pig lines [64, 65]. Knowing these reces-
sive lethal mutations can aid in avoiding matings between carriers of such mutations within 
the breeding scheme. Overall, genomics has provided valuable insight into variation in pigs: 
what its origin is, how is it maintained, reduced and increased. This turned out to be a com-
plex interplay of molecular processes, selection, demographic history, gene-flow and human 
interference. Moreover, genomics is an important tool in the pig industry nowadays and is 
integral to modern commercial breeding.
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KIT Coat color Andersson and Plastow [66]

KITLG Coat color Okumura et al., [61]

MC1R Coat color Kijas et al., [67]; Fang et al., [68]

EDNRB Coat color Ai et al., [59]; Wilkinson et al., [69]

IGF2 Lean growth van Laere et al., [70]

RYR1 Lean growth Fujii et al., [71]

PRKAG3 Lean growth Milan et al., [72]

NR6A1 Body size Rubin et al., [73]

PLAG1 Body size Rubin et al., [73]
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Table 1. Non-exhaustive list of genes associated with commercially important traits in pigs.
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Abstract

Domestication has irrevocably impacted human evolution. The domestication process/
pathways have been the focus of abundant research for plants and vertebrates. Advances 
in genetics and archeology have allowed tremendous progresses in the understanding of 
domestication for these organisms. In contrast, insects’ domestication has comparatively 
received far less attention to date. Yet, insects are the most common animal group on 
Earth and provide many valuable ecosystem services to humans. Therefore, the aims of 
this chapter are (i) to provide an overview of main ancient and recent insect domestica-
tion histories and (ii) to reread them by the light of the domestication process, pathways, 
triggers, and consequences observed in other animal species. Some of the considered 
species (i.e., silkworm and honey bee) have been chosen because they are among the few 
insects commonly acknowledged as domesticated, while others allow illustrating alter-
native domestication patterns. The overview of current literature shows similar human-
directed pathway and domestication syndrome (e.g., increased tameness, decreased 
aggressiveness, modified reproduction) between several insect species.

Keywords: domestication level, domestication pathways, domestication syndrome, 
insect species

1. Introduction

Domestication is one of the most important developments in human history [1]. Beginning 
during the Late Pleistocene with dog domestication [2, 3], it has irrevocably impacted human 
history, demography, and evolution leading to our current civilizations [1, 4–6]. Domesticated 
species play important roles for humans in many aspects of our daily life by providing food, 
biological control agents, pets, sporting animals, basic materials, and laboratory models [1, 7, 8].  
This considerable importance in our culture, survival, and way of life has always aroused the 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[69] Ai H, Fang X, Yang B, Huang Z, Chen H, Mao L, et al. Adaptation and possible ancient 
interspecies introgression in pigs identified by whole-genome sequencing. Nature 
Genetics. 2015;47:217-225

[70] Van Laere AS, Nguyen M, Braunschweig M, Nezer C, Collette C, Moreau L, et al. A 
regulatory mutation in IGF2 causes a major QTL effect on muscle growth in the pig. 
Nature. 2003;425:832-836

[71] Fujii J, Otsu K, Zorzato F, de Leon S, Khanna VK, Weiler JE, et al. Identification of a muta-
tion in porcine ryanodine receptor associated with malignant hyperthermia. Science. 
1991;253:448-451

[72] Milan D, Jeon JT, Looft C, Amarger V, Robic A, Thelander M, et al. A mutation in 
PRKAG3 associated with excess glycogen content in pig skeletal muscle. Science. 2000; 
288:1248-1251

[73] Rubin CJ, Megens HJ, Barrio AM, Maqbool K, Sayyab S, Schwochow D, et al. Strong sig-
natures of selection in the domestic pig genome. Proceedings of the National Academy 
of Sciences of the United States of America. 2012;109(48):19529-19536

[74] Choi JW, Chung WH, Lee KT, Cho ES, Lee SW, Choi BH, et al. Whole-genome resequenc-
ing analyses of five pig breeds, including Korean wild and native, and three European 
origin breeds. DNA Research. 2015;22:259-267

Animal Domestication34

Chapter 3

Insects: The Disregarded Domestication Histories

Thomas Lecocq

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.81834

Provisional chapter

DOI: 10.5772/intechopen.81834

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Insects: The Disregarded Domestication Histories

Thomas Lecocq

Additional information is available at the end of the chapter

Abstract

Domestication has irrevocably impacted human evolution. The domestication process/
pathways have been the focus of abundant research for plants and vertebrates. Advances 
in genetics and archeology have allowed tremendous progresses in the understanding of 
domestication for these organisms. In contrast, insects’ domestication has comparatively 
received far less attention to date. Yet, insects are the most common animal group on 
Earth and provide many valuable ecosystem services to humans. Therefore, the aims of 
this chapter are (i) to provide an overview of main ancient and recent insect domestica-
tion histories and (ii) to reread them by the light of the domestication process, pathways, 
triggers, and consequences observed in other animal species. Some of the considered 
species (i.e., silkworm and honey bee) have been chosen because they are among the few 
insects commonly acknowledged as domesticated, while others allow illustrating alter-
native domestication patterns. The overview of current literature shows similar human-
directed pathway and domestication syndrome (e.g., increased tameness, decreased 
aggressiveness, modified reproduction) between several insect species.

Keywords: domestication level, domestication pathways, domestication syndrome, 
insect species

1. Introduction

Domestication is one of the most important developments in human history [1]. Beginning 
during the Late Pleistocene with dog domestication [2, 3], it has irrevocably impacted human 
history, demography, and evolution leading to our current civilizations [1, 4–6]. Domesticated 
species play important roles for humans in many aspects of our daily life by providing food, 
biological control agents, pets, sporting animals, basic materials, and laboratory models [1, 7, 8].  
This considerable importance in our culture, survival, and way of life has always aroused the 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



curiosity of scientists and nonscientists. An extraction from the database Scopus of articles and 
reviews published since 1960 in Life Science Area (i.e., agricultural and biological sciences; 
biochemistry, genetics and molecular biology; environmental science; multidisciplinary) for 
which the term “domestication” is cited in the title, the abstract, or the keywords inventories 
6199 documents (database accessed on August 31, 2018). However, despite this profusion of 
literature, significant questions regarding the domestication process, the domesticated spe-
cies notion, or the domestication histories still remain [9–11].

The notions of domesticated species and domestication process are among the most confusing 
and controversial concepts in biology [12–14]. Vivid debates are continually fuelled by clashes 
of conflicting, although complementary, visions of botanists, mammalogists, ornithologists, 
ichthyologists, archeologists, geneticists, and sociologists. The achievement of a consensual 
view is impeded by the complexity of the domestication phenomenon, which involves many 
phylogenetically distant species and occurs in several different social and cultural contexts [1]. 
Nevertheless, there were some attempts to unify the alternative points of view to some extent 
[1, 12, 13, 15–17]. For the purpose of this chapter, domestication can, thereby, be considered as 
the process in which populations are bred in man-controlled environment and modified across 
succeeding generations from their wild ancestors in ways making them more useful to humans 
who control, increasingly during the process, their reproduction and food supply [1, 12, 15–17]. 
This process does not involve all populations of a particular species: some populations can 
undergo domestication, while other populations do not. The domestication process is a con-
tinuum that can be divided into five key steps (the so-called “domestication levels”) based on 
the degree of human control over the population life cycle and the degree of gene flow from 
wild counterparts [12]. This classification had been primarily developed for fish species [12, 18] 
but can be extended to other species (Figure 1). At the early stage (level 1) of the domestication 
process, the first attempts of acclimatization of a wild population to man-controlled environ-
ments are made [12]. These environments can be captive or “ranch” conditions quite isolated 
from wild populations where living conditions, diet, and food are controlled by humans [19]. 
The next stages correspond to an increasing control of the life cycle by humans: level 2—a part 
of life cycle is controlled by humans in man-controlled environments, but “seed” materials 
are collected in the wild to maintain rearing of the species (i.e., capture-based production; e.g., 
[20]); level 3—the life cycle is fully controlled by humans in man-controlled environments, but 
significant gene flow from the wild still occurs due to spontaneous introgressions or inten-
tional wild specimen introductions by breeders [21]; level 4—the life cycle is fully controlled 
by humans in man-controlled environments without wild inputs [12]. The last stage (level 5) 
corresponds to the development of selective breeding programs or organism engineering to 
intentionally modify some traits of the human-controlled populations (e.g., [22–24]). Seen from 
this perspective, a species can be considered as domesticated when it reaches, along this con-
tinuum, a threshold arbitrarily defined according to a particular scientific or legislative context. 
The resulting subjective definition of domesticated species is thus eluded from this chapter.

The domestication process is set during a temporal succession of interactions between a spe-
cies and humans: the so-called “domestication pathways” [10, 25]. An overview of published 
domestication histories allows identifying three main pathways [10, 15, 25, 26]. In the commensal 
pathway, there is no intentional action on the part of humans but, as people manipulated their 
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immediate surroundings, some populations of wild species have been attracted to elements of 
the human niche. The tamer, less aggressive individuals with shorter fight or flight distances 
of a wild species establish a profitable commensal relationship with humans. Later, succeeding 
generations of such individuals shift from cynanthropy to domestication through captivity 
setting up and human-controlled breeding. The dog and the cat are the archetypal commensal 
pathway species [10]. Contrary to the former, the prey pathway begins with human actions, 
but the primary human motive is not to domesticate but to increase food resources. Actually, 
it is initiated when humans modify their hunting strategies into game-management strate-
gies to increase prey availability, perhaps as a response to localized pressure on the supply of 
prey. Over time and with the more responsive populations (e.g., the more docile individuals), 
these game-management/keeping strategies turn into herd-management strategies based on 

Figure 1. Domestication process and insect domestication level. Numbers 0–5 refer to the domestication levels [12, 18]. 
Characteristics of each domestication level are provided on the left. Lines and points near the insect species names show 
the range of domestication degrees observed among populations of the species.
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gies to increase prey availability, perhaps as a response to localized pressure on the supply of 
prey. Over time and with the more responsive populations (e.g., the more docile individuals), 
these game-management/keeping strategies turn into herd-management strategies based on 

Figure 1. Domestication process and insect domestication level. Numbers 0–5 refer to the domestication levels [12, 18]. 
Characteristics of each domestication level are provided on the left. Lines and points near the insect species names show 
the range of domestication degrees observed among populations of the species.
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a sustained multigenerational control over movements, feeding, and reproduction of popula-
tions corresponding to a domestication process. Species that have followed this prey pathway 
are, for instance, large terrestrial herbivorous mammals [26]. At last, the directed pathway is 
the only one that begins with a deliberate and directed process initiated by humans in order 
to domesticate populations of a wild species [26]. Most modern domestic species such as pets 
[27], transport animals [10], and aquatic species [12, 28] have arisen because of this pathway 
[10]. The three pathways are theoretical conceptualizations of domestication process, but many 
species have a more complex history involving several pathways (e.g., pigs [10, 25, 29]).

When the domestication process begins, it results in long-term genetic differentiation and, 
finally, in the evolution of distinct changes in phenotypic traits [16, 30]. The differentiation of 
populations undergoing a domestication process can be initiated early in their domestication 
history and despite persistent gene flow from wild populations [21, 31–34]. The resulting 
specific morphology, physiology, and behavior constitute the “domestication syndrome” 
that tends to be more of less similar among different species of a particular organism group 
[35–40]. Overall, these specificities include domestication traits (i.e., facilitating the early stage 
of domestication) and improvement traits (i.e., appearing at latter stages of domestication) 
[35]. The first are shared by all domesticates and generally fixed during the first stages of 
domestication, while the latter are observed in some domesticated populations when higher 
human impacts on breeding happens [10]. These changes are driven by (i) selection pressures 
created by both unintentional and deliberate human actions as well as by human-modified 
environments and/or by (ii) a relaxation of the selection occurring in the wild [10, 41, 42].

The domestication process, pathways, and consequences on plants (e.g., [1, 37, 43]), mammals 
(e.g., [1, 10, 26]), birds (e.g., [44, 45]), and fishes (e.g., [12, 28]) have been the focus of an abun-
dant research from Darwin’s works [46]. However, insects’ domestication has comparatively 
received far less attention to date [47]. Yet, insects are the most common animal group on Earth: 
they make up about 75% of all animal species [48, 49]. They play an important role in pollination, 
waste bioconversion, biocontrol, raw material supplying, food production, medical application, 
and human cultures. Strangely, major reviews on domestication give the impression that so few 
have been domesticated [10, 11, 15, 25, 26]. An overview of current literature shows how insect 
domestication has been overlooked: the database Scopus inventories only 68 papers that focus 
on it and most of them on only two species (i.e., the silkworm and the honey bee). Actually, most 
insect rearing/breeding/farming histories have not been considered as domestication processes 
although they can be interpreted as such. Therefore, the aims of this chapter are (i) to provide an 
overview of main ancient and recent insect domestication histories and (ii) to reread them by the 
light of the domestication process, pathways, triggers, and consequences observed in other ani-
mal species. Some of the considered species (silkworm and honey bee) have been chosen because 
they are among the few insects commonly acknowledged as domesticated species, while others 
have been considered since they allow illustrating alternative domestication patterns.

2. The silkworm and the sericulture

Silkworm is the caterpillar of the moth Bombyx mori (Lepidoptera, Bombycidae). It is one of the 
most important insects in human economy because the species is the primary producer of silk 
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[50, 51]. Although silk has a tiny percentage of the global textile fiber market (i.e., less than 0.2%; 
the yearly worldwide production is about 200,000 metric tons of silk [51]), the annual turnover 
of the China National Silk Import and Export Corporation alone is more than 2 billion US$ 
[19, 51]. Moreover, silk production provides employments to several million persons in rural 
and semirural areas across the world [19] (e.g., 8 millions in India [51]). Beside its economic 
importance, B. mori is an edible insect [19], a health food [19], a pet [19], and model species for 
basic research because of its short life cycle and adaptation to laboratory culture [52–55].

2.1. Bombyx mori life cycle and production

The silkworm life cycle is strongly controlled by humans in indoor facilities with controlled 
environmental conditions [51]. New eggs are incubated in rearing facilities where their 
hatching can be scheduled and synchronized by humans through chemical treatments and 
photothermal controls (e.g., black boxing practices) [51]. The newly hatched caterpillars are 
transferred to rearing tray (i.e., brushing process) and fed by humans with man-produced 
plants (e.g., mulberry leaves) [51]. After several molts, caterpillars climb on man-provided 
supports and spin their silken cocoons. Then, cocoons are collected and B. mori specimens are 
killed before metamorphosis since proteolytic enzymes released to make a hole in the cocoon 
by the adults are destructive to the silk [51]. Some cocoons are allowed to survive in order 
to produce adults for breeding [51]. In contrast to closely related wild moth species (e.g., B. 
mandarina) that fly for reproduction or evasion from predators, B. mori adults are not capable 
of functional flight due to their too big/heavy body and their small wings [51]. Therefore, B. 
mori completely relies on human assistance in finding a mate and a laying support [51]. The 
B. mori oviposition site selection is also controlled by humans (i.e., egg laying occurs on man-
offered mulberry plant or on filter paper) [51, 56].

2.2. Domestication history and pathway of Bombyx mori

Bombyx mori is one of the few insects commonly acknowledged as truly domesticated and 
as a stunning case in point of insect domestication [47, 52, 57, 58]. Several archeological and 
molecular studies have tried to trace the history of its domestication (e.g., [57, 59–62]). The 
silkworm was domesticated roughly 7500 years ago from Chinese populations of B. manda-
rina, an extant wild silk moth of East Asia [57, 59, 60, 63]. The domestication of the silkworm 
is thought to be a directed pathway [10] starting at a single event [61]. Long-term bidirectional 
significant gene flow occurred between wild and domesticated silkworm populations during 
the first 3500 years of the domestication [59] most likely because of accidental escapes and 
intentional hybridizations by breeders to produce desirable strains [52, 59, 64]. Nowadays, 
low gene flow presumably still exists with B. mandarina [65].

Even though silk spread rapidly across Eurasia, its production remained exclusively Chinese 
for several millennia [62, 66]. Indeed, the sericulture (i.e., the raising silkworms for silk pro-
duction) spread only to Korea and Japan around 2000 years ago [57, 60] and was even later 
introduced to Central Asia and Europe (i.e., the Byzantines acquired the sericulture methods 
by 522 CE) through the Silk Road [57, 66]. This silkworm production expansion is one of the 
most tremendous examples of the direct and indirect consequences of the animal domestica-
tion on the human history [57]. Indeed, the opening of Silk Road has dramatically impacted 
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light of the domestication process, pathways, triggers, and consequences observed in other ani-
mal species. Some of the considered species (silkworm and honey bee) have been chosen because 
they are among the few insects commonly acknowledged as domesticated species, while others 
have been considered since they allow illustrating alternative domestication patterns.

2. The silkworm and the sericulture

Silkworm is the caterpillar of the moth Bombyx mori (Lepidoptera, Bombycidae). It is one of the 
most important insects in human economy because the species is the primary producer of silk 
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importance, B. mori is an edible insect [19], a health food [19], a pet [19], and model species for 
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The silkworm life cycle is strongly controlled by humans in indoor facilities with controlled 
environmental conditions [51]. New eggs are incubated in rearing facilities where their 
hatching can be scheduled and synchronized by humans through chemical treatments and 
photothermal controls (e.g., black boxing practices) [51]. The newly hatched caterpillars are 
transferred to rearing tray (i.e., brushing process) and fed by humans with man-produced 
plants (e.g., mulberry leaves) [51]. After several molts, caterpillars climb on man-provided 
supports and spin their silken cocoons. Then, cocoons are collected and B. mori specimens are 
killed before metamorphosis since proteolytic enzymes released to make a hole in the cocoon 
by the adults are destructive to the silk [51]. Some cocoons are allowed to survive in order 
to produce adults for breeding [51]. In contrast to closely related wild moth species (e.g., B. 
mandarina) that fly for reproduction or evasion from predators, B. mori adults are not capable 
of functional flight due to their too big/heavy body and their small wings [51]. Therefore, B. 
mori completely relies on human assistance in finding a mate and a laying support [51]. The 
B. mori oviposition site selection is also controlled by humans (i.e., egg laying occurs on man-
offered mulberry plant or on filter paper) [51, 56].

2.2. Domestication history and pathway of Bombyx mori

Bombyx mori is one of the few insects commonly acknowledged as truly domesticated and 
as a stunning case in point of insect domestication [47, 52, 57, 58]. Several archeological and 
molecular studies have tried to trace the history of its domestication (e.g., [57, 59–62]). The 
silkworm was domesticated roughly 7500 years ago from Chinese populations of B. manda-
rina, an extant wild silk moth of East Asia [57, 59, 60, 63]. The domestication of the silkworm 
is thought to be a directed pathway [10] starting at a single event [61]. Long-term bidirectional 
significant gene flow occurred between wild and domesticated silkworm populations during 
the first 3500 years of the domestication [59] most likely because of accidental escapes and 
intentional hybridizations by breeders to produce desirable strains [52, 59, 64]. Nowadays, 
low gene flow presumably still exists with B. mandarina [65].

Even though silk spread rapidly across Eurasia, its production remained exclusively Chinese 
for several millennia [62, 66]. Indeed, the sericulture (i.e., the raising silkworms for silk pro-
duction) spread only to Korea and Japan around 2000 years ago [57, 60] and was even later 
introduced to Central Asia and Europe (i.e., the Byzantines acquired the sericulture methods 
by 522 CE) through the Silk Road [57, 66]. This silkworm production expansion is one of the 
most tremendous examples of the direct and indirect consequences of the animal domestica-
tion on the human history [57]. Indeed, the opening of Silk Road has dramatically impacted 
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human history by triggering cultural/technical/good exchanges as well as population move-
ments and disease spread out (e.g., bubonic plague) between Eurasian civilizations while 
its closing forced the merchants to take to the sea to ply their trade triggering the Age of 
Discovery [51, 66]. The industrial revolution and the increasing demand in Europe led to a 
peak of the sericulture by the eighteenth and nineteenth centuries before declining due to 
silkworm disease breakouts and the raising of cotton industry [51].

2.3. Consequences and progress of the domestication process in Bombyx mori

Bombyx mori displays significant specificities compared to its phylogenetically nearest wild 
counterpart [67–71]. Some of these traits can be considered as (i) domestication traits rein-
forced by or (ii) improvement traits fostered by selective pressures shaped by unintentional/
deliberate human actions and human-modified environments: an increased cocoon size, larger 
body size, higher silk production, higher growth rate, larger tolerance to human presence/
handling, higher ability to live in crowded conditions, and a better feed efficiency [51, 52, 57]. 
Conversely, other specificities could be explained by a relaxation of the selection occurring in 
the wild (e.g., predation pressure): leucism (meaning the loss of camouflage) and disability to 
fly [51, 68]. These last changes have made B. mori entirely dependent upon humans for sur-
vival, feeding, and reproduction [51, 52]. Moreover, independent selective breeding programs 
and different breeding environments (i.e., from temperate to tropical climate) have led to the 
development of more than 1000 inbred lines or strains of domesticated silkworms across the 
world [51, 57, 60, 72]. Since B. mori (i) has its life cycle fully controlled by humans in captivity, 
(ii) is entirely dependent on humans for reproduction, (ii) and undergoes selective breeding 
and genetic improvement to harvest maximum output, they are one of the few insect species 
at a very advanced domestication stage (Level 5; Figure 1). While they are not as extreme as 
the B. mori case, other moth species used for silk production have their life cycle under human 
control and dependence such as Samia cynthia (i.e., ericulture; see [73, 74]).

3. The honey bees: beekeeping or apiculture?

Honey bees are eusocial insect species distinguished by their production and storage of 
honey and their construction of colonial nests from wax [75]. They belong to the same genus 
(Hymenoptera, Apidae, Apis spp.) that includes 11 species and many subspecies native from 
the Old World [75, 76]. The dwarf honey bees (A. florea and A. andreniformis) are small species 
from southern and southeastern Asia that make small open nests in trees and shrubs [75, 77, 78]. 
These species produce honey that is harvested and eaten by local human populations [77, 79]. 
The giant honey bees (A. binghami, A. breviligula, A. dorsata, and A. laboriosa) are aggressive spe-
cies inhabiting forest areas of South and Southeast Asia [80–82]. They produce honey and wax 
in their open nest on trees, cliffs, or buildings that are harvested by indigenous people [83–85]. 
Apis koschevnikovi and A.nuluensis are cavity-nesting species that occur in the tropical evergreen 
forests of Borneo [86, 87]. Apis nigrocincta is a cavity-nesting species reported in Sulawesi [75]. 
The western honey bee (A. mellifera) and the eastern honey bee (A. cerana) are cavity-nesting 
species native throughout (i) Africa, the Middle East, and Europe and (ii) South and Southeast 
Asia, respectively [75]. All Apis species are important pollinators for many ecosystems [88]. 
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Although other species like A. dorsata or A. cerana can be important for human economy and 
feeding in certain countries, none achieves the crucial economic, agricultural, scientific, and 
environmental importance of A. mellifera [89–91]. Its importance relies on its pollination activity 
as well as on its production of honey, wax, venom, pollen pellets, propolis, and royal jelly [92].

3.1. Apis mellifera life cycle and production

Unlike most of other bee species, honey bees produce perennial colonies with large number 
of individuals that (i) belong to different castes (i.e., workers that are sterile females, drones 
that are males, and queen that is the reproductive female) and (ii) are not able to survive by 
themselves for extended periods [75]. In the nest, there is a labor division between castes: (i) 
the workers harvest pollen and nectar on flowers to feed larvae, queen, and other workers 
as well as to store food as honey [89, 93] and protect the nest from predators and (ii) queen 
ensures the production of new queens, drones, and workers [75]. The colony is considered 
as a superorganism since it is a collection of agents, which can act in concert to produce phe-
nomena (e.g., colony exhibit homeostasis and emergent behavior) governed by the collective 
[94]. When environmental conditions are favorable (i.e., abundance of food), new queens are 
produced while old queen with up to two-thirds of the workers leaves the nest in a swarm to 
find a new location to establish a new nest [89]. In the old nest, new queens compete until only 
one remains and the survivor takes the nest control [89]. Then, the new queen goes on one 
or more nuptial flights and mates with several drones [95]. Once mating is done, the queen 
remains in the hive and lays eggs [89]. The swarming behavior and the takeover of the old 
nest by the new queen can be interpreted as the reproduction of the superorganism.

Humans can control the life cycle of the superorganism by providing man-made hives for the 
colony to live and store food [89]. This allows humans to easily collect honey and other prod-
ucts that hive produces rather than to scavenge these products in the wild. More advanced 
practices allow apiarists to control colony reproduction by restricting swarming behavior and 
controlling mating by artificial insemination [96, 97].

3.2. Domestication history, traits, and pathway of Apis mellifera

Molecular dating suggests that A. mellifera expanded its distribution around 1 million years 
ago [98, 99] from a still debated ancestral range [76, 90, 98–102]. During its range expansion, 
the western honey bee experienced local adaptations [103] and geographic differentiations 
leading to the current substantial phenotypic variation across its extensive geographic range 
[101]. This intraspecific variability has been used to develop an extensive classification of 29 
subspecies (or “races”) [76]. These taxa are now lumped into four major groups based on mor-
phological, genetical, ecological, physiological, and behavioral traits: the African, Western/
Northern European, Eastern European, and Middle East populations (review in [100]). The 
European groups exhibit phenotypic adaptations to survive colder winters, whereas the 
African group is more aggressive and shows a greater tendency to swarm [101].

Humans began harvesting wax and honey from honey bee colonies at least 9000 years ago 
[104, 105]. They originally scavenged these products from wild nests [89, 104, 105]. However, 
the demand for honey outgrew its natural availability as human populations became larger and 
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ments and disease spread out (e.g., bubonic plague) between Eurasian civilizations while 
its closing forced the merchants to take to the sea to ply their trade triggering the Age of 
Discovery [51, 66]. The industrial revolution and the increasing demand in Europe led to a 
peak of the sericulture by the eighteenth and nineteenth centuries before declining due to 
silkworm disease breakouts and the raising of cotton industry [51].

2.3. Consequences and progress of the domestication process in Bombyx mori

Bombyx mori displays significant specificities compared to its phylogenetically nearest wild 
counterpart [67–71]. Some of these traits can be considered as (i) domestication traits rein-
forced by or (ii) improvement traits fostered by selective pressures shaped by unintentional/
deliberate human actions and human-modified environments: an increased cocoon size, larger 
body size, higher silk production, higher growth rate, larger tolerance to human presence/
handling, higher ability to live in crowded conditions, and a better feed efficiency [51, 52, 57]. 
Conversely, other specificities could be explained by a relaxation of the selection occurring in 
the wild (e.g., predation pressure): leucism (meaning the loss of camouflage) and disability to 
fly [51, 68]. These last changes have made B. mori entirely dependent upon humans for sur-
vival, feeding, and reproduction [51, 52]. Moreover, independent selective breeding programs 
and different breeding environments (i.e., from temperate to tropical climate) have led to the 
development of more than 1000 inbred lines or strains of domesticated silkworms across the 
world [51, 57, 60, 72]. Since B. mori (i) has its life cycle fully controlled by humans in captivity, 
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at a very advanced domestication stage (Level 5; Figure 1). While they are not as extreme as 
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3. The honey bees: beekeeping or apiculture?
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(Hymenoptera, Apidae, Apis spp.) that includes 11 species and many subspecies native from 
the Old World [75, 76]. The dwarf honey bees (A. florea and A. andreniformis) are small species 
from southern and southeastern Asia that make small open nests in trees and shrubs [75, 77, 78]. 
These species produce honey that is harvested and eaten by local human populations [77, 79]. 
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cies inhabiting forest areas of South and Southeast Asia [80–82]. They produce honey and wax 
in their open nest on trees, cliffs, or buildings that are harvested by indigenous people [83–85]. 
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environmental importance of A. mellifera [89–91]. Its importance relies on its pollination activity 
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that are males, and queen that is the reproductive female) and (ii) are not able to survive by 
themselves for extended periods [75]. In the nest, there is a labor division between castes: (i) 
the workers harvest pollen and nectar on flowers to feed larvae, queen, and other workers 
as well as to store food as honey [89, 93] and protect the nest from predators and (ii) queen 
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as a superorganism since it is a collection of agents, which can act in concert to produce phe-
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produced while old queen with up to two-thirds of the workers leaves the nest in a swarm to 
find a new location to establish a new nest [89]. In the old nest, new queens compete until only 
one remains and the survivor takes the nest control [89]. Then, the new queen goes on one 
or more nuptial flights and mates with several drones [95]. Once mating is done, the queen 
remains in the hive and lays eggs [89]. The swarming behavior and the takeover of the old 
nest by the new queen can be interpreted as the reproduction of the superorganism.

Humans can control the life cycle of the superorganism by providing man-made hives for the 
colony to live and store food [89]. This allows humans to easily collect honey and other prod-
ucts that hive produces rather than to scavenge these products in the wild. More advanced 
practices allow apiarists to control colony reproduction by restricting swarming behavior and 
controlling mating by artificial insemination [96, 97].
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Molecular dating suggests that A. mellifera expanded its distribution around 1 million years 
ago [98, 99] from a still debated ancestral range [76, 90, 98–102]. During its range expansion, 
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[101]. This intraspecific variability has been used to develop an extensive classification of 29 
subspecies (or “races”) [76]. These taxa are now lumped into four major groups based on mor-
phological, genetical, ecological, physiological, and behavioral traits: the African, Western/
Northern European, Eastern European, and Middle East populations (review in [100]). The 
European groups exhibit phenotypic adaptations to survive colder winters, whereas the 
African group is more aggressive and shows a greater tendency to swarm [101].

Humans began harvesting wax and honey from honey bee colonies at least 9000 years ago 
[104, 105]. They originally scavenged these products from wild nests [89, 104, 105]. However, 
the demand for honey outgrew its natural availability as human populations became larger and 
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sedentary [106]. This context presumably triggered the beekeeping development by providing 
hives to honey bees that make it easier to harvest their honey and wax by humans [105]. At the 
beginnings of beekeeping, honey bees were not “bred” so much as “kept”: humans provided 
rudimentary containers (often destroyed during honey harvesting) and hoped that wild bee col-
onies would take up residence without later swarming [105]. Over time, humans increased their 
control on bees by developing swarming control device (i.e., queen excluder [96]), reproduction 
control (e.g., artificial insemination [97]), mass breeding (e.g., [107]), selective breeding programs 
(e.g., [108–110]), and new strains (e.g., Buckfast strain [111] or Africanized honey bees [112]).

The honey bees’ domestication concerns only A. mellifera and A. cerana (see details about the 
later species in [89]) most likely because they display intrinsic features that facilitated the 
domestication process: (i) cavity-nesting habit making hives suitable for these species, 
(ii) hygienic behavior (i.e., detection and removal of diseased brood and wastes) limiting 
diseases, and (iii) adaptations to tropical and temperate climate facilitating the apiculture 
development across the world [89, 110], for example, A. mellifera. Moreover, differentiations 
in traits facilitating beekeeping are observed at the subspecies level. Subsequently, some par-
ticular subspecies were preferably domesticated by humans. For instance, non-African sub-
species have been more widely used by most beekeepers since they can survive in temperate 
regions, have a low tendency to swarm, and low aggressiveness [101].

Domestication history of honey bees has been investigated through molecular datasets that high-
light several domestication events followed by introgression between subspecies [90, 113, 114].  
Although the honey bee domestication history has been regarded as a directed pathway 
[10], the evolution from early beekeeping practices to modern apiculture practices can been 
seen as similar to the prey pathway in which game-keeping strategies turns into control over 
movements, feeding, and reproduction. However, it is likely than directed and prey pathways 
occurred during honey bee domestication history since several domestication events hap-
pened [90, 113, 114].

3.3. Is Apis mellifera domesticated?

Many authors acknowledge (often without justification) the domesticated status of A. mellifera 
(e.g., [10, 16, 47, 58, 89, 102, 115–117]). In contrast, A. mellifera has been considered as never 
properly domesticated but only as managed species by other authors (e.g., [110, 114]; however, 
some of these scientists acknowledge an ongoing domestication process) because (i) their biol-
ogy, physiology, and behavior are seen as largely unchanged from their wild counterparts [114], 
(ii) honey bees are able to survive without human’s help [118], (iii) there is extensive gene flow 
between wild/feral and managed bees in native range due to the difficulties to achieve controlled 
mating [119]. However, these points should be reconsidered. First, the comparison of pheno-
types between “wild” and “nonwild” populations is difficult in a large a part of the species 
range. Indeed, colonies that are found in the wild may have escaped from a managed colony, 
and therefore, they may not be wild [120]. In Europe, it is unlikely that there are any truly wild 
subpopulations left due to this gene flow [120]. This means that the differentiation fostered 
by the domestication process can be blurred by the large amount of feral populations in the 
wild. Nevertheless, there are significant behavioral changes observed in man-controlled honey 
bees stocks such as multiple queen colonies (i.e., colonies conserved several queens without 
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deadly competition between them [121]), decreased aggressiveness, higher honey production, 
increased foraging zeal, and disinclination to swarm of some strains [111]. These specificities 
can be interpreted as improvement traits within a domestication syndrome. Second, many other 
species acknowledged as “domesticated” can survive in the wild (e.g., feral populations of rab-
bits, cats, and dogs [122]; although fast initial decline in fitness of domesticated escapees in the 
wild is expected [123]). Moreover, the ability of honey bees to survive in the wild could be over-
estimated since most A. mellifera are not considered to be self-sustaining as veterinary treatments 
against the mite Varroa destructor among other parasites is often provided [120]. Third, gene 
flow between “nonwild” and wild populations is commonly observed during the domestica-
tion process (see [21, 124, 125]). Actually, the debate about the status of domesticated animal for  
A. mellifera exemplifies the subjectivity of the domestic species threshold. Beside this controver-
sial definition, A. mellifera shows that different conspecific populations can be at different stages 
of the domestication process. Indeed, there is no control by humans over the life cycle of wild 
populations that are commonly observed for the African group [126–128]. In contrast, many 
populations belonging to the European groups have a life cycle completed in man-made envi-
ronment (i.e., hives) and controlled by humans (i.e., control of superorganism reproduction), 
feed on domesticated crops (i.e., humans can actively control the honey bee food supply for 
honey production or crop pollination) and/or on artificial food provided by humans (i.e., sugar 
syrup) [129], and some of them undergo selective breeding programs [108–111]. Therefore, the 
domestication levels of A. mellifera range from 0 to 5 according to the population considered.

4. The bumble bees and the stingless bees: the other bee 
domestications

About 90% of world’s plant species are pollinated by animals [130–132], and the main animal 
pollinators in most ecosystems are bees [88]. Although other taxa like butterflies, flies, beetles, 
wasps, or vertebrates can be important pollinators in certain habitats or for particular plants 
[133, 134], none achieves the numerical dominance as flower visitors worldwide as bees 
[130, 131]. The pollination efficiency of bees has been used by humans to improve their crop 
yields. The western honey bees is the most commonly used species in managed pollination 
service [76, 135]. This species pollinates nearly half of the top 115 global food commodities 
and is capable of increasing the yields of 96% of animal-pollinated crops [117, 136]. However, 
the lack of sufficient stocks of honey bees to ensure pollination service [115, 137], the aggres-
siveness of Africanized honey bees (i.e., obtained by man-made hybridization between 
African and European subspecies of A. mellifera to breed a strain of bees that would produce 
more honey and be better adapted to tropical conditions) in Neotropics [138], and the poor 
pollination efficiency of A. mellifera for some plants, as well as the requirement of maintaining 
the honey bee colonies outside the flowering period of valuable crops [139] have triggered or 
restarted the domestication of other bee species: the bumble bees and the stingless bees.

4.1. The bumble bees

Bumble bees (Hymenoptera, Apidae, Bombus spp.) are social insects with a nearly worldwide 
distribution with their largest species diversity in temperate and cold areas [75, 140]. Except in 
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sedentary [106]. This context presumably triggered the beekeeping development by providing 
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seen as similar to the prey pathway in which game-keeping strategies turns into control over 
movements, feeding, and reproduction. However, it is likely than directed and prey pathways 
occurred during honey bee domestication history since several domestication events hap-
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Many authors acknowledge (often without justification) the domesticated status of A. mellifera 
(e.g., [10, 16, 47, 58, 89, 102, 115–117]). In contrast, A. mellifera has been considered as never 
properly domesticated but only as managed species by other authors (e.g., [110, 114]; however, 
some of these scientists acknowledge an ongoing domestication process) because (i) their biol-
ogy, physiology, and behavior are seen as largely unchanged from their wild counterparts [114], 
(ii) honey bees are able to survive without human’s help [118], (iii) there is extensive gene flow 
between wild/feral and managed bees in native range due to the difficulties to achieve controlled 
mating [119]. However, these points should be reconsidered. First, the comparison of pheno-
types between “wild” and “nonwild” populations is difficult in a large a part of the species 
range. Indeed, colonies that are found in the wild may have escaped from a managed colony, 
and therefore, they may not be wild [120]. In Europe, it is unlikely that there are any truly wild 
subpopulations left due to this gene flow [120]. This means that the differentiation fostered 
by the domestication process can be blurred by the large amount of feral populations in the 
wild. Nevertheless, there are significant behavioral changes observed in man-controlled honey 
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deadly competition between them [121]), decreased aggressiveness, higher honey production, 
increased foraging zeal, and disinclination to swarm of some strains [111]. These specificities 
can be interpreted as improvement traits within a domestication syndrome. Second, many other 
species acknowledged as “domesticated” can survive in the wild (e.g., feral populations of rab-
bits, cats, and dogs [122]; although fast initial decline in fitness of domesticated escapees in the 
wild is expected [123]). Moreover, the ability of honey bees to survive in the wild could be over-
estimated since most A. mellifera are not considered to be self-sustaining as veterinary treatments 
against the mite Varroa destructor among other parasites is often provided [120]. Third, gene 
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tion process (see [21, 124, 125]). Actually, the debate about the status of domesticated animal for  
A. mellifera exemplifies the subjectivity of the domestic species threshold. Beside this controver-
sial definition, A. mellifera shows that different conspecific populations can be at different stages 
of the domestication process. Indeed, there is no control by humans over the life cycle of wild 
populations that are commonly observed for the African group [126–128]. In contrast, many 
populations belonging to the European groups have a life cycle completed in man-made envi-
ronment (i.e., hives) and controlled by humans (i.e., control of superorganism reproduction), 
feed on domesticated crops (i.e., humans can actively control the honey bee food supply for 
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syrup) [129], and some of them undergo selective breeding programs [108–111]. Therefore, the 
domestication levels of A. mellifera range from 0 to 5 according to the population considered.

4. The bumble bees and the stingless bees: the other bee 
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About 90% of world’s plant species are pollinated by animals [130–132], and the main animal 
pollinators in most ecosystems are bees [88]. Although other taxa like butterflies, flies, beetles, 
wasps, or vertebrates can be important pollinators in certain habitats or for particular plants 
[133, 134], none achieves the numerical dominance as flower visitors worldwide as bees 
[130, 131]. The pollination efficiency of bees has been used by humans to improve their crop 
yields. The western honey bees is the most commonly used species in managed pollination 
service [76, 135]. This species pollinates nearly half of the top 115 global food commodities 
and is capable of increasing the yields of 96% of animal-pollinated crops [117, 136]. However, 
the lack of sufficient stocks of honey bees to ensure pollination service [115, 137], the aggres-
siveness of Africanized honey bees (i.e., obtained by man-made hybridization between 
African and European subspecies of A. mellifera to breed a strain of bees that would produce 
more honey and be better adapted to tropical conditions) in Neotropics [138], and the poor 
pollination efficiency of A. mellifera for some plants, as well as the requirement of maintaining 
the honey bee colonies outside the flowering period of valuable crops [139] have triggered or 
restarted the domestication of other bee species: the bumble bees and the stingless bees.

4.1. The bumble bees

Bumble bees (Hymenoptera, Apidae, Bombus spp.) are social insects with a nearly worldwide 
distribution with their largest species diversity in temperate and cold areas [75, 140]. Except in 
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tropical regions, bumble bees produce annual colonies (i.e., colony dies after the production of 
new queens and males). They have several adaptations such as their ability to “buzz pollinate” 
(i.e., sonication) and their insulated bodies that make them ideal pollinators for many valu-
able crops (e.g., raspberry and tomatoes) for which honey bees are quite inefficient pollinators  
[139–141]. Moreover, bumble bee colonies can be easily shipped and can be maintained without 
specialists’ help in crops fields [139]. However, they do not produce honey or hive material suit-
able for mass market sales [117]. Therefore, their commercial importance is only based on their 
pollination efficiency on particular crops, mainly in greenhouses [117]. First trials of bombiculture 
were attempted by researchers at the beginning of the twentieth century [142, 143], but bumble 
bee mass production started during the 1980s [139, 144]. At least five species have underwent 
domestication process for pollinator production (B. ignites, B. impatiens, B. lucorum, B. occidentalis, 
and B. terrestris) and many more for research purpose [139, 142–145]. Their domestication history 
follows a directed pathway with several domestication events since several bumble bee breeders 
started independently the production of the same taxon [139, 144]. Bombus terrestris is the most 
traded species: more than 2 million colonies are yearly produced and shipped throughout the 
world (review in [146]). The species is mass produced in indoor facilities in which the whole 
life cycle is controlled by humans [139]. The choice of the most effective bumble bee species for 
mass production has been made through the test of several species [139]. Most of them have been 
proved to be poorer choices (e.g., more aggressive, hard to feed, low production success), and 
their domestication programs have been abandoned [139, 144]. This means that the domestica-
tion process of such species (e.g., B. lapidarius [139]) has regressed after a period of human interest.

Although domestication of bumble bees has been acknowledged by various authors (e.g., 
[139, 147]), comparison between breeders’ stocks and wild populations is still lacking to high-
light potential domestication syndrome in Bombus species. Nevertheless, the domestication 
programs of the five most produced species are already quite advanced (Level 4, Figure 1) 
since current bumble bee breeders’ stocks experience low gene flow with their wild counter-
parts. However, no selective breeding program has been reported to date.

4.2. The stingless bees

Stingless bees (Hymenoptera, Apidae, Meliponini) are social bees with perennial colonies (i.e., 
nest can remain active for more than 50 years) occurring in most tropical or subtropical areas 
[75, 148]. They are known for their pollen/honey production and their pollination efficiency for 
several valuable crops (e.g., coffee, Avocado, Strawberry, Rambutan) [138, 148]. Meliponiculture 
dates back to the Maya civilization and is nowadays practiced in Australia and Central/South 
America [148–150]. Nevertheless, their domestication process has not progressed so far (Level 2,  
Figure 1) since most of the meliponiculture is mainly a capture production that consists in 
attracting stingless bee swarms and maintaining the colonies in artificial wooden hives [148, 150].

5. Cochineal insects

Scale insects (Hemiptera, Coccoidea) are the third large insect groups including species that 
are, sometimes, considered as domesticated [47, 58, 151]: cochineals, lac scales, Cerplastes 
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species, and Ericerus species. These species are economically valuable for the substances that 
they produce under proper farming [152]. Dactylopius coccus and Kerria lacca are among the 
most produced scale insects.

5.1. Dactylopius coccus

Cochineal is an important source of red for dyes, lake pigments, cosmetics, and food/phar-
maceutical colorants [151, 153]. Indeed, the red dye is mainly composed of carmine, which 
is a pigment obtained from the scale insects belonging to Dactylopius genus (Hemiptera, 
Dactyloidae) or some Porphyrophora species (Hemiptera, Margarodidae) [151, 153–155]. 
Nowadays, most of the carmine production is based on the farming of D. coccus inhabiting 
(sub)tropical South and Central America [151, 153].

The species is used as a source of carmine in Mesoamerica and South America since the pre-
Columbian times [156]. The earliest known cochineal-dyed textiles dates back to the twelfth 
century, but first evidence of cochineal farming is estimated to the tenth century [155–157]. 
The center of domestication is thought to be in Mexico [157]. Carmine became an impor-
tant export good during the Spanish colonial period [156]. Later, the species was introduced 
in other areas such as Australia, Canary Islands, South Africa, and South Asia [156]. In the 
middle of the nineteenth century, the production of cochineal fell sharply due to the develop-
ment of artificial red dyes. Consequently, the cochineal trade almost totally disappeared in 
the twentieth century. Since the 1970s, cochineal production was restarted due to the discov-
ery of carcinogenic and hazardous properties of synthesized dyes [155].

Dactylopius coccus females are wingless sessile parasites of cacti in the genus Opuntia [151, 
153, 155]. After mating with winged males, females give birth to nymph that are airborne 
transported by the wind to new host plants. Since the D. coccus females depend on Opuntia 
plants, their production takes place in cactus farms producing domesticated plant species 
[156, 158]. Cochineals are produced by infesting cacti plants and harvesting the insects by 
hand 90 days later. During this period, humans actively control potential predators [159]. At 
the end of the process, some cochineals are left to reproduce, while others are collected for 
carmine extraction.

Dactylopius coccus has been considered as a domesticated species [47, 58, 151], since it is reliant 
on human propagation and protection for survival at least in some regions [159]. Moreover, 
most of D. coccus is produced in man-controlled environments (i.e., cactus farms). Nevertheless, 
humans poorly control the species reproduction and gene flow with wild populations is fre-
quent; yet more recent developments are improving this control (e.g., environment-control 
microtunnels in Mexico [58]). Overall, the domestication process of D. coccus (level 3, Figure 1) 
is far behind the ones of silkworms and honey bees. Since comparison between farmed and 
wild cochineals is lacking, potential domestication syndrome is unknown.

5.2. Kerria lacca

Lac is an important commercial resin of several utilities (e.g., material construction, cosmet-
ics, medicine). It is a resinous secretion of lac insect species from Asia and Central America 
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were attempted by researchers at the beginning of the twentieth century [142, 143], but bumble 
bee mass production started during the 1980s [139, 144]. At least five species have underwent 
domestication process for pollinator production (B. ignites, B. impatiens, B. lucorum, B. occidentalis, 
and B. terrestris) and many more for research purpose [139, 142–145]. Their domestication history 
follows a directed pathway with several domestication events since several bumble bee breeders 
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world (review in [146]). The species is mass produced in indoor facilities in which the whole 
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their domestication programs have been abandoned [139, 144]. This means that the domestica-
tion process of such species (e.g., B. lapidarius [139]) has regressed after a period of human interest.

Although domestication of bumble bees has been acknowledged by various authors (e.g., 
[139, 147]), comparison between breeders’ stocks and wild populations is still lacking to high-
light potential domestication syndrome in Bombus species. Nevertheless, the domestication 
programs of the five most produced species are already quite advanced (Level 4, Figure 1) 
since current bumble bee breeders’ stocks experience low gene flow with their wild counter-
parts. However, no selective breeding program has been reported to date.

4.2. The stingless bees

Stingless bees (Hymenoptera, Apidae, Meliponini) are social bees with perennial colonies (i.e., 
nest can remain active for more than 50 years) occurring in most tropical or subtropical areas 
[75, 148]. They are known for their pollen/honey production and their pollination efficiency for 
several valuable crops (e.g., coffee, Avocado, Strawberry, Rambutan) [138, 148]. Meliponiculture 
dates back to the Maya civilization and is nowadays practiced in Australia and Central/South 
America [148–150]. Nevertheless, their domestication process has not progressed so far (Level 2,  
Figure 1) since most of the meliponiculture is mainly a capture production that consists in 
attracting stingless bee swarms and maintaining the colonies in artificial wooden hives [148, 150].

5. Cochineal insects

Scale insects (Hemiptera, Coccoidea) are the third large insect groups including species that 
are, sometimes, considered as domesticated [47, 58, 151]: cochineals, lac scales, Cerplastes 
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species, and Ericerus species. These species are economically valuable for the substances that 
they produce under proper farming [152]. Dactylopius coccus and Kerria lacca are among the 
most produced scale insects.

5.1. Dactylopius coccus

Cochineal is an important source of red for dyes, lake pigments, cosmetics, and food/phar-
maceutical colorants [151, 153]. Indeed, the red dye is mainly composed of carmine, which 
is a pigment obtained from the scale insects belonging to Dactylopius genus (Hemiptera, 
Dactyloidae) or some Porphyrophora species (Hemiptera, Margarodidae) [151, 153–155]. 
Nowadays, most of the carmine production is based on the farming of D. coccus inhabiting 
(sub)tropical South and Central America [151, 153].

The species is used as a source of carmine in Mesoamerica and South America since the pre-
Columbian times [156]. The earliest known cochineal-dyed textiles dates back to the twelfth 
century, but first evidence of cochineal farming is estimated to the tenth century [155–157]. 
The center of domestication is thought to be in Mexico [157]. Carmine became an impor-
tant export good during the Spanish colonial period [156]. Later, the species was introduced 
in other areas such as Australia, Canary Islands, South Africa, and South Asia [156]. In the 
middle of the nineteenth century, the production of cochineal fell sharply due to the develop-
ment of artificial red dyes. Consequently, the cochineal trade almost totally disappeared in 
the twentieth century. Since the 1970s, cochineal production was restarted due to the discov-
ery of carcinogenic and hazardous properties of synthesized dyes [155].

Dactylopius coccus females are wingless sessile parasites of cacti in the genus Opuntia [151, 
153, 155]. After mating with winged males, females give birth to nymph that are airborne 
transported by the wind to new host plants. Since the D. coccus females depend on Opuntia 
plants, their production takes place in cactus farms producing domesticated plant species 
[156, 158]. Cochineals are produced by infesting cacti plants and harvesting the insects by 
hand 90 days later. During this period, humans actively control potential predators [159]. At 
the end of the process, some cochineals are left to reproduce, while others are collected for 
carmine extraction.

Dactylopius coccus has been considered as a domesticated species [47, 58, 151], since it is reliant 
on human propagation and protection for survival at least in some regions [159]. Moreover, 
most of D. coccus is produced in man-controlled environments (i.e., cactus farms). Nevertheless, 
humans poorly control the species reproduction and gene flow with wild populations is fre-
quent; yet more recent developments are improving this control (e.g., environment-control 
microtunnels in Mexico [58]). Overall, the domestication process of D. coccus (level 3, Figure 1) 
is far behind the ones of silkworms and honey bees. Since comparison between farmed and 
wild cochineals is lacking, potential domestication syndrome is unknown.

5.2. Kerria lacca

Lac is an important commercial resin of several utilities (e.g., material construction, cosmet-
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[160, 161]. Kerria lacca (Hemiptera, Kerriidae) is one of the main species used for lac produc-
tion [160, 161]. Its life cycle is similar to D. coccus with winged males and wingless sessile 
females that parasite several hundred host plants [161, 162]. For several centuries, lac yields 
were collected from the wild on infested host plants by local human populations [161]. During 
the nineteenth century, the increase of exportation from Asia triggered the development of 
artificial inoculation and mass production [161] through a domestication history that can be 
interpreted as a prey pathway (i.e., human control on the species was triggered by the need 
of increasing lac supply). Similarly to D. coccus, the domestication process of K. lacca is at an 
early stage (level 3, Figure 1) since the current production involved only host plant, lac crop, 
and lac pest management.

6. Farmed edible and medicinal insects

Humans have been eating insects for millennia [58, 163]. However, human entomophagy is a 
long-standing taboo in westernized societies [19, 58, 164]. This can explain why insect farming 
for human food supply has been largely absent from the main agricultural innovations and 
domestications with few exceptions such as honey bees, silkworms (i.e., pupae is a by-prod-
uct of silk production), and scale insects [19, 73]. Yet, more than 2 billion of people eat insect 
regularly since there are a source of protein, fat, vitamins, and minerals frequently stored and 
sold in developing countries (review in [73, 164]). Across the world, more than 2000 insect 
species are considered as edible for human food or animal feed [19, 58, 164, 165]. Beside food, 
insects provide many natural products for drugs to treat human diseases [166, 167].

Overall, the most commonly consumed insects by humans or livestock/pets are beetles 
(Coleoptera) (31%), caterpillars (Lepidoptera) (18%), bees/wasps/ants (Hymenoptera) (14%) 
as well as crickets (Orthoptera) (13%) [19, 58, 73, 163–165]. Most of these insects, as well as 
those used as entomoceuticals, are harvested in the wild [163] but some of these species are 
farmed for sale and profit [19, 73]. Currently, commercially farmed insects include (i) the house 
cricket (Acheta domesticus), the palm weevil (Rhynchophorus ferrugineus), the giant water bug 
(Lethocerus indicus), and water beetles (various species of Coleoptera) for human consumption 
[58, 168, 169] and (ii) bees, wasps, flies, butterflies, moths, and cockroaches for drug pro-
duction [167]. Even in small-scale production in developing countries [19], their production 
implies that their life cycle is controlled by human in captive conditions isolated from their 
wild counterparts in order to meet regulations about human food production (i.e., hygienic 
standards, sterile conditions) as well as limiting pathogen spillover from/to the wild [19, 164, 
169–171]. Such conditions are conductive for an advanced domestication process (Level 4, 
Figure 1) through a directed pathway. Conversely, other species are produced through an 
increasing human manipulation of their environment to increase insect yields and to ensure 
their long-term availability as food [172]. For instance, edible social wasps (Hymenoptera, 
Vespidae, Vespula flaviceps, and V. shidai in Japan) are traditionally managed by keeping wasp 
nests collected in the wild in hive boxes during one season to improve yields [173]. However, 
current attempts to improve the practice involves efforts to maintain new queens in captive 
condition over several generations [173], paving the ways to a prey domestication pathway.
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7. Biological control agents and sterile insect technique

Addressing the needs of the increasing human population will require a 60% increase in 
global food production by 2050 [174]. Insects could aid in achieving this objective by pro-
viding food production [19, 164] as well as pollination service (see Section 4) and biological 
control of pests [175].

Biological control is a method of controlling pests such as arthropods, weeds, and plant dis-
eases using predator (e.g., ladybugs to control aphids [176], herbivorous, or parasite species 
[175]). Parasitoids are among the most widely used biological control agents (e.g., [177, 178]). 
In these species, female deposits its egg inside or outside a host where emerged parasitoid 
larva continues to feed resulting in the host death [178–180]. This parasitic way of life is used 
by humans to target hosts that are pests. Whiteflies parasitoids (Hymenoptera, Aphelinidae, 
Encyrtidae, Eulophidae, Platygastridae, Pteromalidae, and Signiphoridae) are an example 
of insects used in greenhouses to control major crop pests (i.e., the whiteflies; Hemiptera: 
Aleyrodidae) [177, 180]. As many other parasitoids (e.g., fly Eucelatoria, the beetle Chrysolina, 
and the wasp Aphytis), they are massively produced in captive conditions by humans before 
being shipped across the world [180]. The full control of their life cycle by humans is needed 
in order to ensure that the production (i) matches with the appropriate release dates when 
susceptible host species is at a suitable phase of development [181] and (ii) is available on a 
yearlong basis to response to demand across the world [178, 182].

The sterile insect technique (SIT) is an alternative approach to control main pests (e.g., 
[183–185]) or disease vectors (e.g., [186–188]). This method implies to massively release ster-
ile males (sterilized through the effects of irradiation on the reproductive cells) of an insect 
species into a target environment to compete with wild males for reproduction [183–185]. 
Ultimately, mass releases allow limiting offspring production of a particular pest and promot-
ing its eradication (e.g., [184]). Mass-rearing production with a life cycle fully controlled by 
humans is needed to produce the large quantity of insect required by SIT [183].

The required full control of life cycle of pest insects for SIT or biological control agents means 
that an advanced domestication process is reached (up to 5 since some patented strains are 
available [189]). In the context of SIT, several studies have investigated the differences between 
wild and mass-produced males in order to ensure that released sterile males are able to com-
pete with wild males (e.g., [183, 190]). These studies show that the domestication process has 
triggered several ecological and behavioral divergences between produced and wild popula-
tions as well as a decreased fitness of produced populations in the wild (e.g., [183, 190]).

8. Insects as pets

Archeological pieces of evidence show that insects have been used as pets for centuries [191]. 
Nowadays, crickets, grasshoppers, beetles, cockroaches, silkworms, ants, honey bees, bumble 
bees, mantises, and stick/leaf insects are bred by humans as a pleasing activity or for teaching 
purpose [192–194]. Conversely to vertebrates [8, 195–197], there is no, to my knowledge, scientific 
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[160, 161]. Kerria lacca (Hemiptera, Kerriidae) is one of the main species used for lac produc-
tion [160, 161]. Its life cycle is similar to D. coccus with winged males and wingless sessile 
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were collected from the wild on infested host plants by local human populations [161]. During 
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Vespidae, Vespula flaviceps, and V. shidai in Japan) are traditionally managed by keeping wasp 
nests collected in the wild in hive boxes during one season to improve yields [173]. However, 
current attempts to improve the practice involves efforts to maintain new queens in captive 
condition over several generations [173], paving the ways to a prey domestication pathway.
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7. Biological control agents and sterile insect technique
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global food production by 2050 [174]. Insects could aid in achieving this objective by pro-
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being shipped across the world [180]. The full control of their life cycle by humans is needed 
in order to ensure that the production (i) matches with the appropriate release dates when 
susceptible host species is at a suitable phase of development [181] and (ii) is available on a 
yearlong basis to response to demand across the world [178, 182].

The sterile insect technique (SIT) is an alternative approach to control main pests (e.g., 
[183–185]) or disease vectors (e.g., [186–188]). This method implies to massively release ster-
ile males (sterilized through the effects of irradiation on the reproductive cells) of an insect 
species into a target environment to compete with wild males for reproduction [183–185]. 
Ultimately, mass releases allow limiting offspring production of a particular pest and promot-
ing its eradication (e.g., [184]). Mass-rearing production with a life cycle fully controlled by 
humans is needed to produce the large quantity of insect required by SIT [183].

The required full control of life cycle of pest insects for SIT or biological control agents means 
that an advanced domestication process is reached (up to 5 since some patented strains are 
available [189]). In the context of SIT, several studies have investigated the differences between 
wild and mass-produced males in order to ensure that released sterile males are able to com-
pete with wild males (e.g., [183, 190]). These studies show that the domestication process has 
triggered several ecological and behavioral divergences between produced and wild popula-
tions as well as a decreased fitness of produced populations in the wild (e.g., [183, 190]).

8. Insects as pets

Archeological pieces of evidence show that insects have been used as pets for centuries [191]. 
Nowadays, crickets, grasshoppers, beetles, cockroaches, silkworms, ants, honey bees, bumble 
bees, mantises, and stick/leaf insects are bred by humans as a pleasing activity or for teaching 
purpose [192–194]. Conversely to vertebrates [8, 195–197], there is no, to my knowledge, scientific 
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literature addressing the domestication of pet insects. However, some of these pet insects are 
produced for other purpose such as honey bees, silkworms, and house crickets for which a 
domestication process is acknowledged (see previous sections). For other species, such as hissing 
cockroach (Gromphadorhina portentosa), mass/small-scale, and/or amateur production are prac-
ticed [198–202]. As for other “exotic” pets (e.g., [18]), these productions involve (i) a full control by 
humans on the life cycle in captive conditions since a large part of the production is completed out 
of the species native range and (ii), thus, an advanced domestication process (level 4, Figure 1).

9. Insects for laboratory research

Animals are widely used as model species in biology and biomedical sciences. Some insect 
species have been used for laboratory experiments for several decades (e.g., silkworms, honey 
bees, and other species [54, 203, 204]), especially the fruit flies (Drosophila spp.) [205–207].

Drosophila species first entered laboratories about 1900 and are now standard laboratory 
animals [208, 209]. As they become an instrument for scientific production, Drosophila have 
been massively produced in laboratory conditions in which life cycle, feeding, and mating 
are highly controlled by humans [208, 210–212]. This human control along with the strain 
development and artificial selection for particular purposes [208, 213–216] reflect an advanced 
domestication process of some populations (level 5, Figure 1), while there are many wild 
populations (e.g., [206, 217, 218]).

Conversely to most other insect species, domestication of Drosophila populations has been 
the focus of several studies since it has been considered as a model system to understand the 
consequences of the domestication process on genomes and phenotypes [219]. Indeed, fruit 
flies are easy and cheaply to bred and have a rapid generation time (i.e., at least a dozen gen-
erations per year) [206, 220]. This allows comparing several populations that have or not been 
subject to different domestication histories (e.g., [221–223]) or even monitoring evolutionary 
trajectories of population undergoing a domestication process since their foundation from 
the wild [219, 224–226]. This has allowed studying domestication process in well-defined 
laboratory experiments with replication and specific environmental controls for several 
Drosophila species. An overview of these experiments allows highlighting the domestication 
consequences for Drosophila taxa. Different studies highlight that “domesticated” populations 
display genetic specificity and accumulation of deleterious mutations, inbreeding depression 
as well as increasing of fertility, tameness, and manageability due to selection for human-
accommodating phenotypes and/or the relaxation of selection on traits adapted in nature 
[219, 220, 222, 227–230]. Moreover, the evolutionary convergence is observed between long-
established laboratory populations [219, 220, 222, 227–230].

10. Conclusions

10.1. Are insect species undergoing domestication processes?

Although few stunning cases (e.g., B. mori) have been the focus of abundant research, scien-
tific literature has poorly investigated insect domestication to date. The main reason of this 
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is that insect domestication for human food supply has been largely absent from the agri-
cultural development with few exceptions [19, 73]. Moreover, it is likely that insect domes-
tication study has been hindered by the complexity and the subjectivity of the definition of 
domesticated species (e.g., for A. mellifera [10, 16, 47, 117–119, 58, 89, 102, 110, 114–116]). The 
difficulty of defining a threshold along a continuous process is a common problem in biol-
ogy (see similar debate about the status and the process for the species status versus specia-
tion in [231–233]). Consequently, the study of the process is often set aside or eluded due to 
debates on a particular threshold. In insects, many scientific articles or books (e.g., [234]) have 
analyzed or reviewed the breeding/productions of various insect species without explicitly 
describing these processes as domestication. Yet, the human control on the life cycle (i.e., on 
individuals’ life cycle in noneusocial species or on superorganism’s life cycle in honey bees) 
of most produced insect species is congruent with a domestication process (Figure 1; sensu 
[12]). Since a large number of insect populations are produced in captive conditions isolated 
from their wild counterparts (Figure 1), many species can be considered as undergoing a 
domestication process. Moreover, new domestication processes can be expected in the near 
future due to current challenges to increase human food/sanitary security (e.g., [19, 164, 175, 
186–188]) or to address new demands for pets (i.e., similar development to the ornamental 
fish trade (e.g., [18, 235–237])).

10.2. Domestication patterns in insects

Domestication events in insects are no less complex than in crops and vertebrates. Domestication 
histories can involve (i) one (e.g., silkworms [61]) or several (e.g., in honey bees and bumble 
bees [113, 139]) domestication events and (ii) one (e.g., bumble bees [139]) or potentially sev-
eral domestication pathways (e.g., honey bees). In most insect species (i.e., except for few 
extreme cases such as silkworms), different populations of a particular taxon can reach dif-
ferent degrees of progress in the domestication process (e.g., from wild status to an advanced 
domestication level in B. terrestris). Gene flow between populations at different domestication 
degrees is commonly observed in insects [59, 65, 119] but they do not hinder development of 
domestication syndrome (see next section).

Some insect species undergo domestication processes for several centuries (e.g., B. mori and 
A. mellifera; [57, 59, 60, 63, 89, 104, 105]), while domestications of most insects produced as 
biological control agents, pets, and laboratory organisms, or for SIT strategies and entomo-
ceuticals’ production have been recently initiated. These recent domestications have been 
made possible thanks to the advances in technology of captive environment control and ani-
mal food production since the nineteenth century [1]. Indeed, most insect domestications are 
thought to follow a directed pathway, which requires rapidly a full control of life cycle by 
humans in man-controlled environments. This implies the use of efficient environment and 
food control technologies. Technological advances have made possible or easier the domesti-
cation of species, which could not be domesticated in the past, paving the way to a new wave 
of domestication (similarly to aquatic species [28]).

As for vertebrate species (see review in [1, 12]), some intrinsic features can hinder the devel-
opment of domestication processes: (i) a diet that cannot be easily supplied by humans (e.g., 
oligolectic bee species feeding only on few plant species), (ii) long life-cycle (e.g., periodical 
cicadas that spend most of their 13- and 17-year lives underground at larval stage), (iii) bad 
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literature addressing the domestication of pet insects. However, some of these pet insects are 
produced for other purpose such as honey bees, silkworms, and house crickets for which a 
domestication process is acknowledged (see previous sections). For other species, such as hissing 
cockroach (Gromphadorhina portentosa), mass/small-scale, and/or amateur production are prac-
ticed [198–202]. As for other “exotic” pets (e.g., [18]), these productions involve (i) a full control by 
humans on the life cycle in captive conditions since a large part of the production is completed out 
of the species native range and (ii), thus, an advanced domestication process (level 4, Figure 1).

9. Insects for laboratory research

Animals are widely used as model species in biology and biomedical sciences. Some insect 
species have been used for laboratory experiments for several decades (e.g., silkworms, honey 
bees, and other species [54, 203, 204]), especially the fruit flies (Drosophila spp.) [205–207].

Drosophila species first entered laboratories about 1900 and are now standard laboratory 
animals [208, 209]. As they become an instrument for scientific production, Drosophila have 
been massively produced in laboratory conditions in which life cycle, feeding, and mating 
are highly controlled by humans [208, 210–212]. This human control along with the strain 
development and artificial selection for particular purposes [208, 213–216] reflect an advanced 
domestication process of some populations (level 5, Figure 1), while there are many wild 
populations (e.g., [206, 217, 218]).

Conversely to most other insect species, domestication of Drosophila populations has been 
the focus of several studies since it has been considered as a model system to understand the 
consequences of the domestication process on genomes and phenotypes [219]. Indeed, fruit 
flies are easy and cheaply to bred and have a rapid generation time (i.e., at least a dozen gen-
erations per year) [206, 220]. This allows comparing several populations that have or not been 
subject to different domestication histories (e.g., [221–223]) or even monitoring evolutionary 
trajectories of population undergoing a domestication process since their foundation from 
the wild [219, 224–226]. This has allowed studying domestication process in well-defined 
laboratory experiments with replication and specific environmental controls for several 
Drosophila species. An overview of these experiments allows highlighting the domestication 
consequences for Drosophila taxa. Different studies highlight that “domesticated” populations 
display genetic specificity and accumulation of deleterious mutations, inbreeding depression 
as well as increasing of fertility, tameness, and manageability due to selection for human-
accommodating phenotypes and/or the relaxation of selection on traits adapted in nature 
[219, 220, 222, 227–230]. Moreover, the evolutionary convergence is observed between long-
established laboratory populations [219, 220, 222, 227–230].

10. Conclusions

10.1. Are insect species undergoing domestication processes?

Although few stunning cases (e.g., B. mori) have been the focus of abundant research, scien-
tific literature has poorly investigated insect domestication to date. The main reason of this 
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is that insect domestication for human food supply has been largely absent from the agri-
cultural development with few exceptions [19, 73]. Moreover, it is likely that insect domes-
tication study has been hindered by the complexity and the subjectivity of the definition of 
domesticated species (e.g., for A. mellifera [10, 16, 47, 117–119, 58, 89, 102, 110, 114–116]). The 
difficulty of defining a threshold along a continuous process is a common problem in biol-
ogy (see similar debate about the status and the process for the species status versus specia-
tion in [231–233]). Consequently, the study of the process is often set aside or eluded due to 
debates on a particular threshold. In insects, many scientific articles or books (e.g., [234]) have 
analyzed or reviewed the breeding/productions of various insect species without explicitly 
describing these processes as domestication. Yet, the human control on the life cycle (i.e., on 
individuals’ life cycle in noneusocial species or on superorganism’s life cycle in honey bees) 
of most produced insect species is congruent with a domestication process (Figure 1; sensu 
[12]). Since a large number of insect populations are produced in captive conditions isolated 
from their wild counterparts (Figure 1), many species can be considered as undergoing a 
domestication process. Moreover, new domestication processes can be expected in the near 
future due to current challenges to increase human food/sanitary security (e.g., [19, 164, 175, 
186–188]) or to address new demands for pets (i.e., similar development to the ornamental 
fish trade (e.g., [18, 235–237])).

10.2. Domestication patterns in insects

Domestication events in insects are no less complex than in crops and vertebrates. Domestication 
histories can involve (i) one (e.g., silkworms [61]) or several (e.g., in honey bees and bumble 
bees [113, 139]) domestication events and (ii) one (e.g., bumble bees [139]) or potentially sev-
eral domestication pathways (e.g., honey bees). In most insect species (i.e., except for few 
extreme cases such as silkworms), different populations of a particular taxon can reach dif-
ferent degrees of progress in the domestication process (e.g., from wild status to an advanced 
domestication level in B. terrestris). Gene flow between populations at different domestication 
degrees is commonly observed in insects [59, 65, 119] but they do not hinder development of 
domestication syndrome (see next section).

Some insect species undergo domestication processes for several centuries (e.g., B. mori and 
A. mellifera; [57, 59, 60, 63, 89, 104, 105]), while domestications of most insects produced as 
biological control agents, pets, and laboratory organisms, or for SIT strategies and entomo-
ceuticals’ production have been recently initiated. These recent domestications have been 
made possible thanks to the advances in technology of captive environment control and ani-
mal food production since the nineteenth century [1]. Indeed, most insect domestications are 
thought to follow a directed pathway, which requires rapidly a full control of life cycle by 
humans in man-controlled environments. This implies the use of efficient environment and 
food control technologies. Technological advances have made possible or easier the domesti-
cation of species, which could not be domesticated in the past, paving the way to a new wave 
of domestication (similarly to aquatic species [28]).

As for vertebrate species (see review in [1, 12]), some intrinsic features can hinder the devel-
opment of domestication processes: (i) a diet that cannot be easily supplied by humans (e.g., 
oligolectic bee species feeding only on few plant species), (ii) long life-cycle (e.g., periodical 
cicadas that spend most of their 13- and 17-year lives underground at larval stage), (iii) bad 
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disposition (e.g., some wasp species), or (iv) reluctance to breed in captivity. Nevertheless, 
modern technology could potentially allow domesticating any insect species. Indeed, 
current insect production involves species with very different ecologies (i.e., terrestrial 
taxa, e.g., silkworm [51]; aquatic species, e.g., water beetles [168]), behavior (i.e., solitary 
insects, e.g., silkworm [51]; eusocial species, e.g., honey bees [89]), and development (i.e., 
Endopterygota, e.g., honey bees [89]; Exopterygota, e.g., house crickets [19]); representative 
of the insect biodiversity. However, new domestication processes, which presumably occur 
only through directed or prey pathways for insects, are only initiated by humans to provide 
response to needs or demands of humanity. This means that the domestication of a species 
that could meet human needs/demands already addressed by another produced species is 
unlikely [1, 238]. Instead, all species that have recently undergone a domestication process 
and then have been massively produced are those which provide response to new needs or 
demands of humanity such as bumble bees (i.e., pollination in greenhouses), hissing cock-
roach (i.e., pet), or Drosophila flies (i.e., laboratory organism) [139, 199, 208, 209].

An overview of current insect productions in man-controlled captive conditions shows that 
insect taxa are used to address very different human needs (e.g., food [19], raw materials [234], 
pets [194]). Moreover, many insect taxa that are primary produced to address a specific demand 
tend to be later used to serve several human needs as observed in the domestication histories of 
several mammal species. For instance, A. mellifera that produces honey (i.e., the primary use) 
and edible pupae can be considered as the insect equivalent of dairy cows, which are valued 
not only for their milk but also as meat [19]. Moreover, honey bees provide several raw materi-
als (wax), health food (royal jelly), entomoceuticals (venom), ecosystem service (pollination), 
model specimens for research [204], and pleasure (recreational beekeeping) to humans [92].

10.3. Domestication consequences and their shaping factors

Overall, differentiations between wild populations and their counterparts undergoing a domes-
tication process have been poorly studied in insect species. Yet, such divergences and conver-
gences of various phenotypic traits that differentiate domesticates from their wild progenitors 
can be expected under the domestication syndrome hypothesis [36]. In mammals, the domesti-
cation syndrome tends to comprise changes in tameness, aggressiveness, coat color/pigmenta-
tion, body morphology, reproductive alterations, hormone, neurotransmitter concentrations, 
and brain composition [36]. Some of these changes can be observed when comparing B. mori 
and its phylogenetically nearest wild counterpart [67–71] in tameness (i.e., larger tolerance to 
human presence/handling), aggressiveness (i.e., toward conspecifics since B. mori has higher 
ability to live in crowded conditions), morphology (i.e., leucism, larger body size), and repro-
duction/development (i.e., bigger cocoon and higher silk production, higher growth rate, altered 
premating behavior) [51, 52, 57, 68]. Comparison of silkworm specificities with phenotypes of 
man-produced Drosophila flies and honey bees shows some convergences: higher tameness (i.e., 
fruit flies), lower aggressiveness toward humans and conspecifics (i.e., in A. mellifera), modified 
reproduction (e.g., higher fertility in fruit flies; changes in reproduction, e.g., limited swarming 
in A. mellifera), and morphology (i.e., specific color patterns of man-controlled strains/races) 
[111, 121, 219, 220, 222, 227–230]. These specificities concern domestication traits facilitating the 
domestication by humans (e.g., aggressiveness in honey bees) as well as improvement traits 
(e.g., higher honey production in A. mellifera; higher silk production in B. mori) that increase the 
manageability and the animal production efficiency/profitability for humans.
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Specificities of populations undergoing a domestication process have been most likely shaped 
by unintentional/deliberate human actions, human-controlled environments, relaxation of the 
selection occurring in the wild or both as in other animal species [10, 41, 42]. For instance, the 
inability of B. mori to fly could result from a relaxation of selection in the wild (i.e., silkworm are 
protected and fed in captive conditions by humans) and/or a human pressure for “nonflying” 
insects (i.e., this facilitates the handling by humans). Similarly, the lower aggressiveness of honey 
bees can result from a lower predation pressure (i.e., human protection of hives) as well as from 
human selection for less aggressive populations. Inadvertent human habituation and uninten-
tional conditioning could also be a primary selective agent in insect domestication as suggested 
to explain developmental and reproductive differences between Drosophila strains [220].

From a genetic point of view, animals in captive environment are expected to rapidly display 
genetic changes corresponding to adaptations to captive breeding [239]. Indeed, the specific 
selective pressure occurring in domestication environments promotes selection for domesti-
cation syndrome gene variants [11]. This selection on man-controlled populations can shape 
specific genotypes even when gene flow from the wild still occurs [21, 59]. Changes in traits 
linked to valuable resources for humans or morphology have been showed to have a genetic 
basis (e.g., specificity of silk gland transcriptomes [67] and melanin synthesis [68] of B. mori). 
Similarly, behavior modifications commonly observed in insect domestication syndrome (e.g., 
tameness, aggressiveness, manageability by humans) can be explained by mutations on neuroge-
netic genes affecting overall locomotion and activity as suggested in man-produced populations 
of Drosophila species and mammals [36, 220]. Therefore, large mutational target of neurogenetic 
genes can explain the evolution of specific behavior in animal populations undergoing domes-
tication processes [220]. These neurogenomic loci collectively provide a large genomic substrate 
for variation to accumulate, and then selection and drift to act, to transform behavior [220].

10.4. Future prospects

The study of domestication of insect is still at a nascent stage. Some “model species” such as 
A. mellifera, B. mori, and Drosophila spp. have been the focus of several studies to understand 
domestication process. However, genetic bases of domestication-fostered modifications as 
well as the characterization of these modifications are poorly known. Therefore, further stud-
ies are needed to generalize domestication patterns as well as to understand genomic basis of 
domestication process.
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disposition (e.g., some wasp species), or (iv) reluctance to breed in captivity. Nevertheless, 
modern technology could potentially allow domesticating any insect species. Indeed, 
current insect production involves species with very different ecologies (i.e., terrestrial 
taxa, e.g., silkworm [51]; aquatic species, e.g., water beetles [168]), behavior (i.e., solitary 
insects, e.g., silkworm [51]; eusocial species, e.g., honey bees [89]), and development (i.e., 
Endopterygota, e.g., honey bees [89]; Exopterygota, e.g., house crickets [19]); representative 
of the insect biodiversity. However, new domestication processes, which presumably occur 
only through directed or prey pathways for insects, are only initiated by humans to provide 
response to needs or demands of humanity. This means that the domestication of a species 
that could meet human needs/demands already addressed by another produced species is 
unlikely [1, 238]. Instead, all species that have recently undergone a domestication process 
and then have been massively produced are those which provide response to new needs or 
demands of humanity such as bumble bees (i.e., pollination in greenhouses), hissing cock-
roach (i.e., pet), or Drosophila flies (i.e., laboratory organism) [139, 199, 208, 209].

An overview of current insect productions in man-controlled captive conditions shows that 
insect taxa are used to address very different human needs (e.g., food [19], raw materials [234], 
pets [194]). Moreover, many insect taxa that are primary produced to address a specific demand 
tend to be later used to serve several human needs as observed in the domestication histories of 
several mammal species. For instance, A. mellifera that produces honey (i.e., the primary use) 
and edible pupae can be considered as the insect equivalent of dairy cows, which are valued 
not only for their milk but also as meat [19]. Moreover, honey bees provide several raw materi-
als (wax), health food (royal jelly), entomoceuticals (venom), ecosystem service (pollination), 
model specimens for research [204], and pleasure (recreational beekeeping) to humans [92].

10.3. Domestication consequences and their shaping factors

Overall, differentiations between wild populations and their counterparts undergoing a domes-
tication process have been poorly studied in insect species. Yet, such divergences and conver-
gences of various phenotypic traits that differentiate domesticates from their wild progenitors 
can be expected under the domestication syndrome hypothesis [36]. In mammals, the domesti-
cation syndrome tends to comprise changes in tameness, aggressiveness, coat color/pigmenta-
tion, body morphology, reproductive alterations, hormone, neurotransmitter concentrations, 
and brain composition [36]. Some of these changes can be observed when comparing B. mori 
and its phylogenetically nearest wild counterpart [67–71] in tameness (i.e., larger tolerance to 
human presence/handling), aggressiveness (i.e., toward conspecifics since B. mori has higher 
ability to live in crowded conditions), morphology (i.e., leucism, larger body size), and repro-
duction/development (i.e., bigger cocoon and higher silk production, higher growth rate, altered 
premating behavior) [51, 52, 57, 68]. Comparison of silkworm specificities with phenotypes of 
man-produced Drosophila flies and honey bees shows some convergences: higher tameness (i.e., 
fruit flies), lower aggressiveness toward humans and conspecifics (i.e., in A. mellifera), modified 
reproduction (e.g., higher fertility in fruit flies; changes in reproduction, e.g., limited swarming 
in A. mellifera), and morphology (i.e., specific color patterns of man-controlled strains/races) 
[111, 121, 219, 220, 222, 227–230]. These specificities concern domestication traits facilitating the 
domestication by humans (e.g., aggressiveness in honey bees) as well as improvement traits 
(e.g., higher honey production in A. mellifera; higher silk production in B. mori) that increase the 
manageability and the animal production efficiency/profitability for humans.
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Specificities of populations undergoing a domestication process have been most likely shaped 
by unintentional/deliberate human actions, human-controlled environments, relaxation of the 
selection occurring in the wild or both as in other animal species [10, 41, 42]. For instance, the 
inability of B. mori to fly could result from a relaxation of selection in the wild (i.e., silkworm are 
protected and fed in captive conditions by humans) and/or a human pressure for “nonflying” 
insects (i.e., this facilitates the handling by humans). Similarly, the lower aggressiveness of honey 
bees can result from a lower predation pressure (i.e., human protection of hives) as well as from 
human selection for less aggressive populations. Inadvertent human habituation and uninten-
tional conditioning could also be a primary selective agent in insect domestication as suggested 
to explain developmental and reproductive differences between Drosophila strains [220].

From a genetic point of view, animals in captive environment are expected to rapidly display 
genetic changes corresponding to adaptations to captive breeding [239]. Indeed, the specific 
selective pressure occurring in domestication environments promotes selection for domesti-
cation syndrome gene variants [11]. This selection on man-controlled populations can shape 
specific genotypes even when gene flow from the wild still occurs [21, 59]. Changes in traits 
linked to valuable resources for humans or morphology have been showed to have a genetic 
basis (e.g., specificity of silk gland transcriptomes [67] and melanin synthesis [68] of B. mori). 
Similarly, behavior modifications commonly observed in insect domestication syndrome (e.g., 
tameness, aggressiveness, manageability by humans) can be explained by mutations on neuroge-
netic genes affecting overall locomotion and activity as suggested in man-produced populations 
of Drosophila species and mammals [36, 220]. Therefore, large mutational target of neurogenetic 
genes can explain the evolution of specific behavior in animal populations undergoing domes-
tication processes [220]. These neurogenomic loci collectively provide a large genomic substrate 
for variation to accumulate, and then selection and drift to act, to transform behavior [220].

10.4. Future prospects

The study of domestication of insect is still at a nascent stage. Some “model species” such as 
A. mellifera, B. mori, and Drosophila spp. have been the focus of several studies to understand 
domestication process. However, genetic bases of domestication-fostered modifications as 
well as the characterization of these modifications are poorly known. Therefore, further stud-
ies are needed to generalize domestication patterns as well as to understand genomic basis of 
domestication process.
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Abstract

The first trials of fish farming date back about 3500 years. Yet, this is only in the 1980s 
that the exponential development of aquaculture occurred, driven by the strong demand 
for aquatic products, whereas global capture fisheries started decreasing. The strong 
increase of aquaculture production has relied chiefly on the domestication of an increas-
ing number of fish species. Nevertheless, only a limited number has reached a high level 
of domestication. The aim of this chapter is to describe the domestication history of five of 
the main farmed fish species globally in which all have reached Level 5 and one example 
that has reached Level 2 only. These six species were chosen because enough scientific 
literature was available to describe their domestication history that allows illustrating 
both ancient and recent fish domestication.

Keywords: domestication level, wild, domesticated, fish species, aquaculture, 
diversification

1. Introduction

The first trials of fish farming date back about 3500 years [1, 2]. In Egypt, the earliest evidence 
of some kind of control of reproduction of the Nile tilapia (Oreochromis niloticus) in irriga-
tion ponds is suggested about 1500 years BC on paintings and bas-reliefs found in Theban 
tombs [3, 4]. Nearly at the same period, the farming of the common carp (Cyprinus carpio) 
started in China, in link with irrigation of agriculture [1–3]. This is also in China that the first 
treatise ever written on aquaculture “Fish breeding” was published in 475 years BC by Fan Li 
[1, 5–7]. Few centuries later, the farming of three other carps started in China: the silver carp 
(Hypophthalmichthys molitrix), the bighead carp (Hypophthalmichthys nobilis) and the grass carp 
(Ctenopharyngodon idella). Also in Asia, the aquaculture in brackish water has arguably started 
in the fifteenth century with the farming of milkfish (Chanos chanos) in Java [6]. In Europe, 
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started in China, in link with irrigation of agriculture [1–3]. This is also in China that the first 
treatise ever written on aquaculture “Fish breeding” was published in 475 years BC by Fan Li 
[1, 5–7]. Few centuries later, the farming of three other carps started in China: the silver carp 
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the farming of the common carp in freshwater ponds was already well developed during the 
Middle Ages [5, 8, 9]. The Italian “Vallicoltura” (farming in coastal lagoons and large open 
waterbodies of seabass, sea bream, eel, mullets, etc.) dates back to the fifteenth century, and 
the French trout culture started developing around the second half of the nineteenth century 
[9]. The rearing of oysters is also very ancient (dating back to 2500 years BC), either in Europe 
( particularly in Greece) or in Japan [9]. Nevertheless, other regions have a much more recent 
history of aquaculture. In North America, aquaculture started about 100 years ago [9]. In Africa, 
the aquaculture production dates back to the 1940s. In Australia, New-Zealand, and diverse 
Pacific Island states, the development of aquaculture is even more recent [9]. In conclusion, 
the rearing of aquatic animals is very old [10], particularly in Asia [11], even though the global 
increase is much more recent and has occurred mainly in the past three decades [4, 9, 11].

In 1950, global aquaculture production was almost negligible (about half a million tons), partic-
ularly in comparison to capture fisheries [9]. Up until the end of the 1970s, the production only 
slightly increased and represented at that time about 6% of the global production of aquatic 
products [2]. Yet, at the beginning of the 1980s, the improvements of rearing conditions, animal 
nutrition, larval rearing, and more recently genetics allowed strongly improving the production 
of an increasing number of species [9, 12, 13]. The exponential development of aquaculture 
during this period of time (Figure 1) was driven by the strong demand for aquatic products, 
whereas global capture fisheries started decreasing [14]. Between 1980 and 2010, global aquacul-
ture production was multiplied by 12, with a mean annual increase of 8.8%, sometimes reaching 
more than 12% during certain years [9, 15]. During the 2000s, the aquaculture production has 
continued increasing [10, 16–18], but at a slower pace (6.8%) than in the 1980s (10.8%) and 1990s 
(9.5%) [19]. In 2014, aquaculture provided half of all aquatic products for human consumption 
[20], although this percentage was about 9% in 1980 [19]. More than 500 species and/or species 
groups had been farmed by 2014 (i.e., a sevenfold increase compared to 1950 [21]), including 
362 finfishes, 140 molluscs, 62 crustaceans, and about 15 other aquatic animals [20]. The global 
aquaculture production (Figure 1) is dominated in 2016 by the farming of freshwater fish spe-
cies (58%, i.e., 46.4 million tons) followed by the production of molluscs (21.4%), crustaceans 
(9.8%), diadromous fishes (6.2%), marine fishes (3.4%), and various aquatic animals (1.2%).

Figure 1. Global aquaculture production (excluding plants) from 1950 to 2016 (data from the FAO database).
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The aim of this chapter is to describe the domestication history of five of the main farmed fish 
species globally in which all have reached Level 5 and one example that has reached Level 2 
only (Table 1). These six species were chosen because enough scientific literature was avail-
able to describe their domestication history that allows illustrating both ancient and recent 
fish domestication.

2. Domestication of freshwater fish species

2.1. The common carp (Cyprinus carpio)

The farming of the common carp, which started in China, is one of the most ancient with the 
tilapia farming, dating back at least 2500 years [5, 22]. During its long history of domestica-
tion, the common carp was profoundly modified by man, deliberately or not, resulting in 
several breeds with different body shapes, scales, colors, and performances [5, 23–25]. One of 
the most obvious changes is scales, whose shape and number strongly vary between the four 
main types of carps: scaled carp, line carp, mirror carp, and leather or naked carps [23–25]. 
Besides, the body has evolved from an elongated and torpedo shaped for wild individuals to 
become more laterally compressed and deep bodied [23]. The coloration is now also highly 
variable, including vivid pigmentations of white, red, black, yellow, blue, gold, and silver [5]. 
Most modifications of body shape, scalation, and color may have not appeared before the six-
teenth century, even though it is possible that some might have existed before [5]. During the 
nineteenth century, a new trend developed, mainly in Japan [23], with the selection of colored 
carps [5, 22]. These new forms called “nishikigoi” or simply “Koï” were reproduced, selected, 
and auctioned for use as pets in small garden pools and many public waterbodies [5, 23]. 
This intensive selection and the commercial production of these various colored carps have 
only truly started in the 1950s [5]. Today, the Japanese recognize at least 13 basic color pat-
terns, each with numerous varieties [5]. They would be today more than a hundred varieties 
of Koi [22], among which some specimens are the most expensive ornamental fish globally: 

Level Definition Top three families (number of species)

5 Selective breeding program is used focusing  
on specific goals

Cyprinidae (10), Salmonidae (8),  
Acipenseridae (5)

4 Entire life cycle closed in captivity without  
wild inputs

Cichlidae (6), Sparidae (5), Cyprinidae (4)

3 Entire life cycle closed in captivity with wild 
inputs

Sparidae (8), Cyprinidae (4), four families (3)

2 Part of the live cycle closed in captivity: several 
bottlenecks

Cyprinidae (9), Serranidae (5), Carangidae (4)

1 First trials of acclimatization to the captive 
environment

Cyprinidae (8), Siganidae (3), Sciaenidae (3)

Data from Teletchea and Fontaine [12].

Table 1. Domestication levels with their description and the list of the three leading families by levels in terms of number 
of species; the number of species by families by level is indicated in parentheses.
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the farming of the common carp in freshwater ponds was already well developed during the 
Middle Ages [5, 8, 9]. The Italian “Vallicoltura” (farming in coastal lagoons and large open 
waterbodies of seabass, sea bream, eel, mullets, etc.) dates back to the fifteenth century, and 
the French trout culture started developing around the second half of the nineteenth century 
[9]. The rearing of oysters is also very ancient (dating back to 2500 years BC), either in Europe 
( particularly in Greece) or in Japan [9]. Nevertheless, other regions have a much more recent 
history of aquaculture. In North America, aquaculture started about 100 years ago [9]. In Africa, 
the aquaculture production dates back to the 1940s. In Australia, New-Zealand, and diverse 
Pacific Island states, the development of aquaculture is even more recent [9]. In conclusion, 
the rearing of aquatic animals is very old [10], particularly in Asia [11], even though the global 
increase is much more recent and has occurred mainly in the past three decades [4, 9, 11].

In 1950, global aquaculture production was almost negligible (about half a million tons), partic-
ularly in comparison to capture fisheries [9]. Up until the end of the 1970s, the production only 
slightly increased and represented at that time about 6% of the global production of aquatic 
products [2]. Yet, at the beginning of the 1980s, the improvements of rearing conditions, animal 
nutrition, larval rearing, and more recently genetics allowed strongly improving the production 
of an increasing number of species [9, 12, 13]. The exponential development of aquaculture 
during this period of time (Figure 1) was driven by the strong demand for aquatic products, 
whereas global capture fisheries started decreasing [14]. Between 1980 and 2010, global aquacul-
ture production was multiplied by 12, with a mean annual increase of 8.8%, sometimes reaching 
more than 12% during certain years [9, 15]. During the 2000s, the aquaculture production has 
continued increasing [10, 16–18], but at a slower pace (6.8%) than in the 1980s (10.8%) and 1990s 
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362 finfishes, 140 molluscs, 62 crustaceans, and about 15 other aquatic animals [20]. The global 
aquaculture production (Figure 1) is dominated in 2016 by the farming of freshwater fish spe-
cies (58%, i.e., 46.4 million tons) followed by the production of molluscs (21.4%), crustaceans 
(9.8%), diadromous fishes (6.2%), marine fishes (3.4%), and various aquatic animals (1.2%).

Figure 1. Global aquaculture production (excluding plants) from 1950 to 2016 (data from the FAO database).
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Figure 2. Global aquaculture production from 1950 to 2016 of the common carp Cyprinus carpio (data from the FAO 
database).

individual fish can reach a million dollars [23]. However, despite Koi (for the ornamental 
market), the bulk of global aquaculture production of the common carp for human consump-
tion is based on unselected individuals [24–27]. Indeed, even though carps have undergone 
selective breeding, at least empirically, for centuries, a more rationale practice has neverthe-
less been used only at the beginning of the twentieth century [24–27].

During its long history of domestication, the common carp, whose natural range spreads from 
the Danube River (in Europe) to the Amur River (in China), was introduced in more than 120 
countries; its current distribution is now almost global [5, 28–29]. In Europe, the common 
carp would be native from central regions (particularly the Danube delta), where its farming 
was started by the Romans about 2000 years ago [5]. During the Middle Ages, its farming 
spread to the entire European continent [5, 22, 25], particularly due to the development of 
fish farming in monasteries [5, 30]. In most countries where it was introduced, the common 
carp was naturalized, establishing self-sustaining populations, and qualified as feral, that is, 
farmed individuals returning to the wild [5, 23]. These feral populations are today found in 
hydrosystems of more than 90 countries globally [29], in Asia, Africa, North, Central and 
South America, Australia, and Oceania [31]. In Australia, for instance, the common carp is 
the largest freshwater fish introduced and now contributes more than 90% of fish biomass in 
many areas of south-east of Australia [31]. In Europe, feral populations, some of which could 
be centuries old, dominate most of drainage systems [22].

Today, the common carp is the third most important species in aquaculture production by 
volume with more than 4.1 million tons in 2014 (Figure 2). Its production was multiplied by 
more than 40 in the past decades (Figure 2). In 2000, it was produced in more than 80 countries, 
among which about 15 displayed a production higher than 10,000 tons [15, 22]. The rearing 
systems of the common carp are highly diversified: extensive monoculture in earthen ponds, 
with or without fertilization and/or additional feeding; intensive monoculture in small ponds, 
cages, or raceways; and integrated mono- or polyculture with other agricultural activities [32]. 
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In Europe, the common carp is traditionally farmed in large ponds of one to several hundred 
hectares [32–34]. The degree of farming intensity ranges from highly extensive (low stocking 
densities with no additional feeding or fertilization) to relatively highly intensive (high den-
sity stocking, control of water quality, mechanical aeration, provision of complete feeds, etc.) 
[32]. In extensive systems, the common carp is the main species reared, sometimes associated 
with other cyprinids—the tench (Tinca tinca), the roach (Rutilus rutilus), the rudd (Scardinius 
erythrophthalmus)—and various piscivorous fish—the northern pike (Esox lucius), the Eurasian 
perch (Perca fluviatilis), the pikeperch (Sander lucioperca), or the Wels fish (Silurus glanis) [32, 33].  
The main European producing countries are Russia, Ukraine, Czech Republic, Poland, 
Hungary, and Germany [22, 34]. In Japan and Southeast Asia, the traditional farming of the 
common carp is practiced in monoculture associated with agriculture (rice and cereals) or 
farming (duck) [32]. In both China and India, the common carp is traditionally reared in poly-
culture ponds in association with five or six species [32]: the silver carp (Hypophthalmichthys 
molitrix), the bighead carp (Hypophthalmichthys nobilis), the grass carp (Ctenopharyngodon 
idella), the mud carp (Cirrhinus molitorella), and the black carp (Mylopharyngodon piceus) [32]. 
This association allows obtaining much higher yields for the diverse farmed species [32].

In conclusion, the common carp is one of the first species to have been domesticated and has 
become the third leading farmed aquatic species and one of the most introduced worldwide 
[25–29]. Its biological characteristics (robustness, fast growth, easy propagation, omnivorous 
feeding regime, ability to readily accept pellets, resistance to disease, and tolerance to a wide 
range of climatic conditions [35]) make the common carp one of the most popular species [22] 
that succeeds to adapt to different geographic areas and rearing systems [32].

2.2. The Nile tilapia (Oreochromis niloticus)

The farming of the Nile tilapia is one of the most ancient in the world and dates back to 
the Egyptian antiquity, more than 3500 years ago [3]. Representations of farming are still 
visible today on the bas-reliefs of Theban tombs [3]. During the following centuries, the 
rearing systems and farmed tilapias had been slightly modified; thus, the global production 
remained very low, reaching only about 1500 tons in 1950 (Figure 3). However, during the 
second half of the last century, the production started increasing exponentially, notably from 
the end of the 1980s (Figure 3). The explosion of production is chiefly due to the control 
of the reproduction in captivity, thanks to the onset of monosex farming, including males 
only [15]. The farming of monosex male populations is today the rule (males displaying a 
much higher growth rate than females [36]), which is obtained by sex reversal induced by 
masculinizing hormones [36], hybridization, or both combined [15]. The production of sex 
reversal by hormonal treatment of fingerlings is now prohibited in fish destined to human 
consumption in Europe but is still authorized and largely used in the rest of the world [36]. 
The second method is the breeding with other species, such as the Mozambique tilapia 
(Oreochromis mossambicus) and the blue tilapia (Oreochromis aureus) [6]. In parallel to the sex 
reversal method, a selective breeding program was initiated at the end of the 1980s, in the 
Philippines, by an international research institute, among which Filipino and Norwegian 
researchers [36–38]. This program focused on growth and was called “Genetically Improved 
Farmed Tilapia” or GIFT [36–38]. In order to ensure a broad genetic variability, broodstock 
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Figure 2. Global aquaculture production from 1950 to 2016 of the common carp Cyprinus carpio (data from the FAO 
database).
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carp would be native from central regions (particularly the Danube delta), where its farming 
was started by the Romans about 2000 years ago [5]. During the Middle Ages, its farming 
spread to the entire European continent [5, 22, 25], particularly due to the development of 
fish farming in monasteries [5, 30]. In most countries where it was introduced, the common 
carp was naturalized, establishing self-sustaining populations, and qualified as feral, that is, 
farmed individuals returning to the wild [5, 23]. These feral populations are today found in 
hydrosystems of more than 90 countries globally [29], in Asia, Africa, North, Central and 
South America, Australia, and Oceania [31]. In Australia, for instance, the common carp is 
the largest freshwater fish introduced and now contributes more than 90% of fish biomass in 
many areas of south-east of Australia [31]. In Europe, feral populations, some of which could 
be centuries old, dominate most of drainage systems [22].

Today, the common carp is the third most important species in aquaculture production by 
volume with more than 4.1 million tons in 2014 (Figure 2). Its production was multiplied by 
more than 40 in the past decades (Figure 2). In 2000, it was produced in more than 80 countries, 
among which about 15 displayed a production higher than 10,000 tons [15, 22]. The rearing 
systems of the common carp are highly diversified: extensive monoculture in earthen ponds, 
with or without fertilization and/or additional feeding; intensive monoculture in small ponds, 
cages, or raceways; and integrated mono- or polyculture with other agricultural activities [32]. 
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hectares [32–34]. The degree of farming intensity ranges from highly extensive (low stocking 
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that succeeds to adapt to different geographic areas and rearing systems [32].
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The farming of the Nile tilapia is one of the most ancient in the world and dates back to 
the Egyptian antiquity, more than 3500 years ago [3]. Representations of farming are still 
visible today on the bas-reliefs of Theban tombs [3]. During the following centuries, the 
rearing systems and farmed tilapias had been slightly modified; thus, the global production 
remained very low, reaching only about 1500 tons in 1950 (Figure 3). However, during the 
second half of the last century, the production started increasing exponentially, notably from 
the end of the 1980s (Figure 3). The explosion of production is chiefly due to the control 
of the reproduction in captivity, thanks to the onset of monosex farming, including males 
only [15]. The farming of monosex male populations is today the rule (males displaying a 
much higher growth rate than females [36]), which is obtained by sex reversal induced by 
masculinizing hormones [36], hybridization, or both combined [15]. The production of sex 
reversal by hormonal treatment of fingerlings is now prohibited in fish destined to human 
consumption in Europe but is still authorized and largely used in the rest of the world [36]. 
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(Oreochromis mossambicus) and the blue tilapia (Oreochromis aureus) [6]. In parallel to the sex 
reversal method, a selective breeding program was initiated at the end of the 1980s, in the 
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were sampled from four strains of tilapias reared in the Philippines (Israel, Singapore, 
Taiwan, and Thailand stocks) as well as four wild populations imported from Africa (Egypt, 
Ghana, Kenya, and Senegal) [37]. Through five generations of selection, the cumulative 
gain for growth rate was 86%, corresponding to an average of 17% per generation [37]. At 
least 20 family-based breeding programs are now in operation globally, more than any 
other aquatic species [37]. The base populations in 10 of these 20 breeding programs come 
from the GIFT project, essentially breeders from the fifth generation of selection [37]. The 
GIFT and GIFT-derived strains are used in numerous farms throughout the world [39, 40].  
They represented 80% of the total production of fingerlings in China, 75% in Thailand, and 
40% in the Philippines [39]. Today, several species of tilapia are reared in the world, but the 
Nile tilapia remains by far the dominant species, with more than 80% of the total produc-
tion, including those of the hybrids [36]. The two other species significantly produced are the 
Mozambique tilapia and the blue tilapia [36].

In parallel to its domestication, the Nile tilapia has progressively been introduced in numerous 
countries around the world, mainly during the years 1960–1980 [36]. It is now farmed in more 
than 100 countries, and its total production has reached more than 2.5 million tons in 2010 
(Figure 3); this species ranked at the fifth place among the most produced aquatic species in 
the world in 2014 [38]. This represents a 60-fold increase of the production since 1980 [2, 36, 37].  
According to some experts, tilapia has the potential to become the most important aquacul-
ture species in the world in the coming years [37]. Besides, even though the tilapia is native 
from Africa, more than 70% of global production comes from Asia with more than 1 million 
tons from China only [9]. In Africa, the production is much lower (about 24%) and comes 
exclusively from Egypt with more than 550,000 in 2010 [9]. The rearing systems for tilapia are 
diverse: extensive or semi-intensive monoculture or polyculture in ponds, intensive monocul-
ture in floating cages, in pens, in tanks, or in recirculated systems [9]. The extensive farming 
of tilapia in ponds is widespread in tropical zones and mostly destined to local consumption 
[36]. The intensive or hyper-intensive farming (high densities, selectively improved strains, 

Figure 3. Global aquaculture production from 1950 to 2016 of the Nile tilapia Oreochromis niloticus (data from the FAO 
database).
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use of pellets) in tanks or floating cages in large lakes or reservoirs are practiced in several 
countries, such as China or Indonesia [36]. The farming in recirculated system has developed 
in temperate countries in order to produce tilapias all year long in controlled conditions, even 
though the production still remains low [9].

The tilapia, described as the aquatic chicken for its speedy and efficient growth, is often 
considered as a nearly perfect species for aquaculture [2]. Its biological characteristics are 
indeed particularly adapted to diverse rearing systems: high rusticity, spontaneous repro-
duction in captivity (multiple spawning), low-trophic level (phytoplankton and detritus), 
and extreme feeding plasticity [2, 29, 36]. Besides, the production costs are low, less than 
one dollar per kilo in subtropical and tropical countries that possess adequate temperature 
for its growth [36].

2.3. The rainbow trout (Oncorhynchus mykiss)

The farming of the rainbow trout started in the 1870s in California [41, 42]. Very rapidly, 
even though this species reproduces only once a year, the selective breeding in hatcheries 
and the control of the reproductive cycle using modifications of daylength duration allowed 
producing eggs virtually year round [41, 42]. In the same time, growth rate, disease resistance, 
and fecundity were all improved from the years 1930 to 1940, thanks to specific breeding pro-
grams [41, 42]. More recently, sterile triploid females were produced from thermal or pressure 
shock on eggs, leading to the farming of monosex females (which mature later than males 
and have much better flesh quality), which also ensure that if some fish escape from rearing 
systems into the wild, they will not be able to reproduce in natural conditions [42]. The rear-
ing of triploid females is widely used in the world, notably in France [43].

In the following years after the onset of domestication, the rainbow trout was exported, in 
form of eggs, in other American States (Virginia, Michigan, notably), then to Japan, the United 
Kingdom, and Denmark [15, 41, 42, 44, 45]. During the twentieth century, its introduction 
was continued in numerous countries [15, 41, 42, 44–46] either for human consumption or for 
restocking of rivers and lakes for recreational fisheries (particularly in the USA, Europe, and 
Japan). Consequently, the rainbow trout is one of the most introduced fish species globally, 
being present in more than 90 countries [47]. The production of rainbow trout has strongly 
increased, particularly during the 1960s and 1970s [42], partly thanks to the development 
of new extruded pellets [42], from 4400 tons in 1950 to 145,124 tons in 1980, and continued 
increasing to reach 728,844 tons in 2010 (Figure 4). Today, the rainbow trout is produced 
in more than 70 countries globally [46, 47], among which 15 have a production higher than 
15,000 tons [9]. In 2010, Europe was the leading producer of the rainbow trout with more 
than one-third of the production, followed by South America (mainly Chile), Asia (mainly 
Iran and Turkey), and Nord America (the United States) [15, 43, 46]. The production of the 
rainbow trout is consequently much more important in areas where is had been introduced 
than in its native range in North America (from Alaska to Mexico) [15, 43]. The rainbow is 
chiefly produced in intensive monoculture systems: individual ponds, concrete raceways, or 
other types of flow-through tanks (open systems) [18, 34, 42, 46], recirculated water systems, 
or floating cages either in freshwater or in marine waters [43, 46].
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though the production still remains low [9].
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considered as a nearly perfect species for aquaculture [2]. Its biological characteristics are 
indeed particularly adapted to diverse rearing systems: high rusticity, spontaneous repro-
duction in captivity (multiple spawning), low-trophic level (phytoplankton and detritus), 
and extreme feeding plasticity [2, 29, 36]. Besides, the production costs are low, less than 
one dollar per kilo in subtropical and tropical countries that possess adequate temperature 
for its growth [36].
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The farming of the rainbow trout started in the 1870s in California [41, 42]. Very rapidly, 
even though this species reproduces only once a year, the selective breeding in hatcheries 
and the control of the reproductive cycle using modifications of daylength duration allowed 
producing eggs virtually year round [41, 42]. In the same time, growth rate, disease resistance, 
and fecundity were all improved from the years 1930 to 1940, thanks to specific breeding pro-
grams [41, 42]. More recently, sterile triploid females were produced from thermal or pressure 
shock on eggs, leading to the farming of monosex females (which mature later than males 
and have much better flesh quality), which also ensure that if some fish escape from rearing 
systems into the wild, they will not be able to reproduce in natural conditions [42]. The rear-
ing of triploid females is widely used in the world, notably in France [43].
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was continued in numerous countries [15, 41, 42, 44–46] either for human consumption or for 
restocking of rivers and lakes for recreational fisheries (particularly in the USA, Europe, and 
Japan). Consequently, the rainbow trout is one of the most introduced fish species globally, 
being present in more than 90 countries [47]. The production of rainbow trout has strongly 
increased, particularly during the 1960s and 1970s [42], partly thanks to the development 
of new extruded pellets [42], from 4400 tons in 1950 to 145,124 tons in 1980, and continued 
increasing to reach 728,844 tons in 2010 (Figure 4). Today, the rainbow trout is produced 
in more than 70 countries globally [46, 47], among which 15 have a production higher than 
15,000 tons [9]. In 2010, Europe was the leading producer of the rainbow trout with more 
than one-third of the production, followed by South America (mainly Chile), Asia (mainly 
Iran and Turkey), and Nord America (the United States) [15, 43, 46]. The production of the 
rainbow trout is consequently much more important in areas where is had been introduced 
than in its native range in North America (from Alaska to Mexico) [15, 43]. The rainbow is 
chiefly produced in intensive monoculture systems: individual ponds, concrete raceways, or 
other types of flow-through tanks (open systems) [18, 34, 42, 46], recirculated water systems, 
or floating cages either in freshwater or in marine waters [43, 46].
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The rainbow trout is one of the oldest fish in culture [41]. In Europe, up to 14 generations of 
selection have been performed in family selection and up to 20 in mass selection [44]. This 
is also the species for which the geographical area was the most increased following the 
numerous introductions in the past century. In 2014, the rainbow trout was the twelfth most 
produced aquatic species globally. Its biological characteristics (both sex mature in captiv-
ity, spawning is easy to obtain, eggs are relatively robust, fry are sufficiently developed at 
hatching to directly accept pellets, relatively large tolerance to both temperature and salinity) 
partly explain the success of its rearing throughout the world [41, 44, 47].

2.4. The striped catfish (Pangasianodon hypophthalmus)

The farming of the striped catfish, as well as a dozen of other fish species [48], is very ancient in the 
Mekong River, particularly in Vietnam, and, to a lesser extent, in Cambodia and Thailand [49].  
Traditionally, the farming of the striped catfish relied on the capture of fry and juveniles in the 
wild, mainly in Cambodia [49], which was then farmed up to a sufficient size to be consumed by 
local populations [48, 50, 51]. Yet, the farming of striped catfish in Vietnam dramatically changed 
in the past decades [50], partly due to the ban, by the governments of Cambodia in 1994 and 
Vietnam in 2000, of the collection of wild fry and juveniles of all species in the natural environ-
ment [50], and partly thanks to the development, within the framework of a Franco-Vietnamese 
research program, of a reliable artificial propagation of two catfish species [49, 50, 51]. The 
control of reproduction in captivity was first developed for Pangasius bocourti [49] and then 
applied on the striped catfish [50], which allows securing the aquaculture  production [49, 52]. 
In few years, several hundred hatcheries opened in the Mekong Delta allowing to provide all 
farms [49, 51], which rapidly became the leading farmed species in Vietnam [49]. The control 
of the reproductive cycle in captivity has changed the aquaculture of this species from being 
seen as an activity that overexploited natural resources to one that reduces pressure on wild 
populations [50]. Nevertheless, farming in both cages and pens in Cambodia, Laos, and, to a 
much lesser extent, Thailand still relies on the capture of juveniles in the wild [9].

Figure 4. Global aquaculture production from 1950 to 2016 of rainbow trout Oncorhynchus mykiss (data from the FAO 
database).
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The production of the striped catfish (Figure 5) was very low in the 1950s (few thousand tons) 
and strongly increased from the middle of 1990s [49], to reach more than 1.5 million tons in 
2010, including its hybrids [48, 51]. The major part of the production is realized in its native 
area, i.e., the Mekong River [48, 53]. The Vietnam strongly dominates the production with 
more than 75% of the global volume, followed by Cambodia, Thailand, and Laos [49, 51].  
This species was introduced in neighboring countries, notably in Indonesia, Bangladesh, 
and Malaysia that produced all together about 20% of the global volume [19, 48, 50]. Only in 
Vietnam, this species represents more than one third of the aquaculture production [51, 52]. 
More than 90% of the Vietnamese production of striped catfish is exported to a hundred of 
countries in the world [49–51, 53, 54]. In parallel to increase of the production, the rearing sys-
tems have also evolved [52]. Traditionally, the farming of striped catfish was realized in bam-
boo floating cages in rivers or reservoirs within which food was mainly constituted of domestic 
wastes or farming co-products, and in ponds, most often fertilized with organic effluents [49]. 
Today, most of the production is realized in ponds [52] using commercially made feed [49, 52]. 
The production could reach hundreds of tons (up to 1000 tons) by ha and year [49].

The striped catfish is without any doubt the aquatic species for which the production has 
increased the most during the past decade [52, 55]. The domestication of this species is still in its 
infancy, and genetic improvement programs have only recently started [50]. Because of its low-
production cost, mainly due to its feeding regime, its rapid growth, along with high-rearing 
densities, and large volume, frozen striped catfish fillets have become extremely competitive 
on the international market [19]. In the early growth phases of the sector, it has to overcome 
trade embargoes, particularly link to the use of antibiotics; yet, recent studies have demon-
strated that there is no food safety concern from either environmental or applied contaminant 
compounds in this species [49, 52, 56]. Currently, restrictions on the export of the striped catfish 
from Vietnam do not exist in most importing countries [52]. Catfish fillets are sold in more 
than 100 countries, among which the United States and more recently Europe (particularly in 
Eastern countries and Spain) and Asia (mostly Japan, Hong Kong, and Singapore) [19].

Figure 5. Global aquaculture production from 1950 to 2016 of the striped catfish Pangasianodon hypophthalmus (data from 
the FAO database).
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3. Domestication of diadromous and marine fish species

3.1. The Atlantic salmon (Salmo salar)

The farming of the Atlantic salmon started in the early nineteenth century in the United 
Kingdom in order to rebuild river populations for angling [9]. Nevertheless, this is only at the 
end of the 1960s that the farming in sea cages was used for the first time in Norway [57]. From 
the year 1970, the first ever family-based breeding program of the Atlantic salmon was initi-
ated in Norway in a brand new research institute entitled AKVAFORSK [57, 58]. Even though 
the production of the Atlantic salmon was only 100 tons in Norway at this time, the equivalent 
of about 3.6 million US$ was covered for two-thirds by the Norwegian government and the 
rest by industry (not working in the aquaculture field) and nongovernmental organizations 
[57]. In parallel, research programs were started to develop new dry pellet feed adapted to 
the Atlantic salmon, which were available from 1982 [57]. After about 40 years of farming, the 
time to produce a standard market-sized 4 kg fish has been halved, and while 3 kg of dry mat-
ter (in moist feed) was necessary to produce 1 kg of salmon in the beginning, this has also been 
reduced to 1.15 kg (dry pellets) [37]. Other traits were progressively added to the selection 
index such as age at sexual maturity, disease resistance, stress resistance, and quality of the 
flesh [10, 37, 57, 58]. From the early stages of the selective breeding programs, eggs and juve-
niles were sold to the industry resulting in that close to 100% of the production of the Atlantic 
salmon in Norway and in the rest of the world are now based on improved stocks [10, 57, 58]. 
Farmed salmon is regarded as one of the most domesticated fish species farmed for food, and 
one Norwegian strain has been exposed to ≥12 generations of domestication [59, 60].

In parallel to its domestication, the production was multiplied by 5000 (Figure 6) from 294 
tons in 1970 to more than 1.4 million tons in 2010 [19, 61]. A dozen of countries currently 

Figure 6. Global aquaculture production from 1950 to 2016 of the Atlantic salmon Salmo salar (data from the FAO database).
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produce the Atlantic salmon, among which the four leading countries are Norway, Chile, the 
United Kingdom, and Canada [19, 47, 62]. In Norway and Chile (where this species was intro-
duced), the farming of the Atlantic salmon has an enormous economic importance [63, 64]. 
In Norway, the farming of Atlantic salmon is the third largest industry after petroleum and 
mining [47]. In Chile, the exports of the Atlantic salmon represent about two-thirds of the 
total Chilean fisheries exports and became the third most important export commodity after 
copper and wood products [47]. Most part of the production (on-growing) is now performed 
in sea cages [19, 61], with hatcheries working with either flow-through or recirculating aqua-
culture systems [65].

The Atlantic salmon has evolved in few decades from a luxury item, which was consumed 
only at specific periods in the year (particularly at Christmas), to convenience products [9]. 
He has become in 2014 the ninth most produced aquatic products globally, with more than 2.3 
million tons. The success of its farming in Norway (and in Chile) is mainly due to the presence 
of numerous suitable sites for its production, a dynamic research and industry as well as gov-
ernment support [9]. Besides, the Atlantic salmon displays several features (high growth in 
cages, flesh strongly appreciated by consumers, etc.) that contribute to its farming success [9].  
In parallel, the capture by fisheries has strongly decreased from 118,000 tons in 1980 to 73,000 
tons in 1990 to less than 40,000 ton in 2000 [47]. Today, almost 100% of the Atlantic salmon is 
coming from farming [47].

3.2. The European seabass (Dicentrarchus labrax)

The traditional farming of the European seabass in the Mediterranean Sea consisted of col-
lecting juveniles in the wild and releasing them in semi-artificial coastal lagoons, such as 
“Vallicoltura” in Italy [66, 67]. Within these lagoons, seabass was reared extensively [68].  
Nevertheless, from the year 1960, in the face of strong competition for wild juveniles 
between the on-growers and the decrease of natural resources [66], the first rearing trials 
were initiated in France and Italy [69]. In the middle of the 1980s, the development of reli-
able methods of reproduction techniques and husbandry methods allowed higher survival 
[68], and their diffusion rapidly led to the development of a true industry in several coun-
tries along the Mediterranean Sea [66, 68]. In the 1990s, the first breeding programs were 
initiated, first in France and Israel, then in Greece, Spain, and Italy, which allow obtaining 
the eighth generation of selection in the oldest program [67]. However, a large proportion of 
the broodstock used today is still coming from wild breeders or first-generation individuals 
[66, 69, 70].

The aquaculture production of seabass was almost inexistent in 1950 (Figure 7). With the 
control of the life cycle in captivity, the aquaculture production increased exponentially 
from the middle of 1980 to reach 134,711 tons in 2010 (Figure 7). In the same period of 
time, the capture by fisheries increased from 4460 tons in 1980 to 10,853 tons in 2010 [9]. 
Consequently, 9 of 10 seabasses consumed in the world are now farmed. The main produc-
ers are all located around the Mediterranean Sea: Turkey, Greece, Egypt, Spain, and Italy [9].  
Most of the production (on-growing) is realized in sea cages, followed by tanks and lagoon [68].  
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United Kingdom, and Canada [19, 47, 62]. In Norway and Chile (where this species was intro-
duced), the farming of the Atlantic salmon has an enormous economic importance [63, 64]. 
In Norway, the farming of Atlantic salmon is the third largest industry after petroleum and 
mining [47]. In Chile, the exports of the Atlantic salmon represent about two-thirds of the 
total Chilean fisheries exports and became the third most important export commodity after 
copper and wood products [47]. Most part of the production (on-growing) is now performed 
in sea cages [19, 61], with hatcheries working with either flow-through or recirculating aqua-
culture systems [65].

The Atlantic salmon has evolved in few decades from a luxury item, which was consumed 
only at specific periods in the year (particularly at Christmas), to convenience products [9]. 
He has become in 2014 the ninth most produced aquatic products globally, with more than 2.3 
million tons. The success of its farming in Norway (and in Chile) is mainly due to the presence 
of numerous suitable sites for its production, a dynamic research and industry as well as gov-
ernment support [9]. Besides, the Atlantic salmon displays several features (high growth in 
cages, flesh strongly appreciated by consumers, etc.) that contribute to its farming success [9].  
In parallel, the capture by fisheries has strongly decreased from 118,000 tons in 1980 to 73,000 
tons in 1990 to less than 40,000 ton in 2000 [47]. Today, almost 100% of the Atlantic salmon is 
coming from farming [47].

3.2. The European seabass (Dicentrarchus labrax)

The traditional farming of the European seabass in the Mediterranean Sea consisted of col-
lecting juveniles in the wild and releasing them in semi-artificial coastal lagoons, such as 
“Vallicoltura” in Italy [66, 67]. Within these lagoons, seabass was reared extensively [68].  
Nevertheless, from the year 1960, in the face of strong competition for wild juveniles 
between the on-growers and the decrease of natural resources [66], the first rearing trials 
were initiated in France and Italy [69]. In the middle of the 1980s, the development of reli-
able methods of reproduction techniques and husbandry methods allowed higher survival 
[68], and their diffusion rapidly led to the development of a true industry in several coun-
tries along the Mediterranean Sea [66, 68]. In the 1990s, the first breeding programs were 
initiated, first in France and Israel, then in Greece, Spain, and Italy, which allow obtaining 
the eighth generation of selection in the oldest program [67]. However, a large proportion of 
the broodstock used today is still coming from wild breeders or first-generation individuals 
[66, 69, 70].

The aquaculture production of seabass was almost inexistent in 1950 (Figure 7). With the 
control of the life cycle in captivity, the aquaculture production increased exponentially 
from the middle of 1980 to reach 134,711 tons in 2010 (Figure 7). In the same period of 
time, the capture by fisheries increased from 4460 tons in 1980 to 10,853 tons in 2010 [9]. 
Consequently, 9 of 10 seabasses consumed in the world are now farmed. The main produc-
ers are all located around the Mediterranean Sea: Turkey, Greece, Egypt, Spain, and Italy [9].  
Most of the production (on-growing) is realized in sea cages, followed by tanks and lagoon [68].  
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Figure 8. Global aquaculture production from 1950 to 2016 of the Atlantic bluefin tuna Thunnus thynnus (data from the 
FAO database).

The seabass has become in less than three decades the second most produced fish species 
in the Mediterranean Sea, just after the sea bream Sparus aurata (whose production has fol-
lowed a similar trend).

3.3. The Atlantic bluefin tuna (Thunnus thynnus)

The farming of the Atlantic bluefin tuna is recent [9]. The first trials of farming date back to 
the 1970s in Canada, Japan, and Australia [71]. Nevertheless, the aquaculture production truly 
started in the middle of the 1980s in the Mediterranean Sea, with the evolution of new tech-
nics allowing to provide fish to fattening farms [71, 72]. Despite significant progress, notably 
thanks to the work of a consortium of European researchers, the reliable control of the life 
cycle of the Atlantic bluefin tuna in captivity was never reached [73, 74]. Consequently, this 

Figure 7. Global aquaculture production from 1950 to 2016 of the seabass Dicentrarchus labrax (data from the FAO 
database).
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industry is entirely based on the stocking of wild-caught specimens, which are reared in cages 
during a period varying from few months to 2 or 3 years [72–76].

Despite the lack of control of the full life cycle in captivity, the aquaculture production has 
evolved very quickly from the year 1990 to reach 4080 tons in 2010 (Figure 8). More than 10 
countries around the Mediterranean Sea currently produce this species, that is, around 60–70 
farms [72 - 74]. The leading producers are Croatia, Malta, Turkey, Spain, and Tunisia [77, 78]. 
The first kind of production, which dates back to the 1980s, is based on the capture of breeders, 
whose weight varies between 40 and 400 kg, during the migration season, most often close to 
the spawning areas [73]. Those large individuals are then transported at low speed (1–1.5 knots) 
over distances ranging from few to 100 km, which might sometimes take several weeks, before 
being transferred to very large sea cages [73, 79]. Within those very large rearing cages, which 
may reach 50–60 m of diameter (sometimes even larger than 100 m) and 20–35 m deep, fish 
are fattened during several months, time required to rebuild muscle fat content that confers 
to the high-quality flesh researched on the Japanese market of sushi and sashimi [71, 73, 76]. 
During the middle of 1990s, a second type of production was initiated and consists of capturing 
immature individuals (8–20 kg in body weight), which are then reared during about 2–3 years 
in smaller sea cages than for breeders (50–60 m of diameter for about 20 m deep) to get fish of 
30–50 kg [73, 76]. This type of production is mainly developed in the Adriatic Sea, particularly 
in Croatia [71, 76]. In all rearing systems, tunas are most often feed small forage fishes, among 
which sardinella (Sardinella aurita), pilchard (Sardina pilchardus), herring (Clupea harengus), 
mackerel (Scomber scombrus), chub mackerel (Scomber japonicas), horse mackerel (Trachurus 
sp.), bogue (Boops boops), and some cephalopods [71, 73, 75, 78, 79]. The feed conversion rates, 
which are estimated on a wet feed/wet tuna biomass, are most often high and vary between 
10 and 20:1 [73, 78]. In other words, it requires 20 kg of forage fish to make 1 kg of tuna [73].  
These feed conversion rates may be even beyond 40:1 for large specimens [73]. Two close rela-
tive species to the Atlantic bluefin tuna are also currently produced in other geographic areas 
using similar methods, namely the Northern Pacific bluefin tuna (Thunnus orientalis) in Mexico 
[78, 79] and the Southern bluefin tuna (Thunnus maccoyii) in Australia [80]. In 2002, Japanese 
scientists were able to obtain eggs and larvae of T. orientalis in an artificial setting; yet, there 
is not a broad knowledge of how to culture tuna in captive conditions, and much research is 
needed to consistently control the entire life cycle in captivity [78].

In conclusion, the aquaculture production of Atlantic bluefin tuna has strongly increased 
within the past two decades, mainly driven by the Japanese market [78], its high commercial 
value associated with its high growth (30 kg in 3 years) [73]. However, the production of this 
species is based on the capture of wild individuals in nature; thus, only a control of the entire 
life cycle could ensure the sustainability of the industry through a reduction in its reliance on 
wild stocks [72, 73, 80].

4. Conclusions

The strong increase of the aquaculture production since the early 1980s has relied chiefly on 
the domestication of an increasing number of fish species [12, 13, 81–85]. Nevertheless, only a 
limited number has reached a high level of domestication (Table 1), such as the rainbow trout, 

Fish Domestication: An Overview
http://dx.doi.org/10.5772/intechopen.79628

81



Figure 8. Global aquaculture production from 1950 to 2016 of the Atlantic bluefin tuna Thunnus thynnus (data from the 
FAO database).

The seabass has become in less than three decades the second most produced fish species 
in the Mediterranean Sea, just after the sea bream Sparus aurata (whose production has fol-
lowed a similar trend).

3.3. The Atlantic bluefin tuna (Thunnus thynnus)

The farming of the Atlantic bluefin tuna is recent [9]. The first trials of farming date back to 
the 1970s in Canada, Japan, and Australia [71]. Nevertheless, the aquaculture production truly 
started in the middle of the 1980s in the Mediterranean Sea, with the evolution of new tech-
nics allowing to provide fish to fattening farms [71, 72]. Despite significant progress, notably 
thanks to the work of a consortium of European researchers, the reliable control of the life 
cycle of the Atlantic bluefin tuna in captivity was never reached [73, 74]. Consequently, this 

Figure 7. Global aquaculture production from 1950 to 2016 of the seabass Dicentrarchus labrax (data from the FAO 
database).

Animal Domestication80

industry is entirely based on the stocking of wild-caught specimens, which are reared in cages 
during a period varying from few months to 2 or 3 years [72–76].
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life cycle could ensure the sustainability of the industry through a reduction in its reliance on 
wild stocks [72, 73, 80].

4. Conclusions

The strong increase of the aquaculture production since the early 1980s has relied chiefly on 
the domestication of an increasing number of fish species [12, 13, 81–85]. Nevertheless, only a 
limited number has reached a high level of domestication (Table 1), such as the rainbow trout, 
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the Nile tilapia, or the Atlantic salmon [83–85]. The 35 species classified at Level 5 [12] belong 
to 10 families, among which Cyprinidae (n = 10 species), Salmonidae (n = 8), and Acipenseridae 
(n = 5) [83]. For these species, the entire life cycle is controlled in captivity, and breeding 
programs have allowed improving, among others, growth, with average genetic gains com-
prised between 10 and 15% per generation [37, 58, 85–87]. Today, it is estimated that about 
10% of the global production is based on improved individuals [37, 87–89]. Nevertheless, 
very often, even for the species that have reached Level 4 or 5 (Table 1), a significant part of 
global production is based on the introduction of wild individuals. Conversely to these few 
domesticated species, or more accurately domesticated populations, the majority of farmed 
fish species still rely on the regular inputs of wild individuals (Table 1); thus, there is no 
strong dichotomy within the same species between wild individuals (coming from fisheries) 
and farmed individuals (produced in aquaculture) [90–93]. Besides, for numerous species, 
aquaculture is not a true alternative to capture fisheries but rather a mean to produce wild 
individuals to a certain commercial size by strongly decreasing the high-mortality rate char-
acteristics of wild populations [90, 94]. Most farmed fish are thus still relatively similar to their 
wild congeners [95, 96].

Even though the number of farmed aquatic species (including fish, molluscs, and crustaceans) 
has strongly increased from 1950 to 2010, from about 72 to more than 500 [19, 20], only few 
species ensure the bulk of the production today [30, 83, 97]. For fish only, 15 species ensure 
more than 85% of the global production in 2005 [30], despite the number of farmed species 
rose from 43 to 219 between 1950 and 2005 [97]. In 2009, this trend was confirmed with more 
than 90% of the global production relying on 20 species only [83]. Only in Europe, most of 
the aquaculture production is based on the rearing of 10 species only [34, 98]. For some spe-
cies, which have a very high production today, their farming is quite recent, dating back 
only to two or three decades only, such as the striped catfish or the Atlantic salmon [30, 97]. 
Among the 33 species with more than 100,000 tons in 2005, about one-quarter was not pro-
duced 40 years ago [97], which illustrates that new species can contribute strongly to the 
global production [99–101]. Conversely, most farming trials of new species realized within 
the past decades, either failed or resulted in low production volumes, about tens of tons. This 
demonstrates how difficult it is to farm a new species, whose development depends on the 
interaction of various factors, among which biological (availability of wild individuals, ability 
to control the life cycle in captivity), economical (acceptability by consumers, competition 
with other animal products), and environmental ones (availability of suitable sites and water, 
competition with other resources) [12, 18, 84, 91]. More recently, it has also become evident 
that climate change, which may result, among others, in global warming, saline water intru-
sion, and ocean acidification, may affect aquaculture [102]. Therefore, aquaculture should use 
genetically improved and robust animals not suffering from inbreeding depression, result-
ing from well-managed selective breeding programs with proper inbreeding control and 
breeding goals [102]. The leading species for aquaculture production have been extensively 
introduced across the world, particularly in the past century, resulting in that the bulk of 
aquaculture production relied on the farming of these very few alien species in numerous 
countries [11, 15]. Yet, the contribution of native species to global aquaculture will perhaps 
improve resulting in a more diversified and even production than today [99–101]. At least the 
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intensity level of farming, from extensive to highly intensive, and industrialization are also 
very diverse [18]. From an activity mainly artisanal, aquaculture has evolved to include very 
large companies that export in numerous countries [17, 103]. According to FAO, the annual 
production by fish farmer also strongly varies from less than 1 ton in Indonesia to 4 tons in 
India, 7 tons in China, 35 tons in Chile, and 187 tons in Norway [19].
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to 10 families, among which Cyprinidae (n = 10 species), Salmonidae (n = 8), and Acipenseridae 
(n = 5) [83]. For these species, the entire life cycle is controlled in captivity, and breeding 
programs have allowed improving, among others, growth, with average genetic gains com-
prised between 10 and 15% per generation [37, 58, 85–87]. Today, it is estimated that about 
10% of the global production is based on improved individuals [37, 87–89]. Nevertheless, 
very often, even for the species that have reached Level 4 or 5 (Table 1), a significant part of 
global production is based on the introduction of wild individuals. Conversely to these few 
domesticated species, or more accurately domesticated populations, the majority of farmed 
fish species still rely on the regular inputs of wild individuals (Table 1); thus, there is no 
strong dichotomy within the same species between wild individuals (coming from fisheries) 
and farmed individuals (produced in aquaculture) [90–93]. Besides, for numerous species, 
aquaculture is not a true alternative to capture fisheries but rather a mean to produce wild 
individuals to a certain commercial size by strongly decreasing the high-mortality rate char-
acteristics of wild populations [90, 94]. Most farmed fish are thus still relatively similar to their 
wild congeners [95, 96].

Even though the number of farmed aquatic species (including fish, molluscs, and crustaceans) 
has strongly increased from 1950 to 2010, from about 72 to more than 500 [19, 20], only few 
species ensure the bulk of the production today [30, 83, 97]. For fish only, 15 species ensure 
more than 85% of the global production in 2005 [30], despite the number of farmed species 
rose from 43 to 219 between 1950 and 2005 [97]. In 2009, this trend was confirmed with more 
than 90% of the global production relying on 20 species only [83]. Only in Europe, most of 
the aquaculture production is based on the rearing of 10 species only [34, 98]. For some spe-
cies, which have a very high production today, their farming is quite recent, dating back 
only to two or three decades only, such as the striped catfish or the Atlantic salmon [30, 97]. 
Among the 33 species with more than 100,000 tons in 2005, about one-quarter was not pro-
duced 40 years ago [97], which illustrates that new species can contribute strongly to the 
global production [99–101]. Conversely, most farming trials of new species realized within 
the past decades, either failed or resulted in low production volumes, about tens of tons. This 
demonstrates how difficult it is to farm a new species, whose development depends on the 
interaction of various factors, among which biological (availability of wild individuals, ability 
to control the life cycle in captivity), economical (acceptability by consumers, competition 
with other animal products), and environmental ones (availability of suitable sites and water, 
competition with other resources) [12, 18, 84, 91]. More recently, it has also become evident 
that climate change, which may result, among others, in global warming, saline water intru-
sion, and ocean acidification, may affect aquaculture [102]. Therefore, aquaculture should use 
genetically improved and robust animals not suffering from inbreeding depression, result-
ing from well-managed selective breeding programs with proper inbreeding control and 
breeding goals [102]. The leading species for aquaculture production have been extensively 
introduced across the world, particularly in the past century, resulting in that the bulk of 
aquaculture production relied on the farming of these very few alien species in numerous 
countries [11, 15]. Yet, the contribution of native species to global aquaculture will perhaps 
improve resulting in a more diversified and even production than today [99–101]. At least the 
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intensity level of farming, from extensive to highly intensive, and industrialization are also 
very diverse [18]. From an activity mainly artisanal, aquaculture has evolved to include very 
large companies that export in numerous countries [17, 103]. According to FAO, the annual 
production by fish farmer also strongly varies from less than 1 ton in Indonesia to 4 tons in 
India, 7 tons in China, 35 tons in Chile, and 187 tons in Norway [19].
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Abstract

Domestication is a process by which humans select some phenotypes of wild animal species 
(i.e., morphological traits or growth), but as all traits are linked, the selection of a particu-
lar one has consequences on others. In that context, behavioural traits may be affected by 
human selection. In this chapter, through classical behavioural traits, such as swimming 
capacities, foraging, social interactions, or reproduction, and also personality or cognitive 
abilities, what domestication modifies in fish behavioural traits is shown. The information 
is taken only from studies that make a clear comparison between domesticated and wild 
animals; the major difficulty was that the domesticated status was not clearly determined. 
Whatever the behavioural trait considered, domestication affects some of them even after 
only one generation. These data deserve to be taken into consideration when humans try, 
not only to domesticate new species but also to release domesticated species into their natu-
ral habitats. In this last case, alteration of behavioural traits could make the fish incapable to 
adapt to their new wild environment and alter their foraging or reproductive performances. 
Moreover, fish behaviour in farm is currently recognised as an essential component of the 
welfare and all behavioural modifications must be considered.

Keywords: behavioural traits, hatchery-reared fish, wild fish, performances, 
behavioural responses

1. Introduction

Behaviour is an animal phenotype and could be considered as a variable of adjustment for an 
animal to changes of environmental factors. Domestication gives new environmental conditions 
to animals; they have to adapt to these restricted surroundings. In general, captive conditions 
are less complex than those of a natural environment but even with less complexity, the environ-
mental conditions of farms or other rearing structures could appear as new for animals. So they 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[97] Fontaine P, Legendre M, Vandeputte M, Fostier A. Domestication de nouvelles espèces 
et développement durable de la pisciculture. Cahiers Agricultures. 2009;18:119-124

[98] Turchini GM, De Silva SS. Bio-economical and ethical impacts of alien finfish culture in 
European inland waters. Aquaculture International. 2008;16:243-272

[99] Sicuro B, Luzzana U. The state of Seriola spp. other than yellowtail (S. quinqueradiata) 
farming in the world. Reviews in Fisheries Science & Aquaculture. 2016;24:314-325

[100] Rimmer MA, Glamuzina B. A review of grouper (Family Serranidae: Subfamily Epine 
phelinae) aquaculture from a sustainability science perspective. Reviews in Aqua-
culture. 2017. https://onlinelibrary.wiley.com/doi/abs/10.1111/raq.12226

[101] Ramos Valladão GM, Gallani SU, Pilarski F. South American fish for continental aqua-
culture. Reviews in Aquaculture. 2016;10:351-369. https://onlinelibrary.wiley.com/doi/
abs/10.1111/raq.12164

[102] Sae-Lim P, Kause A, Mulder HA, Olesen I. Breeding and genetics symposium: Climate 
change and selective breeding in aquaculture. Journal of Animal Sciences. 2017;95: 
1801-1812

[103] Longo SB, Clark B, York R. The globalization of ecologically intensive aquaculture 
(1984-2008). Journal of Environmental Studies and Science. 2013;3:297-305

Animal Domestication90

Chapter 5

Effects of Domestication on Fish Behaviour

Alain Pasquet

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78752

Provisional chapter

DOI: 10.5772/intechopen.78752

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Effects of Domestication on Fish Behaviour

Alain Pasquet

Additional information is available at the end of the chapter

Abstract

Domestication is a process by which humans select some phenotypes of wild animal species 
(i.e., morphological traits or growth), but as all traits are linked, the selection of a particu-
lar one has consequences on others. In that context, behavioural traits may be affected by 
human selection. In this chapter, through classical behavioural traits, such as swimming 
capacities, foraging, social interactions, or reproduction, and also personality or cognitive 
abilities, what domestication modifies in fish behavioural traits is shown. The information 
is taken only from studies that make a clear comparison between domesticated and wild 
animals; the major difficulty was that the domesticated status was not clearly determined. 
Whatever the behavioural trait considered, domestication affects some of them even after 
only one generation. These data deserve to be taken into consideration when humans try, 
not only to domesticate new species but also to release domesticated species into their natu-
ral habitats. In this last case, alteration of behavioural traits could make the fish incapable to 
adapt to their new wild environment and alter their foraging or reproductive performances. 
Moreover, fish behaviour in farm is currently recognised as an essential component of the 
welfare and all behavioural modifications must be considered.

Keywords: behavioural traits, hatchery-reared fish, wild fish, performances, 
behavioural responses

1. Introduction

Behaviour is an animal phenotype and could be considered as a variable of adjustment for an 
animal to changes of environmental factors. Domestication gives new environmental conditions 
to animals; they have to adapt to these restricted surroundings. In general, captive conditions 
are less complex than those of a natural environment but even with less complexity, the environ-
mental conditions of farms or other rearing structures could appear as new for animals. So they 
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have to adapt. As a phenotype, behaviour is certainly the mean and the most useful to survive 
under the new conditions. So during the domestication process, behaviour allows the animal to 
adapt to its new environmental conditions. Through domestication, the artificial selection is a 
process of changing characteristics of animals by artificial means such as directional selection, 
familial selection [1] or genomic selection [2], and the domestication may impact the behaviour 
even after only one generation [3, 4].

Behavioural traits are among the first traits to be affected by domestication [5, 6]. Behaviour is 
more easily moulded than morphology or chemical composition and thus the costs of behav-
ioural modification are more efficiently adjusted to environmental variations. In his book, 
Jensen [7] described the effects of domestication in vertebrates, mainly on birds and mammals 
but there was nothing on fishes. Before that, there were three major reviews [3, 4, 8] on the 
influence of aquaculture and domestication on fish behaviour. In these papers, the authors 
summarised most of the available information on the effects of domestication on different 
traits of fish behaviour. The major aim of these reviews was to consider the importance of 
behavioural modifications due to domestication on the economic interest of the culture of 
fishes and on the welfare of animals in fish farms. In this chapter, I focus on the behavioural 
traits that have been modified by domestication without consideration to either economic 
objectives or animal welfare.

There are many difficulties to analyse papers dealing with the effects on domestication. 
First, it is not easy to identify precisely neither the number of generations in captivity nor 
the link between captive and wild animals. It is easy when it concerns the first generation 
obtained in captivity, but it is more complex when we address to ‘individuals reared in 
hatcheries’ for several years. Most often, we do not know if there was time introduction of 
wild animal (e.g. males) during the domestication process. Second, in most studies compar-
ing wild and domesticated strains, we have very few information on the characteristics of 
the wild animals and on those of their native sites. It is important because there is an impor-
tant variability of the behavioural trait parameters between different populations. Third, 
in general, fish performances of behavioural traits are tested under laboratory conditions 
except for displacements for which some experiments were realised in natural water areas. 
So whatever the experimental sites, the foreigner population (wild or domesticated) needs 
a period of acclimation to its new rearing conditions. These could introduce a bias in the 
results.

Behaviour is the basis of all relationships between the animal and its environment and con-
cerns with several behavioural traits: swimming, foraging, predator avoidance, relationships 
with conspecifics and reproduction. Moreover, it is now known that individuals exhibit 
behavioural or physiological characteristics, which, if they are consistent over time, define 
a coping style or personality [9]. As through domestication, human beings select some indi-
viduals among a population, this could modify the equilibrium between the different behav-
ioural profiles (or coping styles) of the individuals of a population. Now, some researches 
integrate this individual component and highlight the effects of domestication on individual 
behaviour as it has recently been done considering the learning and other cognitive abilities 
of fish.
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In this chapter, I will review some of these behavioural traits in hatchery-reared fishes that 
have often been altered in a characteristic manner by domestication.

2. Swimming behaviour

Swimming is a general behavioural trait, which is used in different situations: foraging activ-
ity, predator avoidance, stress responses or reproduction. For fish, one of the most determi-
nant traits that are able to improve foraging is the swimming ability. In rearing conditions, 
swimming is no longer as important as in nature; in general, fish have less space at their 
disposal, but if domestication selects individuals on their morphological and physiological 
characteristics, this could influence directly their swimming performances.

This behaviour trait has been tested on fishes in response to a predator attack. It is the case for 
juveniles (between 55 and 125 days old) of the sea bass (Dicentrarchus labrax); wild individuals 
showed a greater angular velocity and a stop distance to a new object more important than 
reared fishes [10]. These responses decrease with habituation in both groups. It means that 
wild individuals have a greater reactivity and a longer escape distance from an unknown 
object in their environment.

In the context of swimming behaviour, one of the more common tested parameter is the 
C-start response: this is the ability of an individual to rest from a novel environmental 
situation; it is characterised by a rapid reaction of the body with a C posture and after 
an S followed by a rapid (less than 10 ms) displacement. It measures the physical abil-
ity of a fish to react to a stress situation by using its physical abilities to swim. It has 
been tested in different environmental situations: pollution [11], water temperature [12], 
hypoxia [13] or the influence of conspecific presence by comparing solitary and grouped 
individuals [14]. In all cases, wild fishes showed a greater velocity and more rapid swim-
ming abilities, so it seems that domestication decreases the swimming performances of the 
fish. This decrease could be parallel to physiological events. Comparisons of swimming 
and metabolic physiology were done in aquaculture-reared California yellowtail (Seriola 
dorsalis) in comparison to wild individuals. Incremental swimming velocity trials showed 
that aquaculture-reared fish had a significantly slower mean maximum sustainable swim-
ming speed (4.16 ± 0.62 Body Length s−1) in comparison to that of wild fish (4.80 ± 0.52 BL 
s−1). In addition, oxygen consumption was significantly higher in aquaculture-reared fish 
(7.31 ± 2.32 vs. 3.94 ± 1.60 mg O2 kg−1 min−1 at 18°C) in comparison to wild-caught yellowtail 
(15.80 ± 5.78 mg O2 kg−1 min−1) [15].

This could alter other behaviours, which depend directly on swimming (i.e. foraging, sur-
vival). One point that concerns with swimming performances is the ability for reared indi-
viduals to be released in wild sites. This is the case for the European grayling (Thymallus 
thymallus) that were tagged with radio-transmitters and tracked in the Blanice River, River 
Elbe catchment (Czech Republic) [16]. Wild and hatchery-reared fish increased their dial 
movements and home range with environmental variables (light intensity, flow, temperature 
and turbidity), but hatchery-reared fish displayed greater total migration distance than did 
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(7.31 ± 2.32 vs. 3.94 ± 1.60 mg O2 kg−1 min−1 at 18°C) in comparison to wild-caught yellowtail 
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This could alter other behaviours, which depend directly on swimming (i.e. foraging, sur-
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thymallus) that were tagged with radio-transmitters and tracked in the Blanice River, River 
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wild fish, which was caused mainly by their higher dispersal. Patterns in space use and activ-
ity were compared for wild and hatchery-reared Mulloway (Argyrosomus japonicus) using 
acoustic telemetry. Adult individuals were followed during 288 h in a river. Hatchery-reared 
fish used significantly larger areas with higher rate of activity than wild fish, but their move-
ment ranges were more variable [17] than those of wild fish. By comparing initial movement, 
habitat use, growth and mortality between stocked hatchery and wild fish of juveniles of 
Florida Bass (Micropterus floridanus) with a radio telemetry experiment, Thomson et al. [18] 
showed that tagged hatchery fish exhibited greater movement (75 and 124 m/d, respectively), 
greater proportion of locations offshore (8 and 23%, respectively), but slower growth (1.73 
and 0.41% of their body weight gained per day, respectively), and higher predation (47 and 
0%, respectively) than wild fish.

These results showed that domestication can not only be influenced through selecting the 
physical characteristics of the individuals, but also through their swimming performances 
and consequently the foraging and space use by hatchery-reared individuals when released 
in wild conditions.

3. Foraging behaviour

Foraging is not only the activity, which consists to take off resources in the environment, that 
is, prey, but also the choice of the best site or the most favourable period where and when 
to forage. The animal must be at the good place at the best moment. This aim seems easy for 
animals in controlled environments where the food is abundant and regular; but this fact 
could be a disadvantage when aquaculture-reared fish are released in natural environment in 
order to supply the low level of the wild stocks.

Fishes change their foraging habits with domestication. Zebra fish (Danio rerio) and coho 
salmon (Oncorhynchus kisutch) change the place where they forage after domestication after 
just one generation. Domestic fishes swim at the surface of the water column instead of the 
lower part for wild animals [19, 20]. One of the consequences is that farmed animals had 
a higher rate of prey capture than their wild congeners [21, 22]. These changes in foraging 
behaviour could be the result of changes in the relation of the fishes with its environment: as 
the predation rate was lower for farmed fishes, they adopt a more risky behaviour near the 
surface; the farmed conditions modified also the social relationships between individuals and 
could result in a lower influence of dominance in the foraging behaviour [23].

Perhaps, the main difference is that the natural environment provides a lot of different situ-
ations to which fishes have to adapt. It seems that the environmental complexity of natural 
environments may facilitate training to different situations [24], with a more important prey 
variability [25–27] or opportunity of social learning [28]. Consequences could be measured 
when farmed fishes were realised into natural environment: they use less of natural objects 
such as stones or leaves for digestion than wild animals [25] or they make no difference 
between prey of different profitability [26] and they do not choice an unknown prey [27].

The conditions of foraging allow the fish to get a certain amount of resources from the 
environment and could explain important differences between hatchery-reared and wild 
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individuals in terms of survival and growth. If we compare the survival rate of aquaculture-
reared or wild Chinook salmon fry (Oncorhynchus tshawytscha) facing predation by rainbow 
trout (Oncorhynchus mykiss) or sculpin (Cottus rhotheus) under experimental conditions, wild 
fry had a survival advantage within the two next years of experiment [29]. So it is possible 
that the domestication can affect the vulnerability of juveniles of salmon after only one gen-
eration in a culture system. But it is not always the case. For example, the survival of Atlantic 
salmon (Salmo salar) in the Baltic Sea was examined in relation to the origin, and prey fish 
abundance (here herring Clupea harengus and sprat Sprattus sprattus). The study was based on 
recapture data for tagged hatchery-reared, and wild smolts demonstrated a combined influ-
ence of origin and environmental factors on survival; prey fish abundance had no influence 
on the survival of reared or wild smolt groups [30]. The results suggest that some larger smolt 
of the reared groups compared with the wild groups compensated for their lower ability to 
live in the wild.

4. Predator avoidance behaviour

The anti-predator behaviour is highly sensitive to artificial rearing and so to domestication 
[12, 31–36]. Anti-predator behaviour is thought to change during domestication, along with 
other traits. One prediction is that domestication should reduce behavioural responses to pre-
dation risk. This prediction was supported by a lot of studies most of the time on salmonids, 
on rainbow trout (Oncorhynchus mykiss) [31, 32], on brown trout (Salmo trutta) [12] and on 
Atlantic salmon (Salmo salar) [35, 37].

In wild population, decreased activity, spatial avoidance of risky areas and the use of refuges 
reduce the rate of mortality caused by predators [38, 39]. This natural reaction of a fish faced to a 
high level of predation seems to disappear after two or three generations reared under artificial 
conditions; that is, after two generations, the common trout becomes non-sensitive to the preda-
tion risk; animals were active during the daylight and not during the night as their wild conspecif-
ics [40]. As a consequence, domestication would decrease the level of defences against predators, 
as the reared animals would not experiment contacts with predators or some other life history 
traits should be affected by domestication and consequently affect the response of the animal to 
predator risk. For example, wild fishes react more rapidly to a predator than reared fishes [41, 42]. 
Wild animals may use natural refuges in their environment they know to escape from predation 
[43]. Moreover, wild individuals seem more careful to predators than reared fishes in the com-
mon carp (Cyprinus carpio); but these results are under suspicion because ‘wild’ animals are in 
fact reared individuals, which were returned back to natural conditions [44]. Domestication may 
also affect the reaction to a novel object in the environment; reared fishes approach more easily to 
a novel object and take more risks [36, 45]. This difference in behaviour is linked to physiological 
variations (heart activity, mobility, swimming abilities…) [35, 37]: but the results are not so clear 
and in a large number of cases, the responses of reared fishes to predators are variable [19, 46].

Some more recent results confirm the complexity of the relationships between this behav-
ioural trait (anti-predator behaviour) and domestication. For example, the anti-predator 
behaviour of juvenile Atlantic salmon of conventional hatchery compared with that of wild-
caught juveniles from the same population, tested in two unfamiliar environments, did not 
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differ between the two strains in the spontaneous escape response [47], but after this first 
reaction, hatchery-reared juveniles stayed less time in association with the shelter than the 
wild animals. The same result has been found in the grass carp (Ctenopharyngodon idella); 
in the frame of restocking programs using hatchery-reared individuals, it is important to 
test the anti-predator behaviour. This behaviour was compared with that of wild-caught 
animals. The two groups exhibited a clear anti-predator behaviour; however, the hatchery-
reared individuals showed lower aggregation and spent time in the risky areas and most 
of them were predated [48]. These variations between domesticated and wild strains in the 
display of the anti-predator behaviour are well documented in rainbow trout (Oncorhynchus 
mykiss). Comparisons between wild and hatchery population between clonal lines of rain-
bow trout derived from either wild and hatchery-reared populations identified several genes 
associated with behavioural variations between lines [49]. These genetic variations underly-
ing anti-predator behaviours may be used in conservation programs for monitoring alleles 
of loci affecting predation in natural populations.

As behaviour is a phenotype corresponding to the plasticity of the responses of animal to 
the set of environmental conditions, it is interesting to understand how development can 
affect the behaviour of different genotypes. Now, the existence of transgenic species offers a 
good tool to study this problem. By comparing wild-type siblings and transgenic individuals, 
Sundström et al. [50] found that wild and transgenic animals behave in the manner under 
natural like conditions; but until now, there are not a sufficient number of studies to conclude 
that genetically modified organisms are not affected by the complexity of natural conditions.

5. Social behaviour

Social behaviour is particularly developed in fishes, such as shoal [51], which is a part of the 
social life and is present in more than 25,000 species [52]. Shoal is important and ensures pro-
tection against a potential predator (a particular prey is undetectable in the group), but also it 
increases the foraging efficiency (the amount of food per individual is higher in groups than 
for solitary fishes whatever their diet). Shoal—defined as a group of individuals [51]—may be 
influenced by environmental factors, and domestication is one of these factors; reared condi-
tions modify the fish environment. It limits the available space for fishes that could have for 
consequences a non-response of the fishes to environmental stimuli [53]; in reared conditions, 
food is distributed ad libitum, and such situation modifies the foraging behaviour limiting the 
exploration of the environment [54] and the predator avoidance [12, 32, 55]. In domesticated 
fishes, there is less variability of the age and size of the individuals, and so, the relations 
between fishes are modified and the results are counterbalanced; in some studies, they show 
that there is an increase of the aggressiveness between individuals [56, 57], and in other stud-
ies, they find that the aggressiveness is higher in domesticated populations [55, 58]. Growth 
in rearing situations is influenced by intra-specific competition [59, 60].

One of the most important components of the social relations between individuals is the 
agonistic behaviour. Comparisons between wild and reared fishes show that new agonis-
tic behaviours do not appear due to domestication [61]; agonistic behaviours are the same 
for both wild-reared individuals. In general, agonistic behaviours appear for the competi-
tion for resources: prediction is that agonistic behaviours must be less numerous when the 
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quantity of resources increases. Domestication introduces the selection of individuals with 
a rapid growth; the consequences on the level of agonistic behaviours between individuals 
inside the groups are very dependent of the situation. Globally, it has been demonstrated 
that an effect on agonistic behaviours exists [62]. Agonistic behaviour can increase for 
domesticated fishes [58, 63, 64] or decrease [56] or be stable [57]. For example, the brown 
trout sea-ranched individuals have a higher growth rate and have no difference of activ-
ity with wild animals, but intensity of agonistic behaviours was higher in wild individu-
als [65]. These results could be interpreted as a consequence of the rearing conditions; in 
wild populations, agonistic behaviour has a function for space sharing, food accessibility 
[66], foraging efficiency and predator avoidance [67, 68]. So selection in rearing conditions 
leads to the individuals that have the most rapid growth but with particular behavioural 
traits (i.e. the most aggressive fishes); it is a known phenomenon, analysed as phenotypic 
selection (or economic selection by culturists) [69]. This implies that fishes are selected on 
their size and growth rate, and the dominance effect, which could be the result of competi-
tive relationships, disappears if we introduce the size as variable [23]. But the dominance 
depends on the environment; this could be linked to the residence effect, which exists in 
wild fishes and not in reared ones [70]. In any case, competitive behaviours are the same; 
they vary in quality and intensity between wild and reared fishes [71]; for example, the high 
density for reared fishes in tanks could induce less territoriality and so a lower aggressive-
ness during dyadic confrontations [70, 72]. Competition and dominance have been tested in 
the salmon (Oncorhynchus tshawytscha) and the results showed that wild fishes were more 
aggressive than fishes from the first generation (F1) reared in aquaculture [73]. In general, 
the consequence of dominance is better growth rates for the dominant individuals whatever 
their origin (wild or reared). More recently, a relationship was found on the influence of 
domestication on brain size and aggressive behavioural changes. A study on rainbow trout 
lines highlighted that some behaviours such as ‘freeze’ and ‘escape’ are associated with a 
high level of domestication instead of ‘display’ and ‘yawn’ behaviours, which are linked to 
wild lines [74]. Moreover, these authors found that the total brain size and olfactory volume 
were associated with domestication.

An important consequence of the level of aggressiveness between individuals is the existence 
of cannibalism [75]. It could appear either within the same cohort or between different cohorts. 
Cannibalism is a natural phenomenon, which is for regulating natural populations in many 
fish species. In cultured fishes, cannibalism has a negative effect on the populations; some 
individuals switch from food given by humans to the attacks and consumption of conspecifics.

6. Reproduction

There is very few data on the influence of domestication or different lineages on the reproduc-
tive behaviour of fishes? This is the consequence that the reproductive behaviour in reared 
fishes received very little interest. It is the consequence that humans biased reproduction in 
reared fish populations; in fact, it is always handed by humans, and there is neither mate 
choice nor normal reproductive behavioural sequence. So, comparisons of reproductive 
behaviours between wild and reared fishes are based on behavioural differences between 
reared fishes that returned to natural environment and wild animals.
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that there is an increase of the aggressiveness between individuals [56, 57], and in other stud-
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trout sea-ranched individuals have a higher growth rate and have no difference of activ-
ity with wild animals, but intensity of agonistic behaviours was higher in wild individu-
als [65]. These results could be interpreted as a consequence of the rearing conditions; in 
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tive relationships, disappears if we introduce the size as variable [23]. But the dominance 
depends on the environment; this could be linked to the residence effect, which exists in 
wild fishes and not in reared ones [70]. In any case, competitive behaviours are the same; 
they vary in quality and intensity between wild and reared fishes [71]; for example, the high 
density for reared fishes in tanks could induce less territoriality and so a lower aggressive-
ness during dyadic confrontations [70, 72]. Competition and dominance have been tested in 
the salmon (Oncorhynchus tshawytscha) and the results showed that wild fishes were more 
aggressive than fishes from the first generation (F1) reared in aquaculture [73]. In general, 
the consequence of dominance is better growth rates for the dominant individuals whatever 
their origin (wild or reared). More recently, a relationship was found on the influence of 
domestication on brain size and aggressive behavioural changes. A study on rainbow trout 
lines highlighted that some behaviours such as ‘freeze’ and ‘escape’ are associated with a 
high level of domestication instead of ‘display’ and ‘yawn’ behaviours, which are linked to 
wild lines [74]. Moreover, these authors found that the total brain size and olfactory volume 
were associated with domestication.

An important consequence of the level of aggressiveness between individuals is the existence 
of cannibalism [75]. It could appear either within the same cohort or between different cohorts. 
Cannibalism is a natural phenomenon, which is for regulating natural populations in many 
fish species. In cultured fishes, cannibalism has a negative effect on the populations; some 
individuals switch from food given by humans to the attacks and consumption of conspecifics.
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There is very few data on the influence of domestication or different lineages on the reproduc-
tive behaviour of fishes? This is the consequence that the reproductive behaviour in reared 
fishes received very little interest. It is the consequence that humans biased reproduction in 
reared fish populations; in fact, it is always handed by humans, and there is neither mate 
choice nor normal reproductive behavioural sequence. So, comparisons of reproductive 
behaviours between wild and reared fishes are based on behavioural differences between 
reared fishes that returned to natural environment and wild animals.
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Studies focused on the choice of the spawn area; reared animals had more difficulties to find 
the good place to spawn with environmental features [76]. But the results are not so clear. 
Reared fishes may arrive earlier on the spawning zones than wild animals [77]. Fishes show 
different strategies with regard to their origin (wild or reared) [30, 78].

Most of the studies on the influence of domestication on the reproductive behaviour are done 
on salmonids because this is the group of species with the highest pressure for restocking the 
natural populations with hatchery-reared individuals, so it is absolutely necessary to evalu-
ate their reproductive performances under natural environment. Coho Salmon (Oncorhynchus 
kisutch) produced by hatcheries have lower fitness in the wild than naturally produced 
salmon, but the factors underlying this difference remain an active area of research [71]. Neff 
et al. [79] used genetic parentage analysis of juveniles produced by experimentally mixed 
groups of wild and hatchery coho salmon to quantify male paternity. In all contexts, wild 
animals showed a higher paternity rate than hatchery-reared individuals.

7. Personality

The concept of behavioural syndrome (synonyms = personality, temperament, behavioural 
differences) is defined as a collection of behavioural traits, which are constant over time and 
environmental situations [80]. It does not mean that these traits do not evolve with time for 
example, but that the combination of them is constant. This concept has been widely used in 
fishes. These behavioural syndromes may be dependent from the environmental situations 
(i.e. high or low density) and have different performances (i.e. boldness or shyness are the 
most efficient). This concept has been used for cultured fishes (Salmonidae) in order to select 
the most advantageous behavioural traits for the rearing of fishes in captivity. The human 
selection on economic criteria (size, growth) may be biased and this selection leads to keep 
the individuals that have the highest boldness (as in Salmonidae). But these results are not so 
clear, and in some cases, the selection of the individuals, which have the highest boldness, 
leads also to the selection of the most aggressive animals, i.e. salmon reared in farm for many 
generations are more aggressive and bold than individuals hatched in farm but from wild 
parents [72, 81]. Now, it is possible by comparing wild and domesticated strains, to show the 
existence of QTL for personality trait such as boldness. By testing the boldness of Zebra fish 
(Danio rerio), Wright et al. [54] showed that there are strong behavioural differences between a 
wild-derived strain of fish and a laboratory strain AB. Based on anti-predator behaviour, their 
results indicated a QTL for boldness on chromosomes 9 and 16 and suggest another genomic 
region that influences anti-predator behaviour on chromosome 21. So, these results confirm 
the possibility of QTL mapping of behavioural traits in zebra fish and the consequences of 
selection during domestication.

These behavioural differences between captive of reared fish and their wild conspecifics 
could be used in the frame recovery programmes for threatened and endangered species. 
By comparing the boldness and prey acquisition behaviours of wild bull trout (Salvelinus 
confluentus) and reared ones, Brignon et al. [82] showed that wild fish and captive reared 
fish from complex habitats exhibited a greater level of boldness and prey acquisition ability, 
than fish reared in conventional captive environments. These results suggested that rearing 
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fish in more complex captive environments could create a more wild-like phenotype than 
conventional rearing practices.

In this frame of animal personality, or coping style, an important effect of the domestication 
is the reduction of emotional reactivity or responsiveness to a fear-evoking stimulus [83]; the 
emotional reactivity of wild fishes is better than those of reared individuals [84]. The emotional 
reactivity of an animal is necessary for provoking a flight response when there is a potential 
danger; it could be linked to a survival response. It seems that after domestication, fishes lost 
very rapidly, in only one generation, the stress response. This change in behaviour is prob-
ably directly linked to physiological changes: in the rainbow trout, two different lineages were 
selected on the basis of their rate of cortisol as responsiveness to stress. Individuals, which 
showed a low rate of cortisol, had a lower response to stress; they developed a better foraging 
behaviour but had a bad response to a potential danger. These individuals were well adapted 
to the environmental conditions of fish farms, but not the natural environment [85]. This is a 
general problem; the selection by humans of particular lineages of fishes based on their poten-
tiality of growth and development has an influence on other life traits especially on behavioural 
traits. In the sea bass, the repetitive application of stress elements (pursuit of the fishes with 
a net, luminous changes, application of predator lure) modifies the foraging habits of wild 
fishes but also of reared ones. This could be interpreted as a habituation to the situation, which 
becomes less stressful [86].

8. Learning-cognition

If the domestication process leads to a change in behavioural traits, empirical evidence 
for a difference in cognitive performance, however, is scarce. In the framework of animal 
personalities, differences in behaviour may arise during ontogeny through learning and 
bolder, and more aggressive animals (usually, the wild form) should learn faster. Such 
examples exist in vertebrates especially in mammals; by comparing wild cavies and domes-
tic guinea pigs (Cavia porcellus) in behavioural tests. Domestic guinea pigs were less bold 
and aggressive than their wild congeners, but learnt an association faster [87]. Such studies 
exist also in fish but are scare, and now, results are not clearly established, leading an 
important field of research. For example, Klefoth et al. [88] tested two common genotypes 
of common carp, Cyprinus carpio L., differing in degree of domestication (a highly domes-
ticated mirror carp and a less domesticated scaled carp) exposed to fishing. Domesticated 
mirror carp were more vulnerable to angling gear than scaled carp in both environments; 
these results were related to a bolder-foraging behaviour for the latter. Independently of 
genotype, fish become more difficult to catch, indicating learned hook avoidance, based 
on the boldness, so scaled carp get an advantage with a lower vulnerability to fishing. 
The study of Rodewald et al. [89] showed that after their release in natural environment, 
hatchery-reared salmon had a lower foraging rate than wild individuals. They showed 
that this difference was the consequence of higher abilities of learning the new environ-
ment and especially the presence of potential prey by the wild fish. Such studies should 
be initiated before the reintroduction of hatchery stock in the natural habitat, to ensure the 
success of the operation.
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Studies focused on the choice of the spawn area; reared animals had more difficulties to find 
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(Danio rerio), Wright et al. [54] showed that there are strong behavioural differences between a 
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reactivity of an animal is necessary for provoking a flight response when there is a potential 
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very rapidly, in only one generation, the stress response. This change in behaviour is prob-
ably directly linked to physiological changes: in the rainbow trout, two different lineages were 
selected on the basis of their rate of cortisol as responsiveness to stress. Individuals, which 
showed a low rate of cortisol, had a lower response to stress; they developed a better foraging 
behaviour but had a bad response to a potential danger. These individuals were well adapted 
to the environmental conditions of fish farms, but not the natural environment [85]. This is a 
general problem; the selection by humans of particular lineages of fishes based on their poten-
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traits. In the sea bass, the repetitive application of stress elements (pursuit of the fishes with 
a net, luminous changes, application of predator lure) modifies the foraging habits of wild 
fishes but also of reared ones. This could be interpreted as a habituation to the situation, which 
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for a difference in cognitive performance, however, is scarce. In the framework of animal 
personalities, differences in behaviour may arise during ontogeny through learning and 
bolder, and more aggressive animals (usually, the wild form) should learn faster. Such 
examples exist in vertebrates especially in mammals; by comparing wild cavies and domes-
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and aggressive than their wild congeners, but learnt an association faster [87]. Such studies 
exist also in fish but are scare, and now, results are not clearly established, leading an 
important field of research. For example, Klefoth et al. [88] tested two common genotypes 
of common carp, Cyprinus carpio L., differing in degree of domestication (a highly domes-
ticated mirror carp and a less domesticated scaled carp) exposed to fishing. Domesticated 
mirror carp were more vulnerable to angling gear than scaled carp in both environments; 
these results were related to a bolder-foraging behaviour for the latter. Independently of 
genotype, fish become more difficult to catch, indicating learned hook avoidance, based 
on the boldness, so scaled carp get an advantage with a lower vulnerability to fishing. 
The study of Rodewald et al. [89] showed that after their release in natural environment, 
hatchery-reared salmon had a lower foraging rate than wild individuals. They showed 
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ment and especially the presence of potential prey by the wild fish. Such studies should 
be initiated before the reintroduction of hatchery stock in the natural habitat, to ensure the 
success of the operation.

Effects of Domestication on Fish Behaviour
http://dx.doi.org/10.5772/intechopen.78752

99



9. Conclusion

‘Domestication is that process by which a population of animals becomes adapted to man and 
to captive environment by genetic changes occurring over generation and environmentally-
induced developmental events recurring in each generation [90]’. It affects all functions of the 
organisms and, in particular, behaviour. There are behavioural differences between wild and 
reared fishes (see Table 1), but these differences are more quantitative than qualitative; no 
new behaviours appear with domestication.

The selection of individuals for economic reasons leads to the selection of fishes on mor-
phological or developmental traits (growth, size). These traits are directly linked to other 
biological traits (i.e. behaviour) and their selection may lead to select fishes, which present 
some behaviours affecting the life in groups of high density and so the development of each 
individual (increase in aggressive and agonistic interactions between individuals, higher lev-
els of cannibalism). One solution to prevent that is to identify as soon as possible in the fish 
development the behavioural profiles of the individuals under different domestication levels 
[91]. These studies lead to better knowledge of the fish larvae, which are difficult to test given 
their high sensitivity to environmental conditions.

In this review, we saw that all behavioural traits may be impacted by domestication even 
after only one generation. For some traits, the results are clear and follow the same trend; 
the response to a predator is affected by domestication whatever the domesticated species 
and the reared environment. But in some cases, it is more difficult to find a common trend: 
foraging is affected but it depends on the type of food, and on the feeding conditions. It is the 
same for aggressiveness in the hatchery-reared individuals; it could decrease in that way we 
can put a high number of predators together if we give them a sufficient amount of food, but 
on the other hand, the high fish density in tank can produce a high level of aggressiveness 
between individuals leading to cannibalism event if the food is abundant. It is also true for 
other behavioural traits such as personality or cognitive capabilities; until now, there is a lack 
of studies on the influence of domestication on these behavioural traits and it is not possible to 
conclude. What we know is that the human selection on morphological or physiological traits 
of some individuals (even through a genetic program) has a direct influence on behavioural 
traits.

This has two implications: first, it is necessary to study behavioural traits in the case of 
domestication of new species in order to determine the best environmental conditions of rear-
ing, and second, these behavioural trait modifications must be into account when release of 
domesticated animals into natural habitats is considered. For these two points, we have to 
keep in mind that the consequences of behavioural selection traits through domestication 
correspond to the selection of a particular behavioural trait belonging to the natural behav-
ioural range of the species under rearing environmental conditions; this might lead to a new 
species, the other behavioural traits of the species range disappearing. It is known under a 
genetic-environment process by which the epigenetic landscape is modified by the environ-
ment constraints influencing directly the genetic program [92, 93].
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Behavioural traits Type of responses to 
environmental constraints

Effects of domestication References

Swimming behaviour Response to a predator  
attack

Wild is more reactive than  
hatchery

[10]

Foraging behaviour

Response to a novel 
environment

Wild exhibits higher swimming 
abilities

[11, 12, 13, 14]

Capacity to be released in  
the wild

Wild exhibits lower dispersal [16, 17, 18]

Changing the foraging 
strategy

Hatchery exploits all the water 
column

[19, 20]

Hatchery has a higher capture  
rate

[21, 22]

Predator avoidance

Prey profitability Wild has better rate than hatchery [26]

Consequences on survival Wild shows a higher rate of  
survival

[29]

Reaction in front of a  
predator

Wild is more rapid [41, 42]

Reaction to a potential 
predator

Hatchery takes more risks [36, 45]

Spontaneous escape  
responses

No difference between wild  
and hatchery

[47]

Use of shelter Wild has a higher rate [47, 48]

Social behaviour Aggressiveness Hatchery is more aggressive  
than wild

[56, 57]

It is higher for hatchery [55, 58]

Agonistic behaviour It is higher for hatchery [58, 63, 64]

It is higher for wild [56, 65]

There is no difference [57]

Competitive behaviour Territoriality is higher in wild [70, 72]

Dominance is higher in wild [73]

Cannibalism No information?

Reproduction Abilities to reproduce after 
realising

Paternity rate higher for wild [79]

Choice of place to spawn

Better for wild [76]

No difference [77]

Personality

Fitness in natural sites Higher for wild [71]

Boldness Higher for hatchery [72, 80]

Wild higher than for wild [82]

QTL mapping There is no difference in prey 
acquisition

[54]

Stress Wild is more stressful than hatchery [83, 84]
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9. Conclusion

‘Domestication is that process by which a population of animals becomes adapted to man and 
to captive environment by genetic changes occurring over generation and environmentally-
induced developmental events recurring in each generation [90]’. It affects all functions of the 
organisms and, in particular, behaviour. There are behavioural differences between wild and 
reared fishes (see Table 1), but these differences are more quantitative than qualitative; no 
new behaviours appear with domestication.

The selection of individuals for economic reasons leads to the selection of fishes on mor-
phological or developmental traits (growth, size). These traits are directly linked to other 
biological traits (i.e. behaviour) and their selection may lead to select fishes, which present 
some behaviours affecting the life in groups of high density and so the development of each 
individual (increase in aggressive and agonistic interactions between individuals, higher lev-
els of cannibalism). One solution to prevent that is to identify as soon as possible in the fish 
development the behavioural profiles of the individuals under different domestication levels 
[91]. These studies lead to better knowledge of the fish larvae, which are difficult to test given 
their high sensitivity to environmental conditions.

In this review, we saw that all behavioural traits may be impacted by domestication even 
after only one generation. For some traits, the results are clear and follow the same trend; 
the response to a predator is affected by domestication whatever the domesticated species 
and the reared environment. But in some cases, it is more difficult to find a common trend: 
foraging is affected but it depends on the type of food, and on the feeding conditions. It is the 
same for aggressiveness in the hatchery-reared individuals; it could decrease in that way we 
can put a high number of predators together if we give them a sufficient amount of food, but 
on the other hand, the high fish density in tank can produce a high level of aggressiveness 
between individuals leading to cannibalism event if the food is abundant. It is also true for 
other behavioural traits such as personality or cognitive capabilities; until now, there is a lack 
of studies on the influence of domestication on these behavioural traits and it is not possible to 
conclude. What we know is that the human selection on morphological or physiological traits 
of some individuals (even through a genetic program) has a direct influence on behavioural 
traits.

This has two implications: first, it is necessary to study behavioural traits in the case of 
domestication of new species in order to determine the best environmental conditions of rear-
ing, and second, these behavioural trait modifications must be into account when release of 
domesticated animals into natural habitats is considered. For these two points, we have to 
keep in mind that the consequences of behavioural selection traits through domestication 
correspond to the selection of a particular behavioural trait belonging to the natural behav-
ioural range of the species under rearing environmental conditions; this might lead to a new 
species, the other behavioural traits of the species range disappearing. It is known under a 
genetic-environment process by which the epigenetic landscape is modified by the environ-
ment constraints influencing directly the genetic program [92, 93].
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attack

Wild is more reactive than  
hatchery

[10]

Foraging behaviour

Response to a novel 
environment

Wild exhibits higher swimming 
abilities

[11, 12, 13, 14]

Capacity to be released in  
the wild

Wild exhibits lower dispersal [16, 17, 18]

Changing the foraging 
strategy

Hatchery exploits all the water 
column

[19, 20]

Hatchery has a higher capture  
rate

[21, 22]

Predator avoidance

Prey profitability Wild has better rate than hatchery [26]

Consequences on survival Wild shows a higher rate of  
survival

[29]

Reaction in front of a  
predator

Wild is more rapid [41, 42]

Reaction to a potential 
predator

Hatchery takes more risks [36, 45]

Spontaneous escape  
responses

No difference between wild  
and hatchery

[47]

Use of shelter Wild has a higher rate [47, 48]

Social behaviour Aggressiveness Hatchery is more aggressive  
than wild

[56, 57]

It is higher for hatchery [55, 58]

Agonistic behaviour It is higher for hatchery [58, 63, 64]

It is higher for wild [56, 65]

There is no difference [57]

Competitive behaviour Territoriality is higher in wild [70, 72]

Dominance is higher in wild [73]

Cannibalism No information?

Reproduction Abilities to reproduce after 
realising

Paternity rate higher for wild [79]

Choice of place to spawn

Better for wild [76]

No difference [77]

Personality

Fitness in natural sites Higher for wild [71]

Boldness Higher for hatchery [72, 80]

Wild higher than for wild [82]

QTL mapping There is no difference in prey 
acquisition

[54]

Stress Wild is more stressful than hatchery [83, 84]
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The domestication of fish species is still in its early stages when compared to terrestrial
animals. The effects of domestication on welfare of farmed fishes are complex to study
because fish differ from livestock in genetics, physiology and behaviour, and experience
different sensory worlds. Consequently, empathy with fish and understanding of their
needs becomes more problematic than with land animals. Additionally, the acknowledge-
ment and study of mental dimensions of fish existence is very recent. We discuss that
higher levels of domestication in fish do not necessarily correspond to better welfare
because (1) artificial selection by the aquaculture industry is mostly focused on
production-related traits such as growth, and this selection process may have unknown
negative effects on welfare-related traits; (2) the number of fish species presently farmed
(circa 300) is 10-fold higher than land animals, rendering the establishment of standard
welfare guidelines extremely complicated; (3) the current paradigm of the Five Freedoms
guiding welfare is out-dated and was designed for livestock; and (4) there are still severe
knowledge gaps in the biology of farmed fishes, especially in welfare-related traits. The
implementation of humane farming systems should integrate industry, science and ethics
in an open dialogue in order to produce relevant results.
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Domestication is a human-induced process that gradually changes a cultured organism. It
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generally in genetic changes across generations [1]. One of the first domesticated animals was
the goat (Capra hircus), in a process that started over 10,000 years ago in Iran [2]. Present-day
domesticated goats are therefore the product of a long-lasting human selection of animals and
breeders carrying specific traits in meat, fur, milk and docile behaviours, and also natural
selection for fitness under variable conditions [3]. To put things in perspective, fish domestica-
tion is a much more recent process: while exceptions such as carp (Cyprinus carpio), tilapia
(Oreochromis niloticus) and goldfish (Carassius auratus) may have possibly been artificially
selected for hundreds of years, and another 12 species such as cod (Gadus morhua), salmon
(Salmo salar) and trout (Oncorhynchus mykiss) in the 1800s [4], the vast majority of farmed fish
has been under domestication merely since the middle of the twentieth century [5–8].

Although the usual interpretation of animal domestication has been related to genetic changes
induced by artificial selection [9], developmental effects have been gathering more interest
recently due to the increasing number of domesticated species and purposes of captive breed-
ing [1]. These developmental responses are especially important in fishes because they present
remarkably high levels of phenotypic plasticity, much more than terrestrial vertebrates [10, 11].
In Sections 2.1 and 3.1 of the current text, we will dive deeper into these matters. But in fact,
this plasticity allows fish to adapt their phenotype to rearing conditions, which, taking into
account their recent domestication process, makes fish domestication a controversial issue:
although there is variation in morphology, physiology and genetics between farmed fish
species and their wild conspecifics [12–14], it is generally much lower than between terrestrial
farm animals and their wild counterparts [4, 9, 11, 12]. Nevertheless, it is mostly established
that fish farmed under well-managed systems (i.e. that provide conditions that enhance
growth and survival while supplying the correct nutrition regimes for the species) can maxi-
mise growth to nearly their physiological maximum, suffer lower mortality rates than in the
wild and are usually less prone to infectious diseases [10].

The domestication process tends to produce a coherent set of behavioural, morphological
and physiological changes that are similar in many species. A typical domesticated pheno-
type of a species could therefore be summarised as differing from its wild ancestor in having
a different colour (probably being brighter or spotted); being brachycephalic, chondrody-
strophic and smaller; having a reduced brain size, earlier sexual maturation and increased
reproduction; with a faster and more flexible development; and being less fearful, more
sociable, and more risk-prone towards predators. This is a recurrent trait complex that
suggests that it may represent a general adaptation pattern to captivity and domestication
[1, 15]. Throughout this chapter, we will review these changes and if and how they can affect
the welfare of farmed fish.

The domestication of farmed fish is therefore not straightforward, as it depends on the defini-
tion of domestication, and how literally that definition is applied to each case. To tackle this
difficulty, some authors proposed that domestication in fish should be considered as a process,
with progressive stages summarised in Table 1 [8].

Throughout this chapter and for streamlining purposes, we will adopt the nomenclature given
by the authors of the papers cited (e.g. domesticated, artificially selected, strain, etc.), regard-
less of the stage they appear to be in the classification proposed in Table 1.

Animal Domestication110

1.2. Welfare

Definitions of welfare generally vary between the function-based and the feelings-based
approaches [16]. Function-based approaches look more into the biological, physiological and
overall health perspective of the animal [17]. Feelings-based approaches, on the other hand,
link welfare with the emotional (or emotional-like) state of the animal [18] and define welfare
in a longer term as the balance between positive and negative subjective experiences [19].
While the first approach might may be too narrow (e.g. a man in prison may be in perfect
health and still be experiencing terrible welfare) and the second too wide (how to measure it?),

Domestication
level

Description Examples from FishEthoBase (see
Section 4 for a description)

1 Acclimatisation to the culture environment Malabar trevally (Carangoides
malabaricus)*

Yellowback sea bream (Dentex
tumifrons)*

Spotted sea bass (Dicentrarchus
punctatus)*

2 Part of the life cycle is completed in captivity, but several
important bottlenecks still exist in others (e.g. reproduction, larval
rearing, etc.)

Wreckfish (Polyprion americanus)
Yellowtail amberjack (Seriola
lalandi)
Greater amberjack (Seriola dumerili)

3 The entire life cycle is closed in captivity, but with wild inputs Pangasius (Pangasianodon
hypophthalmus)
Southern bluefin tuna (Thunnus
maccoyii)
Burbot (Lota lota)
Atlantic halibut (Hipoglossus
hipoglosus)
Senegalese sole (Solea senegaensis)
Turbot (Scophthalmus maximus)

4 The entire life cycle is closed in captivity without wild inputs, but
no selective breeding programme is used

Atlantic cod (Gadus morhua)
Cobia (Rachycentron canadum)
Meagre (Argyrosomus regius)
African catfish (Clarias gariepinus)
Russian sturgeon (Acipenser
guelden-staedtii)
Adriatic sturgeon (Acipenser
naccarii)

5 Selective breeding programme is used focusing on specific goals
(growth rate, fillet yield, flesh quality, etc.)

Common carp (Cyprinus carpio)
Nile Tilapia (Oreochromis niloticus)
Gilthead seabream (Sparus aurata)
European seabass (Dicentrachus
labrax)
Atlantic salmon (Salmo salar)
Rainbow trout (Oncorhynchus
mykiss)
Siberian sturgeon (Acipenser baerii)

*Soon in FishEthoBase.

Table 1. Levels of fish domestication. Adapted from [8].
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Domestication
level

Description Examples from FishEthoBase (see
Section 4 for a description)

1 Acclimatisation to the culture environment Malabar trevally (Carangoides
malabaricus)*

Yellowback sea bream (Dentex
tumifrons)*

Spotted sea bass (Dicentrarchus
punctatus)*

2 Part of the life cycle is completed in captivity, but several
important bottlenecks still exist in others (e.g. reproduction, larval
rearing, etc.)

Wreckfish (Polyprion americanus)
Yellowtail amberjack (Seriola
lalandi)
Greater amberjack (Seriola dumerili)

3 The entire life cycle is closed in captivity, but with wild inputs Pangasius (Pangasianodon
hypophthalmus)
Southern bluefin tuna (Thunnus
maccoyii)
Burbot (Lota lota)
Atlantic halibut (Hipoglossus
hipoglosus)
Senegalese sole (Solea senegaensis)
Turbot (Scophthalmus maximus)

4 The entire life cycle is closed in captivity without wild inputs, but
no selective breeding programme is used

Atlantic cod (Gadus morhua)
Cobia (Rachycentron canadum)
Meagre (Argyrosomus regius)
African catfish (Clarias gariepinus)
Russian sturgeon (Acipenser
guelden-staedtii)
Adriatic sturgeon (Acipenser
naccarii)

5 Selective breeding programme is used focusing on specific goals
(growth rate, fillet yield, flesh quality, etc.)

Common carp (Cyprinus carpio)
Nile Tilapia (Oreochromis niloticus)
Gilthead seabream (Sparus aurata)
European seabass (Dicentrachus
labrax)
Atlantic salmon (Salmo salar)
Rainbow trout (Oncorhynchus
mykiss)
Siberian sturgeon (Acipenser baerii)

*Soon in FishEthoBase.

Table 1. Levels of fish domestication. Adapted from [8].
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a behavioural approach may solve the question of incorporating both physiological and men-
tal indicators. Even more, it operationalizes the concept and allows objective measures of
welfare [16]. In that sense, we may define welfare as the state of the individual as it copes with
the environment [20]. This definition of welfare has several implications: (i) welfare is a
characteristic of an animal, not something that is given to it; (ii) welfare will vary from very
bad to very good, i.e. along a welfare continuum; (iii) welfare can be measured independently
of ethical considerations; (iv) measures of failure and difficulty to cope with the environment
give information about how poor the welfare is; (v) knowledge on the biology and life-history
of an animal provide essential information about suitable rearing conditions, but direct mea-
surements of the state of the animal must also be used to assess its welfare; and (vi) coping
mechanisms may vary among different species, and there are several consequences of failure
to cope. Therefore, any one of a variety of measures can indicate that welfare is bad, and the
fact that one measure, such as growth, is normal does not mean that welfare is good [21].

2. Natural and artificial selection

In order to understand the effects of artificial selection on welfare-related traits, we must first
address natural selection. Although selection acts on differences in survival and reproductive
success between individual organisms, or phenotypes, what changes during evolution is the
relative frequency of genes. Therefore, Darwin’s theory in modern terms may be stated as
follows:

1. All organisms have genes coding for proteins and regulating the development of every-
thing in the organism, including the nervous system, muscles and structure of the individ-
ual—and so influence its behaviour.

2. Within a population, most genes are present in two or more forms, or alleles, which code
for slightly different forms of the same protein or determine when, where and how much
of the protein is expressed. These will cause differences in development and function, and
so there will be variation within a population.

3. Any allele that results in more surviving copies of itself than its alternative will eventually
replace the alternative form in the population. Natural selection is the differential survival
of alternative alleles through their effects on replication success.

The individual can be regarded as a temporary vehicle or survival machine by which genes
survive and replicate [22]. Because selection of genes is mediated through phenotypes, the
most successful genes will usually be those that are most effective in enhancing an individual’s
survival and reproductive success [23].

The actual basis of selection processes is variation, which is widespread in all biological
phenomena. Variations within species are called polymorphisms, and these are (at least partly)
independent of ontogeny and sex. This variation is genetically based and heritable [24]. Con-
versely, phenotypic plasticity can be broadly defined as (i) the ability of one genotype to
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produce more than one phenotype when exposed to different environments, (ii) the modifica-
tion of developmental events by the environment or (iii) the ability of an individual organism
to alter its phenotype in response to changes in environmental conditions [25]. Domesticated
strains (lineages or populations that have been under artificial selection for generations and
that, at least empirically, seem to differ from its wild origin) rely on natural polymorphisms to
be selected: for example, present-day domesticated goats are the product of 10,000 years of
artificial selection on breeders for specific traits in meat, milk and fur, as well as of natural
selection for fitness under variable conditions [3]; fast growing Atlantic salmon (Salmo salar) is
the result of 40 years of research and artificial selection for fast growing progeny, with an
increase of 10–15% in each generation [26].

Although the gap between the time domestication has been underway in terrestrial farm
animals and in farmed fish is enormous, there has been a considerable effort towards fish
domestication in recent times [4]. However, the main component in the domestication process
is the generation interval (i.e. the average age of the parent animals at the birth of their
offspring—note that this is not the age at maturity). A comparison between land animals and
fish may be found in Figure 1.

While pig (Sus scrofa domesticus), sheep (Ovis aries), goat and horse (Equus ferus caballus) vary
between 1.5 and 3.5 years [27], in fish we may find generation intervals from 6 to 8 months in
tilapia [28], 3–4 years in salmon and trout [26], 4–6 years in sea bass and sea bream [29, 30] and
eventually from 12 to 33 years in some species of sturgeon [31]. This means that generation
intervals may be in the same order of magnitude in terrestrial animals and fish, but also shows
how variable these can be for different species in aquaculture. The variation in the average age
at reproduction poses a challenge for the establishment of general standards of welfare in fish
farming: for example, designing a welfare plan for a tilapia farm will differ immensely from a
sturgeon facility.

Figure 1. Comparison between the generation intervals in terrestrial farm animals (white bars) and fishes (grey bars).
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3. Domestication and welfare

3.1. Genes

In the artificial conditions provided by human farming activities, it is likely that the most
successful phenotypes of farmed animals are different from those under natural conditions.
However, that does not mean that these selected phenotypes carry differential genotypes,
especially due to phenotypic plasticity which is remarkably relevant in fish: different
populations of the same species present contrasting yet plastic behavioural responses to envi-
ronmental and social conditions [32–38]. Nevertheless, artificial selection experiments demon-
strate that almost any quantitative trait could be permanently altered, that responses (mostly)
occurred as a consequence of changes in the frequencies of genes affecting the traits, and not
from mutations, and that many genes must be involved [39, 40].

In livestock species, genetic selection has greatly increased production levels. Usually, the
breeding goal is to create a population with high economic production efficiency, i.e. high
production combined with relatively low feed intake. Breeding programs have become quite
successful because of the high accuracy of breeding value estimation, the moderate to high
heritabilities of most production traits and the use of large and fast databases containing
production records of many animals and their genetic relationships. Apart from genetic
changes, production is also increased by improvement of housing, feed composition, feeding
strategies, health status and farm management.

However, negative side-effects of domestication largely occur and are expected to increase
when the focus continues to be only on production efficiency. Animals in a population that has
been genetically selected for high production efficiency seem to be more at risk for
behavioural, physiological, immunological, reproductive and consequently welfare problems
[41]. This occurs because behavioural traits, as well as the other typical components of the
domestication phenotype (growth, stress, immune function, etc.), are most likely controlled by
many genes, i.e. they are polygenic [15]. In addition, a given set of genes may influence
different traits, a mechanism known as pleiotropy [42]. In such a case, increasing the frequency
of alleles that, for example, up-regulate growth, may at the same time modify other essential
welfare-related traits under the influence of the same genes. Finally, the function of one gene
may also be influenced by the interaction with other genes, which is known as epistasis [43].
Selection for one or a few traits controlled by genes that have epistatic effects may thus
influence a group of other genes, regulating other characters than those selected for. Therefore,
both mechanisms (pleiotropy and epistasis) are more than likely to create side-effects on traits
that are not desirable [15]. In fact, when animals are selected for production traits mainly,
many side-effects have been extensively documented in several species [41]. Some of these
side-effects will even affect production itself, such as reduced fertility in fast- growing broilers
[41], and are likely to be the target of counter-selection. In other cases, the side-effects may be
related to less-obvious traits which may nevertheless have a strong welfare aspect [44] because
they shift welfare optima towards unknown directions. These processes have occurred in land
animals throughout their domestication. However, the slow and long domestication process
on land has allowed both humans and many livestock species to adapt and cope with such
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effects. Conversely, the low number of generations in the rapidly increasing, diverse and
generally very recent fish farming activity may be too short to permit this adaption in aquatic
species.

3.2. Physiology

Changes in the phenotypes of selected farmed fish usually correlate with changes in physi-
ological indicators. For example, when comparing seventh-generation farmed Atlantic
salmon with wild individuals, the domesticated fish grow much faster (even more so in salt
water where the difference is threefold), pituitary and plasma growth hormone levels were
positively correlated with growth rate and significantly higher in the domesticated strain
[45]. The same occurs with strains of Brook trout (Salvelinus fontinalis) farmed for 30 or more
years (ca. 10 generations). The domesticated phenotype is less resilient than the wild, since
hatchery-born fingerlings struggle to survive when released into native streams. Moreover,
domesticated strains grow better in aquaculture but not in the wild [46], which led some
authors to claim that domesticated animals are better adapted to captivity, reducing stress
and mortality, increase disease resistance, reduce the use of chemotherapeutics and contrib-
ute to better animal welfare and environmental management. Up to 65% of farmed salmon in
Norway comes from improved breeding plans, after an extensive programme lasting over
40 years and an enormous investment effort, with numbers reaching nine digits [26]. How-
ever, and despite these efforts and claims, 40 years represent only 10–13 generations of
farmed salmon (Figure 1). Even more importantly, a recent analysis of welfare conditions of
farmed salmon revealed a need for improvement in space, substrate, aggression, stress levels
and malformations ([47], see Salmo salar). A possible conclusion is that the improvement
programme of salmon in Norway may be focusing mostly on production-related traits.
Although there are improvements on the health perspective of welfare, the natural needs
and behaviour of this species in captivity may be generally impaired.

For many physiological indicators such as those listed below, selected strains of farmed fish fail
to show positive results:

Metabolic rate: fast growing hatchery strains of Rainbow trout present higher standard meta-
bolic rate (SMR), lower aerobic scope, and potentially lower maximum metabolic rates,
suggesting that high growth trades off against a reduced capacity to do metabolic work.
Higher SMR of fast growers appears to be related to a greater investment in high-maintenance
digestive tissue that supports rapid growth, which appears to compromise active metabolism
[48]. Farmed Senegalese sole (Solea senegalensis) born from wild spawners are nevertheless
capable of shifting their routine metabolism from naturally nocturnal to diurnal, responding
to daylight feeding regimes [49].

Hypoxia resistance: triploid strains of domesticated Rainbow trout show faster growth than
wild diploid individuals probably due to impaired gametogenesis of 3n fish [50]. Adding to
these reproductive problems, triploids are also less resistant to hypoxia [51], which can
account for lesser resistance and higher mortalities both in nature [52, 53] and in several types
of farming conditions and methods [54–57].
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Stress: there are reports of selected strains of farmed fish showing lower stress responses to
acute artificial stressors. In Rainbow trout, the cortisol responses to confinement in a net or to
electroshock are higher in wild fish than in hatchery-reared animals [58]. However, there are
also examples of the opposite pattern, even in the same species: wild trout show lower
physiological stress responses to hooking than domesticated trout [59]. Immediate cortisol
response to an acute handling stressor in a domesticated Eurasian strain of common carp is
also higher than wild Japanese strain [60]. Although cortisol is a universally used indicator for
stress, it should be used with caution. This hormone has an adaptive physiological role and
several factors (e.g. genetic, developmental, environmental, frequency of exposure) underlie its
release upon stressful episodes [61]. An appreciation of these factors, along with knowledge of
the biology of the species, solid behavioural observations [16] and secondary stress indicators,
such as plasma glucose and lactate [61], are essential for proper interpretation of the data and
design of mitigation measures.

Overall performance: wild and hybrid (domesticated �wild) strains of Brook trout showed better
rates of recovery (from angling) and yield than a domestic strain [62]; wild strains of Nile tilapia
(Oreochromis niloticus) perform as well as domesticated strains [63, 64]. Triploid strains of trout
also generally tend to have higher malformation rates than wild populations [65].

From the available data on these indicators, it is not clear whether the current domestication
process brings any obvious and effective physiological welfare benefits.

3.3. Behaviour

As occurs with terrestrial farm animals, the environment experienced by cultured fishes highly
differs from the wild [14, 66, 67]: the physical environment is much simpler, space is restricted,
and migration is not possible; food is readily available so long distance tracking of food is
unnecessary; there are generally fewer or no predators (apart from human), and they are treated
for some diseases. For parent animals, reproduction occurs without the need to compete for
mates as it is often the case in the wild. In these aspects, the environment is overall less
challenging. In others, however, it is more challenging: fishes are frequently disturbed by human
activity, they are usually confined at unnatural densities, which potentially increases the risk of
infection and the incidence of social encounters, including aggressive ones, especially when
competing for food. The hatchery environment is so different from that experienced in nature
that it can potentially generate behavioural differences in three, interlinked ways: (1) differential
experience, (2) differential mortality and survival of behavioural phenotypes within a single
generation and (3) selection for inherited behavioural traits over several generations [68]. In fact,
usual conditions in intensive husbandry favour risk-taking/aggressive fish, as available data
suggests that competition for food is major driver for high-risk/high-aggression phenotypes
[69]. Hatchery-reared fish are more prone to show higher risk-taking behaviour, which is directly
linked with a higher risk of escapes from rearing systems (as in the case of sea cages) [70], and
may severely decrease their chances of survival in the wild. Consequently, this leads to a wide
range of welfare, environmental and economic consequences. Domesticated strains of guppies
(Poecilia reticulata), which are not farmed for food but are nevertheless the object of strong
artificial selection for aquarium hobbyists, tend to have smaller brains and less cognitive abilities.
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This may not only be due to a trade-off between brain size and reproduction [71], but also to the
lack of environmental challenges and corresponding cognitive selection pressures.

Despite the consistency of the farming environment, different coping styles (e.g. consistent
trait associations such as proactive, active coping or bold, and reactive, passive coping or shy)
do emerge in farmed fish [72]. The proactive/reactive continuum has been identified in most
farmed species and it should be a factor to consider when designing and evaluating produc-
tion systems. However, the aquaculture industry selects mostly for growth performance [73]
and proactive fish grow faster [74]. Consequently, there is a theoretical infinite selection for
proactive and aggressive individuals in fish farming. This creates an obvious welfare problem
that can only be solved by a deep understanding of the biology of the species as well as
through the design of appropriate and diverse farming environments, which can accommo-
date different coping styles, even at the expense of lower production outputs [72]. In addition
to coping styles, there is another source of intrinsic variability in animals that is phenotypic
plasticity, best explained by behavioural reaction norms (BRN, i.e. the set of behavioural
phenotypes that a single individual produces in a given set of environments) [75]. The BRN
may actually be calculated, and it incorporates information on how an animal behaves on
average and how its behaviour changes over a gradient, specifying the precise form of the
relationship between response value and environmental condition. The relationships between
food provisioning rate and begging intensity, between dispersal behaviour and current veloc-
ity, or between anti-predator behaviour and predation risk are all examples of BRNs. This
approach treats both inter-individual and intra-individual variance in behaviour as meaning-
ful (rather than as ‘noise’) [76].

The implications of the domestication process on the behavioural perspective of welfare are
therefore far from simple. Behavioural changes due to generations in captivity do seem to
occur but (1) they are accompanied by physiological and cognitive modifications that are
challenging to accommodate in good welfare, and (2) while the behavioural phenotypes of
wild fish are adaptive and selected throughout stable evolutionary pressures, captive pheno-
types are responding to extremely different settings that are artificially rapid and that can often
push welfare needs into collision with traits required for production.

The available evidence, however, is largely based on data from salmonids. These species are
nonetheless far from representing the majority of production of finfish in global aquaculture:
Atlantic salmon ranks seventh in production worldwide with approximately 2.4 million
tonnes in 2015 (less than half of the production of the #1, Grass carp (Ctenopharyngodon idella)
with 5.8 million tonnes) [77].

3.4. Sensory worlds

Fish are an extraordinary group of animals. Our ‘underwater cousins’, as Jonathan Balcombe
describes them in his book What a fish knows [78], are the closest living relatives to our common
aquatic ancestor. But, as with most distant family members, our understanding of their lives is
limited. Even though ichthyology was incorporated as a formal science by Aristotle (383–322BC)
[79], we still struggle to understand many aspects of fish biology. Those limitations to our
knowledge of fish arise mainly from the fact that fish live in water. This posts a strong barrier
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infection and the incidence of social encounters, including aggressive ones, especially when
competing for food. The hatchery environment is so different from that experienced in nature
that it can potentially generate behavioural differences in three, interlinked ways: (1) differential
experience, (2) differential mortality and survival of behavioural phenotypes within a single
generation and (3) selection for inherited behavioural traits over several generations [68]. In fact,
usual conditions in intensive husbandry favour risk-taking/aggressive fish, as available data
suggests that competition for food is major driver for high-risk/high-aggression phenotypes
[69]. Hatchery-reared fish are more prone to show higher risk-taking behaviour, which is directly
linked with a higher risk of escapes from rearing systems (as in the case of sea cages) [70], and
may severely decrease their chances of survival in the wild. Consequently, this leads to a wide
range of welfare, environmental and economic consequences. Domesticated strains of guppies
(Poecilia reticulata), which are not farmed for food but are nevertheless the object of strong
artificial selection for aquarium hobbyists, tend to have smaller brains and less cognitive abilities.
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This may not only be due to a trade-off between brain size and reproduction [71], but also to the
lack of environmental challenges and corresponding cognitive selection pressures.

Despite the consistency of the farming environment, different coping styles (e.g. consistent
trait associations such as proactive, active coping or bold, and reactive, passive coping or shy)
do emerge in farmed fish [72]. The proactive/reactive continuum has been identified in most
farmed species and it should be a factor to consider when designing and evaluating produc-
tion systems. However, the aquaculture industry selects mostly for growth performance [73]
and proactive fish grow faster [74]. Consequently, there is a theoretical infinite selection for
proactive and aggressive individuals in fish farming. This creates an obvious welfare problem
that can only be solved by a deep understanding of the biology of the species as well as
through the design of appropriate and diverse farming environments, which can accommo-
date different coping styles, even at the expense of lower production outputs [72]. In addition
to coping styles, there is another source of intrinsic variability in animals that is phenotypic
plasticity, best explained by behavioural reaction norms (BRN, i.e. the set of behavioural
phenotypes that a single individual produces in a given set of environments) [75]. The BRN
may actually be calculated, and it incorporates information on how an animal behaves on
average and how its behaviour changes over a gradient, specifying the precise form of the
relationship between response value and environmental condition. The relationships between
food provisioning rate and begging intensity, between dispersal behaviour and current veloc-
ity, or between anti-predator behaviour and predation risk are all examples of BRNs. This
approach treats both inter-individual and intra-individual variance in behaviour as meaning-
ful (rather than as ‘noise’) [76].

The implications of the domestication process on the behavioural perspective of welfare are
therefore far from simple. Behavioural changes due to generations in captivity do seem to
occur but (1) they are accompanied by physiological and cognitive modifications that are
challenging to accommodate in good welfare, and (2) while the behavioural phenotypes of
wild fish are adaptive and selected throughout stable evolutionary pressures, captive pheno-
types are responding to extremely different settings that are artificially rapid and that can often
push welfare needs into collision with traits required for production.

The available evidence, however, is largely based on data from salmonids. These species are
nonetheless far from representing the majority of production of finfish in global aquaculture:
Atlantic salmon ranks seventh in production worldwide with approximately 2.4 million
tonnes in 2015 (less than half of the production of the #1, Grass carp (Ctenopharyngodon idella)
with 5.8 million tonnes) [77].

3.4. Sensory worlds

Fish are an extraordinary group of animals. Our ‘underwater cousins’, as Jonathan Balcombe
describes them in his book What a fish knows [78], are the closest living relatives to our common
aquatic ancestor. But, as with most distant family members, our understanding of their lives is
limited. Even though ichthyology was incorporated as a formal science by Aristotle (383–322BC)
[79], we still struggle to understand many aspects of fish biology. Those limitations to our
knowledge of fish arise mainly from the fact that fish live in water. This posts a strong barrier
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for the direct observation of these animals, and up until recently the study of fish was restricted
to investigation from the surface under particular conditions of water transparency and shallow
depth, the examination of dead specimen or watching captive animals in artificial conditions.
This constraint was only truly overcome with the invention of the self-contained underwater
breathing apparatus by Jacques-Yves Cousteau and Emille Gagnan in 1942. Thus, only roughly
80 years ago could humans consistently observe fish in their natural habitats, in a similar way
than we had been doing with terrestrial animals since the dawn of our species. This gap in the
knowledge of fish biology is a major drawback for the establishment of welfare standards. Since
self-experience and individual knowledge are impossible to be observed directly, their existence
in other species tends to be forgotten or ignored, especially in taxa with which we do not readily
identify or that are distantly related to us [80]. While we as humans can easily empathise with
cattle, goats, sheep, horses and other terrestrial animals because they have been living next to us
for millennia and share most of our sensory world, fishes exist in a realm of their own.

In fact, there are likely to be substantial differences in fish sensory systems compared with a
terrestrial animal due to differing ecological and evolutionary pressures [81]. The term Umwelt
was coined by Jakob von Uexküll in 1909 and refers to the sensory world of an animal—i.e. a
subject—who is perceiving and actively responding to environmental stimuli. Moreover, the
animal is not reacting mechanically to the world, and instead building its Umwelt with a
meaningful living strategy, even though the behaviours may not be consciously planned [82].
This concept is of vital importance for the design of welfare solutions for captive fishes,
because the sensory world of these animals differs highly from our own experience, is extraor-
dinarily diverse, and relies on senses that differ from ours.

3.4.1. Vision

Light behaves differently underwater than at the surface and can be influenced by physical
and biological factors. Depth can modulate the wavelength (i.e. the colour), while intensity and
scatter can be modified by turbidity and suspended particle type. These can also change
rapidly with daytime, season or weather conditions. Furthermore, species have different visual
systems depending on their life-history (e.g. predators that rely on visual cues for feeding,
fishes that are common preys and must remain vigilant for evasion) or even within life stages
(e.g. larvae that live in the depths and move to shallower depth when they grow, species with
ocean juveniles and freshwater adults). These environmental changes represent huge selective
pressures for the radiation of visual systems in fish. Not surprisingly, there is an enormous
variety not only in the type of eyes that can be found in fish [83], but also in the brain structures
that process visual information [84].

3.4.2. Chemical sensing

Chemical senses serve an essential ecological role and are extremely relevant in communication
contexts in all groups of fish (cyclostomes, elasmobranchs and teleosts). They enable orientation in
the dark or blurry waters, predation, foraging and escape from predators for example [85]. Chem-
ical sensing also serves intra-specific communication, allowing males and females to find suitable
partners [86], as well as competitors to assess and announce their status in agonistic contexts,
which are solved much quicker and less violently thanks to ‘chemical diplomacy’ [87, 88].
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Chemical sensing in fish exists in three modalities: olfaction, solitary chemosensory cells and taste.
Olfaction may function at a larger distance for all the roles described above, and olfactory receptors
are usually located in the nostrils on the most anterior part of the head. Taste cells are usually
limited to very close range detection of foodstuffs and are located in the head and mouth [85]. In
most predatory fishes, the taste system is used solely during oral food evaluation [89]. Solitary
chemosensory cells are not well described yet but may serve as food, predator or conspecific
locators, spread throughout the body of the animal [85].

3.4.3. Hearing

In all fishes, sound is detected by one or more of the otolith organs. As sound passes through a
fish and brings its tissues into motion, the otoliths respond to sound-induced motions of the
animal’s body. In many fish species, named hearing specialists, the otoliths may also receive a
displacement input from the swimbladder or another gas-filled chamber near the ears. These
fishes may respond to both acoustic pressure and particle motion with a particularly efficient
coupling between the gas bladder and the otolith organs and tend to have very high sensitivity
to sound [80].

In addition, fishes have evolved a diversity of sound-generating organs. These include vibrating
the swimbladder and pectoral girdle or rubbing bony elements against each other. Sounds are
produced in various behavioural contexts (agonistic interactions, courtship, spawning and in
distress). Similarly to chemical communication, acoustic signals may serve in decreasing aggres-
sion, assessment of the fighting abilities, species recognition, mate attraction and mate choice [90].

3.4.4. Nociception

The aquatic environment influences basic perception and adaptation to damage in fishes:
for example, they cannot fall because of buoyancy in the water column and this prevents injury
due to gravity; noxious chemicals entering the aquatic environment may be diluted and thus pose
a lower risk; and major shifts in temperature are less common compared with terrestrial environ-
ments. This could mean fishes experience less risk of damage than terrestrial animals, and it
may be reflected in their nociceptive system [81]. In fact, although receptors for damaging stimuli
have been found in all fish groups, and fishes possess neuroanatomical pathways comparable to
those found in other vertebrate groups, there are interesting differences that reveal adaptions to
evolutionary pressures: for example, rainbow trout nociceptors are not activated in low tempera-
tures, because they live in cold water [91], but they are more sensitive to mechanical stimuli than
mammals, probably because their skin is more fragile, and to heat, probably because they live
in temperatures usually not above to 25�C [92]. The Chameleon cichlid (Australoheros facetus),
on the other hand, is far more tolerant to heat exposure, which can also be explained by its
broad ecological distribution [93]. Importantly, fish are ectothermic, and therefore their inner
temperature depends on the environment (typically 0–30�C). As mammals maintain homeostasis
at 37�C, it is likely that fish nociceptors have a lower temperature threshold than mammals [81].

Interestingly, the same groups of substances that reduce pain in humans (opioids, anti-inflamma-
tory drugs and local anaesthetics) are also effective in reducing behavioural and physiological
indicators of discomfort in teleosts, which is indicative of similar sensingmechanisms [81].
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that process visual information [84].
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Chemical senses serve an essential ecological role and are extremely relevant in communication
contexts in all groups of fish (cyclostomes, elasmobranchs and teleosts). They enable orientation in
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have been found in all fish groups, and fishes possess neuroanatomical pathways comparable to
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mammals, probably because their skin is more fragile, and to heat, probably because they live
in temperatures usually not above to 25�C [92]. The Chameleon cichlid (Australoheros facetus),
on the other hand, is far more tolerant to heat exposure, which can also be explained by its
broad ecological distribution [93]. Importantly, fish are ectothermic, and therefore their inner
temperature depends on the environment (typically 0–30�C). As mammals maintain homeostasis
at 37�C, it is likely that fish nociceptors have a lower temperature threshold than mammals [81].
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indicators of discomfort in teleosts, which is indicative of similar sensingmechanisms [81].
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3.4.5. Other senses

There are sensory systems in fish that are completely alien to us. The lateral line for example,
which serves as a receptor for hydrodynamic stimuli such as those generated by conspecifics,
predators or prey. Although the biological processing of hydrodynamic signals has been well
studied, not much is known about how fish can discern these from natural occurring events
[94]. As all fishes experience night, darkness or turbid waters, there is strong selection for the
use of non-visual senses in all fish species. Anatomical diversity suggests that the lateral line is
one of the most important senses for fishes. However, research on the function of the lateral
line has lagged due to poor understanding of hydrodynamics at small scales and lack of this
sense in humans, making it difficult to imagine a fish’s hydromechanical world [95]. Electrical
sensing is ancestral to fishes and is present in most non-teleosts as well as certain teleost
species. The electrosensory world of fishes is rich with electric fields from a multitude of
sources including the earth’s magnetic field and the bodies of all aquatic organisms including
the electrosensing fish itself. The fish’s extremely high sensitivity to these fields enables orien-
tation, navigation, communication, and even detection and localization of other fish, both prey
and conspecifics [96–98]. Figure 2 summarises the sensory world of fish.

Not only the sensory world of fishes is difficult to relate to, but also the physics of movement
underwater in a three-dimensional world can be challenging to understand for humans, who
exist roughly in a 2D world. Despite this challenge, it is nonetheless a critical next step for the

Figure 2. The sensory worlds of fish.
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understanding of fish locomotion, and the design of appropriate rearing systems. The 3D
nature of fish functional design is clearly demonstrated in the enormous diversity of body
shapes and swimming modes in fishes [99].

Other physical properties of water affect fish in a different way than dry land does to farm
animals: for example, water is a dense medium, so fish are constrained by hydrodynamic
demands and fast swimming can be costly; gases dissolve readily in water, but moving water
for oxygen extraction is energetically costly; many other chemicals readily dissolve and dis-
perse in water.

In order to adapt to such a different medium, fishes not only develop the extraordinary
sensory systems we have discussed above, but also show many amazing morphological
and physiological adaptations, that can strongly determine welfare needs: they may unde-
rgo dramatic changes in form and function across life stages, as in the case of flatfishes [100];
unlike mammals but in common with birds, fish red blood cells are nucleated, giving
them additional functions including immune responses [68]; fish grow continuously [101],
influencing their relation with space and density across time; most species excrete ammonia
(which is highly toxic, especially in aquaculture conditions [102]) while land animals excrete
urea [103]. Finally, fish have more genes, more gene variability and more gene duplicates
than terrestrial animals [104, 105].

To summarise, the extraordinary features of the aquatic environment, the exotic adaptations of
fish and their Umwelt represent a challenge for the assessment of fish welfare. Only through a
deep understanding not only of the fundamental differences between fish and terrestrial farm
animals but also of the specific needs of each species can we design appropriate measures to
improve and establish high standards of welfare in aquaculture. This task becomes even more
daunting considering the number of animal species currently being farmed in aquatic environ-
ments: 362 finfishes (including hybrids), 104 molluscs, 62 crustaceans, 6 frogs and reptiles, and
9 aquatic invertebrates [106]. For the sake of comparison, there are 26 well-studied species of
terrestrial farm animals, according to the Domestic Animal Diversity Information System
(DAD-IS) [107]. Due to their low number of species, welfare measures and standards are easier
to establish for land animals than for fishes. With such a long list of fish species in current
world farming, how to tackle the issue of assessing fish welfare in a global manner?

4. Assessing welfare in farmed fish

Welfare in aquaculture has been a motive of academic work in the recent past. Several authors
have addressed the topic in reviews and research papers [16, 68, 108–110], and the COSTaction
Welfare of fish in European aquaculture has been promoted aiming to (i) improve the knowledge
on welfare of fish, (ii) formulate a set of guidelines embodying a common and scientifically
sound understanding of the concept of welfare in farmed fish, and (iii) construct a range of
targeted operational welfare indicator protocols to be used in the industry [111]. The results of
this action were incorporated in many research projects, not only in Europe but also in the
USA, Canada, and New Zealand. In addition, major stakeholders in the industry were also
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(which is highly toxic, especially in aquaculture conditions [102]) while land animals excrete
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animals but also of the specific needs of each species can we design appropriate measures to
improve and establish high standards of welfare in aquaculture. This task becomes even more
daunting considering the number of animal species currently being farmed in aquatic environ-
ments: 362 finfishes (including hybrids), 104 molluscs, 62 crustaceans, 6 frogs and reptiles, and
9 aquatic invertebrates [106]. For the sake of comparison, there are 26 well-studied species of
terrestrial farm animals, according to the Domestic Animal Diversity Information System
(DAD-IS) [107]. Due to their low number of species, welfare measures and standards are easier
to establish for land animals than for fishes. With such a long list of fish species in current
world farming, how to tackle the issue of assessing fish welfare in a global manner?
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Welfare in aquaculture has been a motive of academic work in the recent past. Several authors
have addressed the topic in reviews and research papers [16, 68, 108–110], and the COSTaction
Welfare of fish in European aquaculture has been promoted aiming to (i) improve the knowledge
on welfare of fish, (ii) formulate a set of guidelines embodying a common and scientifically
sound understanding of the concept of welfare in farmed fish, and (iii) construct a range of
targeted operational welfare indicator protocols to be used in the industry [111]. The results of
this action were incorporated in many research projects, not only in Europe but also in the
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involved, including the European Aquaculture Associations, the Fish Farmers Association and
the scientific department of EU responsible for fish welfare.

In recent years, the FishEthoBase project (http://fishethobase.net) has been working in order to
bridge the gap even further between the scientific community and the fish farming industry. This
open-access database on fish ethology and welfare provides a platform where scientific knowl-
edge is scrutinised and summarised in order to answer relevant criteria regarding welfare in
aquatic animal farming. The aim is to cover all fishes farmed nowadays as well as other aquatic
species, delivering concrete solutions for fish farmers, pointing to knowledge gaps for researchers
and providing awareness for the general public and other stakeholders. This is accomplished in
two ways: (1) full profiles of farmed species, where over 40 criteria and sub-criteria on ethology,
but also ecology, physiology and general biology are reviewed in-depth according to the scientific
literature. Based on these findings, a series of recommendations are proposed to address identi-
fied welfare issues in aquaculture; (2) short profiles of farmed species, where a sharp evaluation
of 10 critical criteria is performed, covering ecological, behavioural and physiological traits
transversal to all fish species: home and depth range, migration, reproduction, aggregation,
aggression, habitat type, stress, malformations and slaughter. In addition, sustainable feeding
and domestication are also addressed. These 10 criteria are answered using a welfare assessment
protocol based on standardised risk analysis methods. For each species, this protocol provides (i)
a comparison between the wild behaviour and the fish welfare state under conventional farming
conditions, (ii) the overall welfare potential and (iii) the certainty of our findings. The sum of high
scores of each species in these three measures throughout all 10 criteria results in the FishEtho-
Score, an index that summarises the general welfare state of the species. As occurs with all
indexes, the FishEthoScore incurs the risk of oversimplifying a complex array of data concerning
welfare. However, by asking the same questions to (ultimately) all farmed fish species, it offers a
unique possibility not only for a comparative approach, but also for a global perspective on
which species may be farmed most humanely. This is apparently the first effort to create such a
welfare assessment scheme for aquaculture, and it may constitute a decisive step for a near-future
welfare certification in the industry.

5. Fish domestication and the Five Freedoms

The concept of the Five Freedoms was coined in 1965 in the Brambell Report [112] concerning
husbandry of livestock and revised by the Farm Welfare Council of the UK in 1979 into its
present form [113]:

(I) Freedom from hunger and thirst—by ready access to fresh water and a diet to maintain
full health and vigour;

(II) Freedom from discomfort—by providing an appropriate environment including shelter
and a comfortable resting area;

(III) Freedom from pain, injury or disease—by prevention or rapid diagnosis and treatment;

Animal Domestication122

(IV) Freedom to express normal behaviour—by providing sufficient space, proper facilities
and company of the animal’s own kind;

(V) Freedom from fear and distress—by ensuring conditions and treatment that avoid
mental suffering.

This concept forms the basis of recommendations and legislations worldwide and, despite
their age, are extensively employed for academic, educational and veterinary purposes with
great practical utility [113]. Also, they paved the way so that animals could be considered by
European law as sentient beings in the Lisbon Treaty of 2007 [114].

Research on animal sentience, situated between ethology and psychology, was initiated
by ethologists such as Dawkins [115, 116] and cognitive psychologists such as Toates
[117], around the early 1980’s. These studies allowed a deeper understanding of animal
minds and depicted how animals perceive the world and how environmental stimuli
may affect their welfare level. Most importantly, they opened the door to the understand-
ing of animal’s subjective experiences. These experiences may be positive and negative,
and the latter include suffering, which is fundamentally a wide range of unpleasant
emotional (or emotion-like) states. Negative experiences occur when unpleasant subjec-
tive feelings are acute or continue for a long time when an animal is unable to carry out
the actions that would normally reduce risks to life and reproduction in those circum-
stances [115, 118].

The five freedoms concept is nonetheless criticised. Some authors claim that this framework is
overly guided by anthropocentric thinking about how animals ought to be handled, neglects
the concept of allostasis (stability through change) and generally reflects a more ethical view
than a science-based approach [119]. The concept may be misleading on, for example, stress
and stress indicators such as cortisol [120], because it is well known that stress hormones are
also involved in healthy adaptation [121–123]. Capacity to change, allostasis and biologically
relevant challenges are crucial for good health and welfare, therefore stable conditions and
homeostasis should not be considered optimal [119, 124]. As discussed in Section 3, pheno-
types that are selected exclusively for production traits often show signs of structural and
morphological imbalance. This occurs because symmorphosis (i.e. a match between structural
design and functional demand) is disrupted [125]. In many farm animals (e.g. broiler chickens
or heavily selected strains of trout), the structural design of internal organs does not match
functional demand [48, 126]. This imbalance is responsible for many health problems in farm
animals.

The Concept of Animal Welfare based on Allostasis aims to be an alternative to the Five
Freedoms. It incorporates recent scientific developments in behavioural physiology and neu-
robiology and can be summarised as follows [119]:

• Stability through change (allostasis) and capacity to change are crucial to good health and
good animal welfare. Health in this concept has the same meaning as defined in the World
Health Organisation’s (WHO) constitution as ‘a state of complete physical, mental and
social well-being and not merely the absence of disease or infirmity’ [127].
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bridge the gap even further between the scientific community and the fish farming industry. This
open-access database on fish ethology and welfare provides a platform where scientific knowl-
edge is scrutinised and summarised in order to answer relevant criteria regarding welfare in
aquatic animal farming. The aim is to cover all fishes farmed nowadays as well as other aquatic
species, delivering concrete solutions for fish farmers, pointing to knowledge gaps for researchers
and providing awareness for the general public and other stakeholders. This is accomplished in
two ways: (1) full profiles of farmed species, where over 40 criteria and sub-criteria on ethology,
but also ecology, physiology and general biology are reviewed in-depth according to the scientific
literature. Based on these findings, a series of recommendations are proposed to address identi-
fied welfare issues in aquaculture; (2) short profiles of farmed species, where a sharp evaluation
of 10 critical criteria is performed, covering ecological, behavioural and physiological traits
transversal to all fish species: home and depth range, migration, reproduction, aggregation,
aggression, habitat type, stress, malformations and slaughter. In addition, sustainable feeding
and domestication are also addressed. These 10 criteria are answered using a welfare assessment
protocol based on standardised risk analysis methods. For each species, this protocol provides (i)
a comparison between the wild behaviour and the fish welfare state under conventional farming
conditions, (ii) the overall welfare potential and (iii) the certainty of our findings. The sum of high
scores of each species in these three measures throughout all 10 criteria results in the FishEtho-
Score, an index that summarises the general welfare state of the species. As occurs with all
indexes, the FishEthoScore incurs the risk of oversimplifying a complex array of data concerning
welfare. However, by asking the same questions to (ultimately) all farmed fish species, it offers a
unique possibility not only for a comparative approach, but also for a global perspective on
which species may be farmed most humanely. This is apparently the first effort to create such a
welfare assessment scheme for aquaculture, and it may constitute a decisive step for a near-future
welfare certification in the industry.

5. Fish domestication and the Five Freedoms

The concept of the Five Freedoms was coined in 1965 in the Brambell Report [112] concerning
husbandry of livestock and revised by the Farm Welfare Council of the UK in 1979 into its
present form [113]:

(I) Freedom from hunger and thirst—by ready access to fresh water and a diet to maintain
full health and vigour;

(II) Freedom from discomfort—by providing an appropriate environment including shelter
and a comfortable resting area;

(III) Freedom from pain, injury or disease—by prevention or rapid diagnosis and treatment;
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(IV) Freedom to express normal behaviour—by providing sufficient space, proper facilities
and company of the animal’s own kind;

(V) Freedom from fear and distress—by ensuring conditions and treatment that avoid
mental suffering.

This concept forms the basis of recommendations and legislations worldwide and, despite
their age, are extensively employed for academic, educational and veterinary purposes with
great practical utility [113]. Also, they paved the way so that animals could be considered by
European law as sentient beings in the Lisbon Treaty of 2007 [114].

Research on animal sentience, situated between ethology and psychology, was initiated
by ethologists such as Dawkins [115, 116] and cognitive psychologists such as Toates
[117], around the early 1980’s. These studies allowed a deeper understanding of animal
minds and depicted how animals perceive the world and how environmental stimuli
may affect their welfare level. Most importantly, they opened the door to the understand-
ing of animal’s subjective experiences. These experiences may be positive and negative,
and the latter include suffering, which is fundamentally a wide range of unpleasant
emotional (or emotion-like) states. Negative experiences occur when unpleasant subjec-
tive feelings are acute or continue for a long time when an animal is unable to carry out
the actions that would normally reduce risks to life and reproduction in those circum-
stances [115, 118].

The five freedoms concept is nonetheless criticised. Some authors claim that this framework is
overly guided by anthropocentric thinking about how animals ought to be handled, neglects
the concept of allostasis (stability through change) and generally reflects a more ethical view
than a science-based approach [119]. The concept may be misleading on, for example, stress
and stress indicators such as cortisol [120], because it is well known that stress hormones are
also involved in healthy adaptation [121–123]. Capacity to change, allostasis and biologically
relevant challenges are crucial for good health and welfare, therefore stable conditions and
homeostasis should not be considered optimal [119, 124]. As discussed in Section 3, pheno-
types that are selected exclusively for production traits often show signs of structural and
morphological imbalance. This occurs because symmorphosis (i.e. a match between structural
design and functional demand) is disrupted [125]. In many farm animals (e.g. broiler chickens
or heavily selected strains of trout), the structural design of internal organs does not match
functional demand [48, 126]. This imbalance is responsible for many health problems in farm
animals.

The Concept of Animal Welfare based on Allostasis aims to be an alternative to the Five
Freedoms. It incorporates recent scientific developments in behavioural physiology and neu-
robiology and can be summarised as follows [119]:

• Stability through change (allostasis) and capacity to change are crucial to good health and
good animal welfare. Health in this concept has the same meaning as defined in the World
Health Organisation’s (WHO) constitution as ‘a state of complete physical, mental and
social well-being and not merely the absence of disease or infirmity’ [127].
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• Good animal welfare is characterised by a broad predictive physiological and behavioural
capacity to anticipate environmental challenges.

• Good animal welfare is guaranteed when the regulatory range of allostatic mechanisms
matches the environmental demands.

• A low allostatic load (not very low or zero) is key for good health and good animal
welfare.

• Symmorphosis should be respected.

• Behaviour and physiology should be interpreted in terms of animal perceptions and not
exclusively in terms of human values.

To summarise, the Five Freedoms were primarily derived in relation to the welfare of farm
animals, but, with the exception of the fifth freedom, would appear to consider that animals
are passive within their environment [128]. Despite its undeniable role in the development of
present (and future) welfare standards, this concept would benefit from an update in order to
incorporate both ultimate (i.e. adaptive) and proximate (i.e. physiological) mechanisms. Inte-
grating phylogeny and ontogeny in the design and analysis of husbandry practices would
result in broader and overall better welfare schemes (Figure 3).

Figure 3. Animal welfare in relation to environmental challenges as shown by the out-dated concept based on homeosta-
sis and the new concept based on allostasis. Adapted from [117].
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6. Ethics vs. welfare in fish domestication

The ethical discussion on welfare of animals is controversial. This occurs because often the
perspectives of scientists studying welfare science(s) and philosophers debating about ethics
lie on very different standpoints. While science uses mostly operational and measurable
concepts, such as the ones described throughout this chapter, ethics is focused on experiencing
values and critically reflecting on them. Three main ethical theories are followed:

• The contract theory states that, despite the naturally selfish nature of man, there is a need
to waiver rights in exchange for the benefits of a contract (implicit or explicit) [129];

• The utilitarianism theory states that the best action is the one that maximises utility, and
therefore actions are to be evaluated majorly for their consequences [129];

• The deontologist theory states that the ethical value of an action is dependent on the
motivation behind it and not on the consequences. It criticises the utilitarianism theory
stating that the right of the individual can never be sacrificed for the common good [130].

The following allegory provides a good metaphor for the misunderstanding between philoso-
phers and scientists:

‘Two dog owners met one day to walk their dogs together. One owner had grown up in a small
family that valued health, safety, and orderly, disciplined behaviour. The dog of this owner
received regular veterinary care, two meals a day of low-fat dog food, and was walked on a
leash. The other owner had grown up in a large community that valued conviviality, sharing of
resources and close contact with the natural world. This dog (the owner’s third - the first two
had been killed by cars) had burrs in its coat, was fed generously but sporadically, and had
never worn a collar in its life. Each owner, judging quality of life from very different view-
points, felt sorry for the other’s dog’ [131].

The challenge lies in the different concepts, assumptions and vocabulary that scientists and
philosophers use, which function as two distinct cultures with little mutual understanding or
communication. Since the early days of the animal welfare debate, the two sides have strug-
gled to communicate with each other, even though both were (and are) working with the
common goal of understanding and improving an appropriate relationship between humans
and other species of animals [132]. In fact, scientific research on animal welfare began because
of ethical concerns over the quality of life of animals, and the public looks to animal welfare
research for guidance regarding these concerns. The conception of animal welfare used by
scientists must therefore relate to these ethical concerns in order to make sure that the orienta-
tion of the research and the interpretation of the findings are to address them successfully
[131]. In order to bridge the gap and seek common ground between ethics and welfare science,
it is important to recognise three classes of problems that may arise when the adaptations
present in an animal do not fully correspond to the challenges posed by its current environ-
ment. These problems summarise the ethical concerns about the quality of life of animals [131]:

• If animals present adaptations that no longer serve a significant function in the new
environment, then unpleasant subjective experiences may arise, yet these may not be
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accompanied by significant disruption of biological functioning. For example, species
such as sea bream farmed in an open water sea cage may experience a strong, not full-
filled need to seek shelter or forage on the sea bottom;

• If the environment poses challenges for which the animal has no corresponding adapta-
tion, then functional problems may arise, even if not accompanied by significant effects on
emotional-like states. Thus, a fish being fed with feed with incorrect lipid content will
accumulate unhealthy body fat without appearing to notice or mind the problem;

• Where animals have adaptations corresponding to the kinds of environmental challenges
they face, problems may still arise if the adaptations prove inadequate. For example,
tilapia farmed in too cold water or trout farmed in too warm water will not be able to
adequately regulate temperature, leading to functional failure as well as to a negative
mental experience.

Animal welfare science has grown more compatible with the approaches used by some
ethicists. Some scientists have recognised the interplay of normative and empirical elements
in the assessment of animal welfare, and many are attempting to understand ethically
relevant subjective experiences of animals. This convergence of the scientific and philosoph-
ical approaches may lead to a more integrated field of study and to a greater awareness that
neither empirical information nor ethical reflection can, by themselves, answer questions
about our proper relationship with animals of other species [132].

7. Conclusions

Considering that the domestication process in fishes is still in its early stages, determining
whether and how this process affects welfare is not a straightforward task. Our understand-
ing of fish biology is millennia behind that of terrestrial mammals, and the life-history of fish
can be highly complex, with many species presenting stages that completely differ in every
aspect from the final adult form. Furthermore, the sensory worlds of fish are very different
from our own, and only recently have we begun to scratch the surface of the minds of fish,
which hinders the establishment of empathy with our underwater relatives. To complicate
things even more, fish farming is not focused on a few species, as in the case of land animals,
but rather on hundreds of species that the industry invested in rearing for human consump-
tion. Finally, the key concepts guiding welfare in farm animals are currently out-dated and
seem to be insufficient to tackle a complex and diverse animal group such as fishes. The
present review shows that domestication is not necessarily related to better welfare of fish
especially because the traits the industry is selecting throughout the domestication process
are generally focused on production (e.g. faster growth, larger mass), without taking into
consideration pleiotropic or epistatic effects on other systems and on the organism. This
knowledge gap should be bridged with research, either through species-specific approaches
such as the COST action Welfare of fish in European aquaculture or broader frameworks such as
FishEthoBase. Only by integrating the research and the industry, and by finding common
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grounds between ethics and science, can we expect to build species-appropriate and ethi-
cally justifiable systems in which to farm aquatic species.
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Abstract

The farming of percids (Eurasian perch Perca fluviatilis, pikeperch Sander lucioperca) has 
progressively become a diversification path of European inland aquaculture in the past 
25 years. This required the domestication of wild or pseudowild (coming from polycul-
ture ponds) populations. Considering the history of Eurasian perch, this domestication 
can be subdivided into four main successive parts: (1) a short initial prospective period 
(bibliographical analysis, market analysis, etc.), (2) a first experimental period to acquire 
basic data that notably resulted in the choice of the rearing system and commercial feeds, 
(3) a second experimental period allowing to get an in-depth knowledge on each of the 
main phase of the life cycle of this species (control of the life cycle in rearing conditions), 
and (4) a third experimental period, still ongoing, of optimization of rearing practices. 
This chapter allows understanding the domestication framework of this species and bet-
ter understanding the role of different actors in the decision-making. In the future, the 
farming of this species is likely to rely on a larger diversity of rearing systems; a key issue 
is to study the interactions between species-rearing system. How different domestica-
tion trajectories or paths (intratrajectories variability) will affect global performances of 
Eurasian perch remains an open question.

Keywords: Eurasian perch, domestication, aquaculture, chronology, major steps, 
rearing system

1. Introduction

Fish farming is an animal production sector that followed, in the past years, various dynamic 
paths according to the region considered. For instance, between 1995 and 2015, this sector dis-
played a strong increase at global scale with a production rising from 14.9 to 51.3 Mt. (+242%), 
whereas only a slight increase was observed within the European Union countries: from 
490,000 to 660,000 tons (+34%). At national level, fish production has decreased from 65,500 
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tons in 1995 to 44,500 tons in 2005 (−32%) in France, despite its expansion in other countries 
like Norway. This fact illustrates that the development of this sector depends strongly on 
territorial contexts. Despite projections indicating the strong increase of aquaculture at global 
scale up to 2050, much higher than any other animal production sectors, except for poultry 
production [1, 2], some territories are facing several obstacles. These obstacles include, among 
others, (i) competition with other economic sectors (fisheries, tourism, agriculture, production 
of potable water, etc.), for access to land and water resources, (ii) an economical context of 
free exchange that often results in strong competition with imported products coming from 
countries with much lower production costs, (iii) policies (environmental and social protec-
tion, food safety, etc.) most often perceived as very binding, and (iv) a degraded image of 
rearing systems and farming products for which sustainability is frequently questioned by 
societies in developed countries, particularly concerning quality of products, respect of ani-
mal welfare, and environmental impacts. All these issues could hamper the development of 
aquaculture in some developed countries, such as France. In this context, it is hard to conceive 
that fish farming could increase significantly in those regions. Nevertheless, these territories 
are heterogeneous and often display a strong historical, cultural (e.g., culinary traditions), 
and landscape (mountainous or coastal regions, ponds, wetlands, etc.) diversity that results 
in numerous microterritories with their specific consumption of fish or more exactly very 
typical products or dishes. This is particularly true for Europe and France. For instance, one 
might cite the consumption of smoked eel in the Netherlands [3], frying of cyprinids (roach, 
rudd) in the Valley of Moselle (Luxemburg), tench in the region of Extremadura in Spain, 
fried carps in the Sundgau in Alsace in France, meager in the southeast French Mediterranean 
Sea, or Eurasian perch in the countries around the Alps. These small markets rely on a close 
link between local populations, the history of the territory, and the presence of a specific 
landscape (e.g., country of ponds) or particular ecosystems (lakes) and the animal species 
inhabiting these regions. This tight link between consumers and species is obviously the case 
for the market of Eurasian perch in the Alps region, where consumers often require the pres-
ence of the fish skin to clearly observe the alternation of dark and light bands, typical of 
this species [4]. These are key advantages for this territory that could allow the development 
of a diversified and resilient aquaculture based on the diversification of the production and 
the domestication of new fish species, corresponding to a development model that we can 
call “mosaic aquaculture.” This is in this global context associated with this vision that the 
domestication of Eurasian perch started in the early 1990s, 25 years ago. The understanding 
of the initial motivations and the process of domestication realized over this period require 
first considering the specificities of inland European aquaculture and associated territories.

In Europe (European Union), inland aquaculture only represents 25.3% of the total production 
[5]. Two main distinct economic sectors exist, salmoniculture (farming of salmonids, chiefly 
monoculture of rainbow trout (Oncorhynchus mykiss) in running waters and pond culture, cor-
responding to polyculture in ponds with the dominant species being common carp (Cyprinus 
carpio). Thus, logically, the two most consumed fish species in Europe are rainbow trout 
(second) and common carp (fifth), mainly in Central and Eastern Europe for the latter. The 
domestication of Eurasian perch started in France with the will to diversify inland aquaculture 
while respecting the other economic sectors already developed, particularly pond aquacul-
ture. Interestingly, it is important to specify that in France, pond aquaculture is mainly for the 

Animal Domestication138

restocking market in link with angling activities: fish are sold alive to river managers (associa-
tions of anglers) or private ponds. These markets are both more lucrative and less demanding 
in terms of personnel and investment. A very small percentage of this aquaculture production 
is destined to the markets for human consumption.

2. Why choosing Eurasian perch?

The initial choice of Eurasian perch resulted from several points that were taken into account 
locally, like at the Lorraine territory scale in France. First, at national level, there was at that 
time the mutual motivation by several stakeholders (producers, policymakers, and develop-
ing agencies) to promote and diversify freshwater aquaculture with different incentives, even 
though the human consumption market was targeted (Table 1). In Lorraine, this dynamism 
first resulted in one part in the structuring of the inter-profession with the establishment of the 
Inland Aquaculture Lorraine Sector (Filière Lorraine d’Aquaculture Continentale) in 1987 and 
on the other part the inception of a new specific university diploma in inland aquaculture, the 
“Ingénieur-Technologue” DI-T [6–8]. Besides, carnivorous fishes, such as Eurasian perch, pike-
perch Sander lucioperca, or pike Esox Lucius, are and remain both the most appreciated species 
by anglers and consumers who know them, particularly in Western Europe (except salmonids). 
Third, a survey realized at the European scale revealed that in some territories (Eastern France, 
Switzerland, and Northern Italia), this species was widely consumed in various forms (whole 
fish, fillets, etc.) and at different sizes (Table 2) [9], and they exist a niche market relatively 
large such as in Switzerland where it was estimated at about 4000 tons of fillets per year with 
a supply essentially ensured by fisheries from large lakes in Central and Northern Europe and 
Russia [10–11]. Fourth, the production of Eurasian perch in polyculture ponds remains chal-
lenging to control, which is less the case for other carnivorous species. So much that in certain 
French regions (Centre), this species was considered as undesirable by fish farmers because of 
dwarfing problems often linked to the overabundance of young individuals [11].

Summing up, the domestication of Eurasian perch appeared as a good compromise for several 
reasons: (1) a diversification of aquaculture production targeting the human consumption 
market by valuing a native species known by consumers and benefiting from a good image 

Species Territories Initial will Current production in France

Black bass Micropterus 
salmoides

South-West Angling, human consumption Negligible

Siberian sturgeon 
Acipenser baeri

Aquitaine To preserve another sturgeon 
species (A. sturio)

17 farms, third global 
producer of caviar

Eurasian perch Perca 
fluviatilis

Lorraine, Rhône-Alpes Human consumption 100 tons, three perch farms

Wels Silurus glanis Centre, Languedoc Human consumption Negligible

Table 1. Trials of diversification and domestication of new fish species in inland aquaculture in metropolitan France 
during the last decades of the twentieth century.
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fish, fillets, etc.) and at different sizes (Table 2) [9], and they exist a niche market relatively 
large such as in Switzerland where it was estimated at about 4000 tons of fillets per year with 
a supply essentially ensured by fisheries from large lakes in Central and Northern Europe and 
Russia [10–11]. Fourth, the production of Eurasian perch in polyculture ponds remains chal-
lenging to control, which is less the case for other carnivorous species. So much that in certain 
French regions (Centre), this species was considered as undesirable by fish farmers because of 
dwarfing problems often linked to the overabundance of young individuals [11].

Summing up, the domestication of Eurasian perch appeared as a good compromise for several 
reasons: (1) a diversification of aquaculture production targeting the human consumption 
market by valuing a native species known by consumers and benefiting from a good image 

Species Territories Initial will Current production in France

Black bass Micropterus 
salmoides

South-West Angling, human consumption Negligible

Siberian sturgeon 
Acipenser baeri

Aquitaine To preserve another sturgeon 
species (A. sturio)

17 farms, third global 
producer of caviar

Eurasian perch Perca 
fluviatilis

Lorraine, Rhône-Alpes Human consumption 100 tons, three perch farms

Wels Silurus glanis Centre, Languedoc Human consumption Negligible

Table 1. Trials of diversification and domestication of new fish species in inland aquaculture in metropolitan France 
during the last decades of the twentieth century.
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and an established market niche and (2) the development of a new activity that did not harm 
other traditional activities of the sector (no competition). Initially, this project of diversifica-
tion aimed at developing a complementary activity for pond fish farmers. Besides, linking to 
the survey realized [9], a possible competition with capture fisheries coming from Eastern and 
Central Europe as well as Scandinavia was highlighted; yet, surveyed persons stated that the 
capture levels were highly variable from one year to another, product quality (filleting yield) 
also strongly varied (effect of reproductive cycle), and supply period of market was stopped 
during the spawning season in spring. Consequently, all these facts confirmed the possibili-
ties to develop an aquaculture of Eurasian perch targeting a regular production of fresh fillets 
with a constant and high quality.

Countries Production/exploited ecosystems Valorization

Germany Fisheries (large lakes, rivers, Baltic Sea) Angling, exportation, weak human 
consumption

Austria Fisheries (Constance Lake) Exportation, human consumption

Belgium Fisheries in rivers, polyculture in ponds Angling

Bulgaria Fisheries in rivers or in reservoirs Angling, human consumption

Denmark Fisheries in lakes or estuaries Angling, exportation

Finland Fisheries in Baltic Sea and inland waters Angling, strong human consumption

France Fisheries in lakes and rivers Angling, strong human consumption 
(East)

Great Britain Fisheries in lakes and rivers Angling

Hungary Fisheries in lakes and rivers Angling

Ireland Lough Neagh Exportation

Luxemburg Fisheries in rivers Angling, weakly consumed

Norway Fisheries in inland waters of East, South,  
and North-East

Angling, exportation, human 
consumption

Netherlands Fisheries in IJsselmeer lakes and inland waters Angling, weak human consumption

Baltic countries Fisheries in lakes Exportation

Poland Fisheries in inland waters (Swinoujscie region) Angling, exportation

Czech Republic and 
Slovakia

Fisheries in the Danube River and other rivers Angling, human consumption

Romania Fisheries in ponds, in the Danube River, 
Razelm Lake

Angling, human consumption

Serbia and Macedonia Fisheries in the Danube River and lakes (Dojran 
Lake)

Human consumption

Sweden Fisheries in the Baltic Sea Angling, exportation, human 
consumption

Switzerland Fisheries in lake Angling, strong human consumption

Table 2. Interest for Eurasian perch according to European countries, survey realized in 1993 [9].
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3. Acquiring knowledge on the biology of P. fluviatilis and  
P. flavescens

A the end of the 1980s and beginning of the 1990s, an in-depth analysis of the available litera-
ture on the biology of Eurasian perch and a North American close species, the yellow perch 
P. flavescens, was performed to better evaluate potentialities of this species. We first analyzed 
general articles as well as book chapters [12–22]. Then, we considered more specific studies 
focusing on the characteristics of populations inhabiting particular aquatic areas [13–27]. In 
the meantime, because some farming trials were already performed on yellow perch in the 
United States (large lake areas), a similar approach was realized aiming at establishing a syn-
thesis of knowledge acquired on the zootechny of this sister species [28–38]. At this period, 
yellow perch was considered as the reference to promote the farming of Eurasian perch. This 
choice was reinforced by the fact that questioning about the rearing systems (ponds or recir-
culated systems) was similar. Based on these bibliographical analyses, preliminary thoughts 
resulted in the emergence of farming possibilities in Europe [39], and perciculture (i.e., farm-
ing of perch) was proposed as a possible way to diversity inland aquaculture in Europe [40].

3.1. Study of the life cycle of perch in natural conditions, first zootechnical trials, 
and choice of the rearing system

During the 1990s, researches were undertaken to first better know the life cycle of the species 
in local aquatic ecosystems, mainly in the Mirgenbach reservoir and Lindre ponds (Moselle, 
France), and second to determine the potential of this species at different stages (larval rear-
ing, on-growing). The choice of the Mirgenbach was linked to the fact that this reservoir pres-
ents heated waters due to the nuclear power plant of Cattenom and could potentially present 
thermic conditions more favorable for the growth of perch, in the perspective of a future 
economic development. These field studies allowed describing the feeding regime, growth 
(relation size-weight), composition of the main tissues (muscles, gonads, liver, viscera), as 
well as the reproductive cycle [27, 41–44]. These data constituted the frame of reference 
and brought the basis for future experimentations, such as the control of the reproductive 
cycle. In parallel to these descriptive studies, first trials of acclimatization were realized 
using perch sampled at different development stages in natural conditions (e.g., egg ribbons 
mainly from the Leman Lake, INRA Thonon-les-Bains, Haute-Savoie, France), polyculture 
ponds (young perch of 4–20 g for Lorraine fish farm ponds), or rivers (eggs ribbons from 
Meuse). The acclimatization of young perch, either juveniles or sexually mature individu-
als, with diverse features from one year to another, was closely linked to the will to value 
stocks of fish often very abundant during fall and spring pond fisheries and displaying a low 
market value. Based on the works performed on the yellow perch [32, 34, 36], several wean-
ing protocols were tested using feeds or diverse raw materials (beef liver, frozen plankton, 
dried or hydrated formulated feeds) [45]. Because of (i) very high mortality rate (40–60% in 
2 months) linked to food refusal, development of pathologies caused by Aeromonas hydrophila 
and cannibalism, (ii) high variability of qualities of the different batches of fishes received 
(juveniles or mature fishes, sizes, more or less lean fish, etc.), and (iii) difficulty of weaning 
protocols, this way of developing perciculture was rapidly stopped. Nevertheless, it was 
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and an established market niche and (2) the development of a new activity that did not harm 
other traditional activities of the sector (no competition). Initially, this project of diversifica-
tion aimed at developing a complementary activity for pond fish farmers. Besides, linking to 
the survey realized [9], a possible competition with capture fisheries coming from Eastern and 
Central Europe as well as Scandinavia was highlighted; yet, surveyed persons stated that the 
capture levels were highly variable from one year to another, product quality (filleting yield) 
also strongly varied (effect of reproductive cycle), and supply period of market was stopped 
during the spawning season in spring. Consequently, all these facts confirmed the possibili-
ties to develop an aquaculture of Eurasian perch targeting a regular production of fresh fillets 
with a constant and high quality.

Countries Production/exploited ecosystems Valorization

Germany Fisheries (large lakes, rivers, Baltic Sea) Angling, exportation, weak human 
consumption

Austria Fisheries (Constance Lake) Exportation, human consumption

Belgium Fisheries in rivers, polyculture in ponds Angling

Bulgaria Fisheries in rivers or in reservoirs Angling, human consumption

Denmark Fisheries in lakes or estuaries Angling, exportation

Finland Fisheries in Baltic Sea and inland waters Angling, strong human consumption

France Fisheries in lakes and rivers Angling, strong human consumption 
(East)

Great Britain Fisheries in lakes and rivers Angling

Hungary Fisheries in lakes and rivers Angling

Ireland Lough Neagh Exportation

Luxemburg Fisheries in rivers Angling, weakly consumed

Norway Fisheries in inland waters of East, South,  
and North-East

Angling, exportation, human 
consumption

Netherlands Fisheries in IJsselmeer lakes and inland waters Angling, weak human consumption

Baltic countries Fisheries in lakes Exportation

Poland Fisheries in inland waters (Swinoujscie region) Angling, exportation

Czech Republic and 
Slovakia

Fisheries in the Danube River and other rivers Angling, human consumption

Romania Fisheries in ponds, in the Danube River, 
Razelm Lake

Angling, human consumption

Serbia and Macedonia Fisheries in the Danube River and lakes (Dojran 
Lake)

Human consumption

Sweden Fisheries in the Baltic Sea Angling, exportation, human 
consumption

Switzerland Fisheries in lake Angling, strong human consumption

Table 2. Interest for Eurasian perch according to European countries, survey realized in 1993 [9].
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3. Acquiring knowledge on the biology of P. fluviatilis and  
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A the end of the 1980s and beginning of the 1990s, an in-depth analysis of the available litera-
ture on the biology of Eurasian perch and a North American close species, the yellow perch 
P. flavescens, was performed to better evaluate potentialities of this species. We first analyzed 
general articles as well as book chapters [12–22]. Then, we considered more specific studies 
focusing on the characteristics of populations inhabiting particular aquatic areas [13–27]. In 
the meantime, because some farming trials were already performed on yellow perch in the 
United States (large lake areas), a similar approach was realized aiming at establishing a syn-
thesis of knowledge acquired on the zootechny of this sister species [28–38]. At this period, 
yellow perch was considered as the reference to promote the farming of Eurasian perch. This 
choice was reinforced by the fact that questioning about the rearing systems (ponds or recir-
culated systems) was similar. Based on these bibliographical analyses, preliminary thoughts 
resulted in the emergence of farming possibilities in Europe [39], and perciculture (i.e., farm-
ing of perch) was proposed as a possible way to diversity inland aquaculture in Europe [40].

3.1. Study of the life cycle of perch in natural conditions, first zootechnical trials, 
and choice of the rearing system

During the 1990s, researches were undertaken to first better know the life cycle of the species 
in local aquatic ecosystems, mainly in the Mirgenbach reservoir and Lindre ponds (Moselle, 
France), and second to determine the potential of this species at different stages (larval rear-
ing, on-growing). The choice of the Mirgenbach was linked to the fact that this reservoir pres-
ents heated waters due to the nuclear power plant of Cattenom and could potentially present 
thermic conditions more favorable for the growth of perch, in the perspective of a future 
economic development. These field studies allowed describing the feeding regime, growth 
(relation size-weight), composition of the main tissues (muscles, gonads, liver, viscera), as 
well as the reproductive cycle [27, 41–44]. These data constituted the frame of reference 
and brought the basis for future experimentations, such as the control of the reproductive 
cycle. In parallel to these descriptive studies, first trials of acclimatization were realized 
using perch sampled at different development stages in natural conditions (e.g., egg ribbons 
mainly from the Leman Lake, INRA Thonon-les-Bains, Haute-Savoie, France), polyculture 
ponds (young perch of 4–20 g for Lorraine fish farm ponds), or rivers (eggs ribbons from 
Meuse). The acclimatization of young perch, either juveniles or sexually mature individu-
als, with diverse features from one year to another, was closely linked to the will to value 
stocks of fish often very abundant during fall and spring pond fisheries and displaying a low 
market value. Based on the works performed on the yellow perch [32, 34, 36], several wean-
ing protocols were tested using feeds or diverse raw materials (beef liver, frozen plankton, 
dried or hydrated formulated feeds) [45]. Because of (i) very high mortality rate (40–60% in 
2 months) linked to food refusal, development of pathologies caused by Aeromonas hydrophila 
and cannibalism, (ii) high variability of qualities of the different batches of fishes received 
(juveniles or mature fishes, sizes, more or less lean fish, etc.), and (iii) difficulty of weaning 
protocols, this way of developing perciculture was rapidly stopped. Nevertheless, it was 
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maintained during few years to produce the biological material to realize growth trials and 
produce breeders [46]. This work allowed conducting a thinking on the choice of the rearing 
system, which was the most adapted to perciculture. If the production of juveniles could be 
realized in small ponds following extensive or semi-intensive methods [47], the on-growing 
phase was rapidly focused on rearing systems in controlled conditions, which allow higher 
production levels and a rationalization of rearing conditions to guarantee a reproducibility 
of performances and the development of the sector. Thus, on-growing trials were performed 
in floating cages (Lindre ponds, Lake of Féronval) and in recirculated aquaculture system 
(RAS) in Belgium and France. In this comparative approach of the possible potentialities 
by different rearing systems, it was demonstrated that similar specific growth rates were 
obtained in cages and RAS, but survival rates, feed conversion rates, and the homogeneity 
of individual weights were better in RAS [45, 48, 49]. It also appeared that perches farmed in 
cages had started a reproductive cycle: females and males captured in September (40–70 g) 
displayed gonadosomatic indexes of 2.4 and 7.1%, respectively, whereas they were constant 
and low in RAS (<0.5, sexual resting) [45, 48]. Yet, the development of gonads at such a low 
weight, lower than the market weight targeted (80–120 g), constituted a problem for main-
taining optimal growth performances. These zootechnical trials also demonstrated that this 
species was very sensitive to pathogens, among which are parasites such as Heteropolaria sp., 
a protozoaire [50, 51], or bacteria, such as Aeromonas sobria [52]. This sensitivity of this species 
led to the shutdown of the project of the enterprise Perlac SA located in the Lake Neuchâtel 
in Switzerland. The sensitivity of this species to external parasites, such as Dactylogyrus or 
Costias, was confirmed during the first rearing trials performed by the society Lucas Perches 
created in 2001 in France [53]. At this period, this society used the water from a small river 
“La petite seille” to decrease the water temperature coming from a geothermal forage used 
by the society. At last, a strong individual growth heterogeneity was observed during tri-
als [50]. All these experiences realized in Belgium, France, and Switzerland resulted in the 
choice of RAS as the most adapted rearing system for the development of perciculture 
[54, 55]. This choice was confirmed by technical choices operated by the first perch farms, 
Percitech in Switzerland (society created in 1994) and Lucas Perches in France (created in 
2002) (Figure 1). Since then, researches exclusively focus on this rearing system using diets 
for trout or sea bass mainly.

3.2. Control of the life cycle of Eurasian perch for the development of perciculture 
in RAS

Once the rearing system selected (intensive monoculture in RAS for the production of fil-
let for human consumption), diverse researches were performed in order to control the life 
cycle of the species in indoor conditions. They include the control of the reproductive cycle, 
the development of larval rearing protocols, the determination of nutritional needs, the 
optimization of growth performances, the control of quality of products, and first trials of 
genetic improvement. These researches were funded by both national (mainly in Belgium and 
France) and international, chiefly thanks to the European Union (FAIR-CT96-1572 1996-1998, 
FAIR-CT98-9241 1998-1999, Σ! 2321 ACRAPEP/ANVAR A0011134L 2001-2004, COOP-CT-
2004-512629-PERCATECH 2004-2006) programs.
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3.3. Control of the reproduction

Even though the market for the perch fillet remains seasonal in the traditional consumption 
market (March–October), the development of an intensive monoculture in RAS required a 
complete control of the reproductive cycle in order to obtain out-of-season spawning and not 
only rely on the single annual reproduction occurring in spring [41–43, 56]. A first research 
axis focused on the environmental control of the reproductive cycle. A preliminary test dem-
onstrated the possibility of controlling the reproductive cycle by manipulating both water 
temperature and duration of photoperiod [57]. Thereafter, these researches allowed disen-
tangling the respective roles of water temperature variations and duration of photophase by 
distinguishing the different phases of a reproductive cycle: induction, vitellogenesis, and final 
steps of the cycle [58–66]. All these works allowed developing a reliable protocol for the induc-
tion of out-of-season spawning close to 100% [67]. This program is now routinely applied in 
farm conditions; it allowed the realization of 2–12 reproductive cycles per year with different 
batches of breeders managed in delayed conditions. If the temperature variations and the 
duration of photoperiod drive the timing of the successive steps of the reproductive cycle 
(determining factors), other factors can modulate the quality of reproductive performances 
observed. For example, the feeding strategy is very important, and thus the nutritional needs 
of breeders were specified [68, 69]. In fact, numerous rearing factors, including environmental, 
nutritional, and populational, can act on breeders and influence their reproductive perfor-
mances; multifactorial approaches must be used to optimize rearing conditions and secure 
performances [70, 71].

Figure 1. Timeline displaying the key phases of the domestication of Eurasian perch with from one hand the main 
knowledge acquired and the decisive decision taken (above the bar) and from the other hand the major events that 
occurred (below the bar) over the period 1990–2018.
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led to the shutdown of the project of the enterprise Perlac SA located in the Lake Neuchâtel 
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Costias, was confirmed during the first rearing trials performed by the society Lucas Perches 
created in 2001 in France [53]. At this period, this society used the water from a small river 
“La petite seille” to decrease the water temperature coming from a geothermal forage used 
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choice of RAS as the most adapted rearing system for the development of perciculture 
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2002) (Figure 1). Since then, researches exclusively focus on this rearing system using diets 
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Once the rearing system selected (intensive monoculture in RAS for the production of fil-
let for human consumption), diverse researches were performed in order to control the life 
cycle of the species in indoor conditions. They include the control of the reproductive cycle, 
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Complementary to the control of reproductive cycle for the induction of out-of-season spawn-
ing, additional protocols based on hormonal injection were developed to synchronize spawn-
ing during the reproductive season [72–77]. They were based on previous works performed 
on the yellow perch [78–80]. The application of hormonal injections is now facilitated by the 
use of a classification method of oocyte stage maturation in preovulatory period [81]. At last, 
reliable protocols for collecting gametes (spermatozoa, oocytes) and artificial reproduction 
are also now available [82].

3.4. Larval rearing

Initially, trials of larval rearing were performed with spawning collected in various aquatic 
areas. Like for on-growing trials, several ways were initially prospected to promote the produc-
tion of weaned juveniles: (1) an extensive production in small ponds with an ex situ weaning in 
tanks, (2) a semi-intensive production in mesocosms, and (3) an intensive production in RAS 
[83]. Even though few fish farms used the methods of mesocosms to produce the juveniles, 
particularly in Ireland, this is the intensive rearing in RAS that is mainly used nowadays. The 
first works aimed at optimizing the abiotic environment of farming (light intensity, duration 
of photophase, color of tank walls) and feeding protocols [84–87]. Initially, particular attention 
was paid to the use or not and the choice of live prey for larval rearing. The first protocols 
that have been developed used rotifers [88] or nauplii of Artemia spp. of various sizes [84, 87, 
89–91]. The feeding transition (weaning = change from a feeding based on live prey to a com-
mercial formulated diet) was soon questioned [92]. Very rapidly, major issues appeared: first, 
a high growth heterogeneity with a strong intra-cohort cannibalism rate [93–95] and second, 
the onset of developmental anomalies (malformations of skeleton and lordosis) with notably 
low inflation rate of the swim bladder [96–98].

The very strong impact of cannibalism within the first weeks of rearing was rapidly con-
firmed during the first commercial production [53]. Up to now, the strategy adopted by fish 
farmers to reduce cannibalism relies on frequent sorting (each week or 2 weeks) to maintain 
homogeneous batches during the nursery period and early weeks of on-growing. At that 
level, the results obtained by Mandiki et al. [99] suggested that they are natural populations 
less aggressive than others are, when they are placed in rearing conditions. Consequently it 
could be interesting to evaluate the intraspecific variability of wild populations (search for 
more docile populations). Concerning the problems of the inflation of the swim bladder and 
developmental anomalies often linked to the first point, they are mainly related to larval rear-
ing conditions [100]. An improvement of rearing conditions associated with a high level of 
prophylaxis allowed increasing inflation rates and reduced malformation rates. In order to 
avoid the on-growing of individuals without swim bladder, protocols of sorting, based on 
practices realized in marine fish farming, were developed [101, 102]. Today, perch farms with 
well-conceived and seriously managed hatchery-nursery produce regular batches of 0.5 up to 
1 million of weaned juveniles. However, developmental anomalies remain regularly observed 
in farms [103]. It is important to specify that the publication of a developmental table for the 
embryo-larvae corresponding to a normal development constitutes a major tool to identify 
the causes of common developmental anomalies) [104].
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3.5. On-growing, nutritional needs

Once fry were available, trials on pre-on-growing and on-growing were realized in order to 
determine from one part the optimal conditions of growth and on the other part the poten-
tial of this species. It was first demonstrated that this species has a diurnal feeding activity 
[105]; the application of photoperiod with a long photophase stimulates growth and inhibits 
gonadal development [106]. First rearing trials had also demonstrated the gregarious behav-
ior of this species (schooling behavior) and its ability to feed on pellets [46]. At this period, 
feeds for rainbow trout or sea bass were distributed to perch; feed conversion rates of 1.0–1.5 
were registered according to the ration rate applied [49, 106–108]. High survival rates were 
also obtained (>80%).

Once these favorable prerequisites were established (gregarious behavior, sufficient survival, 
acceptability of artificial feeds, correct alimentary conversion rate, etc.), more dedicated 
researches were realized on the effects of both major abiotic and biotic factors on growth. Thus, 
it was demonstrated that the optimal temperature for growth was 22–24°C [107]. Thereafter, 
complementary works allowed specifying the effects of the rearing environment (tank wall 
color, light intensity, manipulations) on the ingested feed and growth [109–110]. The effects 
of rearing conditions on the physiological state of fish were also studied; perch appeared as 
very sensitive to both poor conditions and manipulations [111, 112]. At the feeding level, ration 
table for maintenance and optimal and maximal growth according to physiological stages 
were determined [107, 108, 113, 114]. Then, nutritional needs were progressively determined 
to promote the emergence of a feed for percids once the volume of production would be large 
enough. Thus, the nutritional requirements in proteins, lipids, and some additives, such as oxi-
dative as ethoxyquin, were specified [89, 115–118]. These studies allowed defining that a feed 
for perch should contain 43–50% of proteins, 13–18% of lipids, and 10–15% of glucids [119].

3.6. Quality of products

The domestication of species for the human consumption market requires knowing and con-
trolling the quality of products (whole fish, fillet). Thus, very early, once the first zootechnical 
trials were completed, the chemical composition of the tissue of perch, and notably muscle, 
was analyzed [41, 120]. One major goal was the production of constant quality fillet to con-
sumers, similar to the wild fillet coming from the lake. Researches were started from one part 
to understand the natural variability of organoleptic properties of the perch fillet according 
to the origin of captures and, on the other part, to identify the determinants of this quality. 
Importantly, the quality of a product is a vague and complex notion that depends on nutri-
tional, technological, sensorial, and sanitary features. Thus, features of perch coming from 
different regions (Geneva Lake, Rhine estuary) were compared among themselves and to 
perch obtained from RAS [121, 122]. It was found that first the quality of products was highly 
variable according to the natural environment studied and second that farming factors (feeds, 
rearing densities, etc.) strongly impacted the properties of farmed perch [123, 124]. In fact, the 
control of the quality of products (flesh or whole fish), over the course of domestication, is 
multifactorial [125, 126].
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Complementary to the control of reproductive cycle for the induction of out-of-season spawn-
ing, additional protocols based on hormonal injection were developed to synchronize spawn-
ing during the reproductive season [72–77]. They were based on previous works performed 
on the yellow perch [78–80]. The application of hormonal injections is now facilitated by the 
use of a classification method of oocyte stage maturation in preovulatory period [81]. At last, 
reliable protocols for collecting gametes (spermatozoa, oocytes) and artificial reproduction 
are also now available [82].

3.4. Larval rearing
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tion of weaned juveniles: (1) an extensive production in small ponds with an ex situ weaning in 
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particularly in Ireland, this is the intensive rearing in RAS that is mainly used nowadays. The 
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The very strong impact of cannibalism within the first weeks of rearing was rapidly con-
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in farms [103]. It is important to specify that the publication of a developmental table for the 
embryo-larvae corresponding to a normal development constitutes a major tool to identify 
the causes of common developmental anomalies) [104].
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3.5. On-growing, nutritional needs

Once fry were available, trials on pre-on-growing and on-growing were realized in order to 
determine from one part the optimal conditions of growth and on the other part the poten-
tial of this species. It was first demonstrated that this species has a diurnal feeding activity 
[105]; the application of photoperiod with a long photophase stimulates growth and inhibits 
gonadal development [106]. First rearing trials had also demonstrated the gregarious behav-
ior of this species (schooling behavior) and its ability to feed on pellets [46]. At this period, 
feeds for rainbow trout or sea bass were distributed to perch; feed conversion rates of 1.0–1.5 
were registered according to the ration rate applied [49, 106–108]. High survival rates were 
also obtained (>80%).

Once these favorable prerequisites were established (gregarious behavior, sufficient survival, 
acceptability of artificial feeds, correct alimentary conversion rate, etc.), more dedicated 
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very sensitive to both poor conditions and manipulations [111, 112]. At the feeding level, ration 
table for maintenance and optimal and maximal growth according to physiological stages 
were determined [107, 108, 113, 114]. Then, nutritional needs were progressively determined 
to promote the emergence of a feed for percids once the volume of production would be large 
enough. Thus, the nutritional requirements in proteins, lipids, and some additives, such as oxi-
dative as ethoxyquin, were specified [89, 115–118]. These studies allowed defining that a feed 
for perch should contain 43–50% of proteins, 13–18% of lipids, and 10–15% of glucids [119].

3.6. Quality of products

The domestication of species for the human consumption market requires knowing and con-
trolling the quality of products (whole fish, fillet). Thus, very early, once the first zootechnical 
trials were completed, the chemical composition of the tissue of perch, and notably muscle, 
was analyzed [41, 120]. One major goal was the production of constant quality fillet to con-
sumers, similar to the wild fillet coming from the lake. Researches were started from one part 
to understand the natural variability of organoleptic properties of the perch fillet according 
to the origin of captures and, on the other part, to identify the determinants of this quality. 
Importantly, the quality of a product is a vague and complex notion that depends on nutri-
tional, technological, sensorial, and sanitary features. Thus, features of perch coming from 
different regions (Geneva Lake, Rhine estuary) were compared among themselves and to 
perch obtained from RAS [121, 122]. It was found that first the quality of products was highly 
variable according to the natural environment studied and second that farming factors (feeds, 
rearing densities, etc.) strongly impacted the properties of farmed perch [123, 124]. In fact, the 
control of the quality of products (flesh or whole fish), over the course of domestication, is 
multifactorial [125, 126].
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3.7. Manipulation of sex and ploidy: genetic management of domesticated 
populations

The Eurasian perch displays a sexual dimorphism of growth in favor of females [107, 108]; 
thus, the production of monosex female populations has rapidly appeared as a solution to 
reduce growth heterogeneity and increase growth performances. Hence, protocols (hormonal 
treatment with 17α-methyltestosterone) were developed for the production of homogametic 
males or neomales (XX) [127], with a sperm quality similar to heterogametic males [128]. Once 
produced and mature, those neomales were breeded with normal females (XX) allowing the 
production of 100% females, for which growth improvements were observed after 7 months 
of rearing in RAS at 23°C [129]. In a complementary study, trials of production of 100% female 
populations were also realized by gynogenesis using spermatozoa inactivated by UV radia-
tion [130]. However, due to the low survival rates as well as insufficient growth performances, 
this method is rarely used [129].

A second path, triploidization, was also studied in order to produce sterile animals. This path 
also appeared as very important because Eurasian perch is a species that can start a reproduc-
tive cycle before reaching market size. It is possible to capture in natural habitats (ponds) 
sexually mature females and males as such low weights as 10–20 g, even lower for males. As 
for other species reared in fish farming (salmonids), protocols based on thermal or pressure 
chocks were also developed to produce triploid perch [131].

With the development of perch farms (7–8 farms localized in Germany, France, Ireland, and 
Switzerland) and the increase of production in RAS (estimated between 500 and 800 tons per 
year), first thinking on the necessity to develop selective breeding programs emerged, mainly 
to improve growth performances and decrease production costs. Yet, up to now, no true selec-
tive breeding programs exist, even though basic genetic knowledge was acquired to develop 
them. Studies have notably allowed to characterize the genetic variability of wild perch, very 
often used as founding populations of current farmed stocks [132–133] and stocks of domes-
ticated breeders currently present in perch farms [134]. These studies have demonstrated that 
the available stocks of domesticated perch in farms were (i) sufficiently genetically variable to 
allow developing selective genetic programs (lack of consanguinity) and (ii) often genetically 
distant from the origin populations (Alpine lakes) presumably assumed by fish farmers.

4. Dissemination and knowledge transfer

The domestication of a species requires the onset of periods of exchanges between all stake-
holders of the sector (Figure 1), notably to allow transfer of expertise and co-elaboration of 
projects based on the identification of priorities and major bottlenecks. Concerning Eurasian 
perch, very rapidly, the few research laboratories implied in this species cooperated and orga-
nized scientific seminars at different scales to allow sharing new knowledge. The meetings 
organized at the transatlantic level (Canada, USA, and Europe) aimed first at sharing works 
performed on Eurasian and yellow perch. Some of these events (Namur, 2008; Nancy, 2014) 
had for main objective exchanges between the socioeconomic stakeholders of the sector (fish 
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farmers, designer of fish farms, traders in aquatic products, etc.). Progressively, knowledge 
was compiled in more and more comprehensive book [135, 136]. Obviously, this diffusion of 
knowledge and co-construction also occurred at local, regional, and national scales. In France, 
for instance, an informal group of exchanges, entitled “National group of pond carnivorous 
fish,” often met in the beginning of the 1990s to discuss experience on various species (Wels, 
pikeperch, black-bass, and perch) that were the subject of diversification [137–140]. At the 
regional level, in Lorraine, the “ Filière Lorraine d’Aquaculture Continentale (FLAC)” sup-
ports diverse zootechnical trials and, therefore, actively contributes to the emergence of perch 
farms on this territory. Later a similar initiative was taken in other regions from other coun-
tries, like in Ireland [141].

5. Conclusion

The domestication of Eurasian perch was initially based on local issues (niche market, devel-
opment of activities and jobs in rural environments). This domestication occurred in a few 
main steps: (1) socioeconomic analysis of the market, (2) first zootechnical trials and choice of 
the major rearing system (RAS), and (3) acquisition of in-depth knowledge on the successive 
stages of the production cycle (control of the reproductive cycle and reproduction, control of 
the larval rearing, on-growing, and quality of products) (Figure 1). It is important to highlight 
that the first two steps strongly considered the knowledge previously acquired on a close spe-
cies, the yellow perch. Today, the Eurasian perch is considered at the level 4 of domestication, 
which means that the entire life cycle is closed in captivity without any wild inputs but no 
selective breeding programs is applied [142].

Even though the first experimental trials were initiated at the beginning of the 1990s, the first 
perch farm (SARL Lucas Perches) created within the European Union was located in 2002 
as a pilot enterprise. Importantly in Switzerland, a perch farm, Percitech, was created much 
earlier in 1994. About 20 years later, numerous projects were launched, some with very high 
expectations (e.g., FjordFresh Holding S/A in Estonia), in numerous European countries; 10 
of these enterprises truly developed a commercial activity. Today, most perch farms pursue 
their activities; only few, mainly in Ireland (country where perch is not consumed), have 
stopped their activity. The investors that initially believed in this species were not issued 
from the aquaculture sector and discovered it. Sometimes, it corresponds to industrials that 
succeeded in other sectors and wants to diversify their activities. This initial distance from 
the aquaculture sector constitutes one of the reasons of the slow development of percicul-
ture. Learning requires time. Without doubt, the domestication of Eurasian perch was and 
remained a particular human adventure, where the link between the species and humans is 
visible at different levels and various forms.

In terms of perspective, one can expect that this young sector will pursue its development first 
based on current farms, whose economic viability remains to be demonstrated and second in 
link with the emergence of new projects and expansion of the market toward new consumers. 
This new development could imply the production of both pikeperch and perch within the 
same farms. To support this development, it is imperative to reduce production costs, high 

Domestication of the Eurasian Perch (Perca fluviatilis)
http://dx.doi.org/10.5772/intechopen.85132

147



3.7. Manipulation of sex and ploidy: genetic management of domesticated 
populations
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treatment with 17α-methyltestosterone) were developed for the production of homogametic 
males or neomales (XX) [127], with a sperm quality similar to heterogametic males [128]. Once 
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tive cycle before reaching market size. It is possible to capture in natural habitats (ponds) 
sexually mature females and males as such low weights as 10–20 g, even lower for males. As 
for other species reared in fish farming (salmonids), protocols based on thermal or pressure 
chocks were also developed to produce triploid perch [131].

With the development of perch farms (7–8 farms localized in Germany, France, Ireland, and 
Switzerland) and the increase of production in RAS (estimated between 500 and 800 tons per 
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to improve growth performances and decrease production costs. Yet, up to now, no true selec-
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ticated breeders currently present in perch farms [134]. These studies have demonstrated that 
the available stocks of domesticated perch in farms were (i) sufficiently genetically variable to 
allow developing selective genetic programs (lack of consanguinity) and (ii) often genetically 
distant from the origin populations (Alpine lakes) presumably assumed by fish farmers.
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The domestication of a species requires the onset of periods of exchanges between all stake-
holders of the sector (Figure 1), notably to allow transfer of expertise and co-elaboration of 
projects based on the identification of priorities and major bottlenecks. Concerning Eurasian 
perch, very rapidly, the few research laboratories implied in this species cooperated and orga-
nized scientific seminars at different scales to allow sharing new knowledge. The meetings 
organized at the transatlantic level (Canada, USA, and Europe) aimed first at sharing works 
performed on Eurasian and yellow perch. Some of these events (Namur, 2008; Nancy, 2014) 
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farmers, designer of fish farms, traders in aquatic products, etc.). Progressively, knowledge 
was compiled in more and more comprehensive book [135, 136]. Obviously, this diffusion of 
knowledge and co-construction also occurred at local, regional, and national scales. In France, 
for instance, an informal group of exchanges, entitled “National group of pond carnivorous 
fish,” often met in the beginning of the 1990s to discuss experience on various species (Wels, 
pikeperch, black-bass, and perch) that were the subject of diversification [137–140]. At the 
regional level, in Lorraine, the “ Filière Lorraine d’Aquaculture Continentale (FLAC)” sup-
ports diverse zootechnical trials and, therefore, actively contributes to the emergence of perch 
farms on this territory. Later a similar initiative was taken in other regions from other coun-
tries, like in Ireland [141].

5. Conclusion

The domestication of Eurasian perch was initially based on local issues (niche market, devel-
opment of activities and jobs in rural environments). This domestication occurred in a few 
main steps: (1) socioeconomic analysis of the market, (2) first zootechnical trials and choice of 
the major rearing system (RAS), and (3) acquisition of in-depth knowledge on the successive 
stages of the production cycle (control of the reproductive cycle and reproduction, control of 
the larval rearing, on-growing, and quality of products) (Figure 1). It is important to highlight 
that the first two steps strongly considered the knowledge previously acquired on a close spe-
cies, the yellow perch. Today, the Eurasian perch is considered at the level 4 of domestication, 
which means that the entire life cycle is closed in captivity without any wild inputs but no 
selective breeding programs is applied [142].

Even though the first experimental trials were initiated at the beginning of the 1990s, the first 
perch farm (SARL Lucas Perches) created within the European Union was located in 2002 
as a pilot enterprise. Importantly in Switzerland, a perch farm, Percitech, was created much 
earlier in 1994. About 20 years later, numerous projects were launched, some with very high 
expectations (e.g., FjordFresh Holding S/A in Estonia), in numerous European countries; 10 
of these enterprises truly developed a commercial activity. Today, most perch farms pursue 
their activities; only few, mainly in Ireland (country where perch is not consumed), have 
stopped their activity. The investors that initially believed in this species were not issued 
from the aquaculture sector and discovered it. Sometimes, it corresponds to industrials that 
succeeded in other sectors and wants to diversify their activities. This initial distance from 
the aquaculture sector constitutes one of the reasons of the slow development of percicul-
ture. Learning requires time. Without doubt, the domestication of Eurasian perch was and 
remained a particular human adventure, where the link between the species and humans is 
visible at different levels and various forms.

In terms of perspective, one can expect that this young sector will pursue its development first 
based on current farms, whose economic viability remains to be demonstrated and second in 
link with the emergence of new projects and expansion of the market toward new consumers. 
This new development could imply the production of both pikeperch and perch within the 
same farms. To support this development, it is imperative to reduce production costs, high 
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Figure 2. Diagram explaining the different domestication frameworks and pressures encountered by Eurasian perch 
during current farming trials (F: Framework, T: Trajectory, P: Path).

in RAS, and secure current stocks. The decrease of cost production will require in priority 
the onset of selective breeding programs and genetic improvements, a standardization and 
rationalization of rearing protocols (e.g., percid feeds, ration tables, etc.) and a reduction of 
investment levels for the development of new perch farms. For some, the development of a 
monoculture of perch in ponds could be the solution because it will allow a strong decrease 
in production cost. On the security side, it is important to (i) better know pathologies associ-
ated with this species, notably virus, among which some might represent a major risk for 
percids [143] and (ii) specify the effects of the domestication process on rearing performances 
of this species. As any other domesticated species, biological responses and performances of 
perch are modified by the domesticating environment specific to the rearing system chosen 
and associated rearing practices. Thus, preliminary results indicated that reproductive perfor-
mances [144, 145] and its sensitivity to stress and immune system [146–150] depend on farm 
conditions. In the future, the domesticating context (Figure 2) could strongly vary according 
to local environment, which could lead fish farmer to choose different rearing systems and 
to target different markets. Once this main choice realized (context and domesticating direc-
tion fixed), secondary choices will define the trajectory of domestication that will result in 
physiological stage capture in nature, of the dynamic of transition (progressive or sharp) and 
cultural practices used, practices that could evolve over time with different dynamics. This 
complexity is reinforced by the fact that a population engaged in a specific domesticating 
context could change into another context because of a modification in the project, as was 
the case for perch reared in polyculture ponds, then weaned, and grown in cages or RAS 
(Figure 2). This diversity of directions and domesticating trajectories should lead to different 
evolutions (behavior, stress physiology, reproduction, etc.) variable from a context to another. 
These evolutions could even lead fish farmers to reconsider the initial choice of founding 
populations, given the enormous genetic diversity available in wild populations [4].
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