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ABSTRACT: Temperature during embryonic development affects ecological traits and influences
the ability to rapidly adapt to the prevailing conditions in changing environments. Here, we
review examples of how these developmental effects are manifested in life-history traits from
studies of various fish species, with examples of impacts on somatic growth, age at migration and
maturation, allocation of resources to gonads and egg size. Temperature during embryogenesis
appears important for some behavioural decisions, such as when maturing Atlantic salmon Salmo
salar return home from the ocean for spawning in distant rivers during summer. In some species,
early temperature influences sex determination. The temperature level during embryogenesis
may preadapt the fish to maximize offspring production under the thermal conditions encoun-
tered at the embryo stage. This thermal influence is a phenotypically plastic response that triggers
polyphenism in salmonids and may be a first step in speciation of North American darters (Perci-
dae). The responses to early temperature appear to be regulated by epigenetic mechanisms, such

as DNA methylation, histone modification and micro RNAs.

KEY WORDS: Phenotypic plasticity - Epigenesis -

Polyphenism

Gene expression - Life-history characters -

1. INTRODUCTION

Early temperature influences phenotypic plasticity,
i.e. the ability of individual genotypes to produce
altered phenotypes when exposed to different con-
ditions (Pigliucci et al. 2006). This includes the abil-
ity of organisms to change developmental trajec-
tories, activities and resource allocation in response
to variation in environmental conditions. Research
suggests that early temperature plays a critical role
in brain development and flexibility influencing cog-
nition, behaviour, social skills, stress responsiveness
and personality development of mammals such as
humans and mice (Malekpour 2007, Gudsnuk &
Champagne 2011). Furthermore, ecological traits
expressed by juveniles and adults can be affected
by the temperature during embryo development
through epigenetic modifications, where genes can
be activated or silenced by molecular mechanisms
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that can heritably alter gene expression without
changing the DNA sequence (Best et al. 2018, Hors-
themke 2018). Although poorly investigated, it is rea-
sonable that similar relationships hold for many other
vertebrates.

Genotypes govern, and environment modifies, phe-
notypes. According to Lindstrom (1999), the earlier
the environmental effect, the stronger its long-term
impact can be. Environmental temperatures affect
aquatic poikilotherms during embryogenesis within
the eggshell and can have long-term phenotypic
effects recognizable in the ecology of the species.
Téning (1952) observed that temperature during
embryonic development affects the number of verte-
brae in brown trout Salmo trutta. More recently, it
was revealed that embryonic temperature affects
muscle fibre recruitment in different fishes, includ-
ing zebrafish Danio rerio (Johnston et al. 2009),
Senegal sole Solea senegalensis (Campos et al. 2013)
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and Atlantic cod Gadus morhua (Bizuayehu et al.
2015). However, less is known about how early tem-
perature can modify ecological characters such as
growth rate of juveniles, adult body size and other fit-
ness-related traits. This was the background for the
present review on phenotypic plasticity and epige-
netic effects in fishes.

Here, we focus on how temperature during early
ontogeny affects ecological traits. We show how early
temperature affects the physiology of species and
how these changes can be influenced by epigenetic
modifications, i.e. changes in genetic expression,
without changing the genetic structure of popula-
tions (Turner 2009). At the end, we discuss the wider
significance of phenotypic variation caused by varia-
tion in temperature during embryogenesis and sug-
gest further research tasks. We are aware that early
temperature level is one of several environmental
variables that can have lasting impacts on pheno-
typic expression. Other stressors that affect embryos
include hypoxia and chemical contamination (cf. Ho
& Berggren 2012, Dubinska-Magiera et al. 2016,
Wang et al. 2016, Liu et al. 2017). Temperature also
has pervasive, controlling effects on the ecology and
physiology of poikilotherms later in life (e.g. Jonsson
et al. 2013), but it is beyond the scope of this paper
to discuss thermal influences occurring at later life
stages and environmental stressors other than em-
bryo temperature.

2. ECOLOGICAL EFFECTS OF TEMPERATURE
AT THE EMBRYONIC STAGE

Several ecological traits appearing at a later life
stage may be influenced by the temperature affect-
ing the embryo within the egg shell, including devel-
opmental rate, growth and reproductive allocation
(Fig. 1).

2.1. Growth, size and developmental rate

Thermal effects of embryo temperature on growth
were experimentally tested on Atlantic salmon Salmo
salar by Finstad & Jonsson (2012). Eggs and alevins
were incubated until the onset of external feeding at
either heated or natural (= cold) temperatures of the
River Imsa, Norway, or transferred from ambient to
heated water at the time of hatching (= mixed tem-
perature). This created 3 different embryonic tem-
perature treatments. The cold group received natural
river water (mean += SD: 2.6 + 0.4°C) and the warm
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Fig. 1. Temperature during embryo development can influ-
ence later expressed fitness-related ecological, behavioural
and physiological traits of fishes

group received water at on average 4.6°C above
ambient temperature, which is an expected winter
temperature in the river towards the end of this cen-
tury. Thus, the warm treatment lasted from fertiliza-
tion until exogenous feeding started. The mixed
group received natural cold river water until hatch-
ing, whereupon the larvae received heated water
until the commencement of exogenous feeding. From
the start of exogenous feeding onwards, all 3 groups
were reared under identical, natural thermal condi-
tions. Somatic growth of the groups was tested at 8
different temperatures between 6° and 24°C. Maxi-
mum growth of juvenile S. salar was higher in the
heated water than at the other 2 incubation tempera-
tures. Growth was similar at cold and mixed temper-
atures. There was no significant difference in the
thermal scaling of growth among groups or in upper
(25°C) or lower (6°C) thermal limits for growth. Also,
the optimal temperature for growth (19°C) was simi-
lar between treatments. The experiment revealed,
however, that juvenile S. salar incubated in heated
water grew better than the others at the optimal tem-
perature (Finstad & Jonsson 2012). Mortality prior to
the growth experiment was low and similar in all
groups, thus excluding selection as an explanation of
the results. This finding was later supported by Burg-
erhout et al. (2017), who reported that embryos of S.
salar incubated at 8°C grew better than those from
eggs incubated at 4°C. Thus, temperature during
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embryo development affects growth of the juveniles
in fresh water, an important finding, because size at
age is perhaps the most important ecological trait
influencing fitness of fishes. It influences competitive
ability, social status, reproductive success and ability
to evade predators (McLennan et al. 2016). To what
extent plasticity in this trait varies among popula-
tions of the species is unknown.

The observation that temperature during embryo-
genesis influences growth of juveniles may explain
the earlier field observation that specific growth rate
of S. salar during the first year of life in the River Imsa
correlated positively with water temperature during
winter, when the embryos developed within the
eggshell in the bottom substratum of the river.
Among years, growth did not vary with ambient tem-
perature in the subsequent summer season in the
investigated system (Jonsson et al. 2005). Typically,
S. salar of the River Imsa smolt and migrate to sea at
2 yr of age, although large 1 yr old individuals will
also smolt and migrate (Jonsson et al. 2016). The pro-
portions of 1 yr old smolts varied among years and
increased with water temperature during embryo-
genesis but not with temperature in the subsequent
summer (Jonsson et al. 2005). This exhibits another
significant effect of temperature during the embry-
onic stage for the developmental rate of S. salar. Fast
growth, stimulated by high temperature at the
embryo stage, can shorten river life by 1 yr. Those
that smolt at the regular age become larger than the
early smolting fish, and with that, size after each year
at sea later in life. In addition, younger smolts tend to
stay and feed longer at sea before attaining maturity
(O'Connell & Ash 1993, Jonsson et al. 2003, Tattam et
al. 2015). In this way, high embryo temperature af-
fects future growth and size of S. salar.

Similarly, in Solea senegalensis, egg incubation
temperatures modify growth performance of juve-
niles. In 2 experiments, Carballo et al. (2018) showed
that offspring incubated at 20°C grew better than
those incubated at 16°C, with additional effects on
the endocrinology of the fish, as explained in Section
5 on physiological effects of early temperature.

In addition, temperature experienced by parents
prior to egg fertilization can affect offspring perform-
ance by shaping their reaction norm for growth as a
maternal effect (Mousseau & Fox 1998). Salinas &
Munch (2012) reported that sheepshead minnow
Cyprinodon variegatus reared in 24°, 29° or 34°C for
30 d during egg maturation produced offspring that
grew best at the temperatures that were experienced
by their mothers during egg maturation, prior to
spawning. The offspring increased as much as 30 %

in growth over 1 generation, which exceeds a single-
generation rate of adaptive evolution by an order
of magnitude. Thus, the mothers adaptively pro-
grammed their offspring to grow at a maximum rate
at the temperature they experienced during the egg
maturation. Similarly, Shama & Wegner (2014) tested
for adaptive transgenerational plasticity in three-
spined stickleback Gasterosteus aculeatus. They
found that developmental acclimation of mothers at
elevated temperature had negative effects on off-
spring body size. The offspring were smaller when
mothers were reared at 21°C than at 17°C. However,
the higher temperature caused the daughters to pro-
duce larger offspring. A smaller body size in warmer
water may be advantageous in terms of lower oxygen
demands (Forster et al. 2012), but the mechanism
underlying the transfer of environmental information
is unknown and appears to differ over the 2 genera-
tions. This maybe favourable, however, as the effect
on offspring size depends on whether temperature
changes are acute or long term and lasts over gener-
ations (Shama & Wegner 2014).

2.2. Reproductive traits

Through its effect on growth, temperature during
embryogenesis affects energy allocation to eggs and
sperm. After smolting, the groups of S. salar used by
Finstad & Jonsson (2012) were reared to adulthood
under identical, natural thermal conditions in sea-
water. Those that developed from warm-incubated
eggs grew the largest, had the highest mass—-length
relationship and developed larger eggs and higher
gonad mass when adjusting for adult length and
condition factor (Jonsson et al. 2014). Production of
larger, more energy-rich eggs, is one way in which
early temperature influences growth and size of off-
spring. There was no similar effect of thermal envi-
ronment during larval development, indicating that
the warming effect occurred prior to egg hatching.
Furthermore, the thermal treatment did not affect
age of maturity or fecundity of the experimental
groups. Thus, temperature during embryogenesis
affected the expression of some adult life-history
traits, a mechanism by which S. salar may rapidly
change the size of their eggs to the thermal environ-
ment they experienced as embryos. Furthermore,
mass of eggs produced by next-generation females
was also larger when their mothers experienced
warmer water during the last 2 mo of egg maturation,
relative to those with mothers that experienced
unheated river water (Jonsson & Jonsson 2016).
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There was no paternal effect on offspring egg mass.
Thus, other conditions being equal, thermal condi-
tions experienced during egg maturation can influ-
ence the size of eggs produced by offspring and thus
hand down an effect from the previous generation on
the amount of yolk available to the offspring. Large
eggs have higher survival at reduced oxygen con-
centration than smaller eggs (Einum et al. 2002,
Braun et al. 2013). Furthermore, high water tempera-
ture reduces the efficiency of yolk conversion to body
tissue (Fleming & Gross 1990), also making a mecha-
nism that increases egg size advantageous in warmer
environments. How this maternal effect is trans-
ferred over generations is not yet known.

3. EARLY TEMPERATURE EFFECTS ON
BEHAVIOUR

It is known that temperature influences the behav-
iour of poikilothermic vertebrates (Shine & Olsson
2003, Colchen et al. 2017), but interestingly, temper-
atures during embryogenesis can also influence later
behavioural decisions, although this effect is less
studied. In domesticated chicks Gallus gallus domes-
ticus, Bertin et al. (2018) reported that chronic expo-
sure of eggs to low incubation temperature caused
higher neophobic responses compared to control
birds when exposed to novel food and novel environ-
ment tests.

In Salmo salar, Jonsson & Jonsson (2018) recently
reported effects of higher temperature during egg
incubation on the time of their return from the ocean
for spawning. Jonsson & Jonsson (2018) released
groups of S. salar smolts developed from eggs incu-
bated in natural River Imsa water at approximately 4°
and 7°C, considered ‘cold’ and ‘warm' temperatures.
After smolting, ca. 15 cm long, the post-smolts mi-
grated to sea and returned to the River Imsa for
spawning 1 yr later (Jonsson et al. 2016). Their feed-
ing area is in the North Norwegian Sea between the
Faroese Islands and Iceland, 1000 km away from
their home river. The decision about when to begin
migrating home is made about half a year prior to
spawning time in the autumn (Hansen et al. 1993,
Quinn et al. 2016). At the start of the return migra-
tion, fish do not know whether the temperature in the
subsequent winter in the home river will be warmer
or colder than what they are genetically adapted to.
However, climate changes are typically directional
and often rapid (Peters et al. 2012). Thus, a phenotyp-
ically plastic time of return directed by the winter
temperature at the embryo stage may be an effective

way to adjust the timing of the return migration, to
maximize oceanic feeding and return at a proper
time for spawning. The experiment showed that
maturing S. salar that had developed from warm
embryos returned from the North Atlantic Ocean to
the Norwegian coast on average 2 wk later than
those that developed from cold embryos (Jonsson &
Jonsson 2018). The later return was independent of
body size of the smolts at outmigration and held for
offspring of 3 different populations tested. Thus, this
reaction to early incubation temperature appeared
general for the species.

Hence, thermal climate during early development
may pre-adapt the fish to the temperature they expect
to encounter during the embryogenesis. They may
feed longer in the ocean before starting the homing
migration, if the experienced temperature is higher
than expected from their genetic program. The mech-
anism driving this phenotypic plastic response to
early temperature has not been investigated.

4. TEMPERATURE EFFECTS ON SEX
DETERMINATION

The sex of fishes is determined by genetic, epige-
netic and environmental factors and their interac-
tions (Pittman et al. 2013). Heterogametic sex chro-
mosomes are known in only 6-10% of investigated
fish species (Kitano & Peichel 2012, Navara 2018). In
most cases, there is a more primitive polygenetic sex
determination. According to Ospina-Alvarez & Pifer-
rer (2008), temperature-influenced sex differentia-
tion occurs in 33 cichlids and several other species.
Furthermore, larvae of genetically female flatfishes
of the genus Paralichthys can change sex when ex-
posed to warm water (Montalvo et al. 2012a,b), and
Nile tilapia Oreochromis niloticus exhibit sex rever-
sal in some lakes (Nivelle et al. 2019).

Mangrove kKillifish Kryptolebias marmoratus have
a mixed breeding strategy, whereby individuals can
either be self-fertilizing hermaphrodites or cross-
breeding (Taylor 2012). Ellison et al. (2015) reported
that environmental temperature modulates sexual
identity of the species. In 2 strains tested, there were
no males at 25°C, and the population had to be her-
maphroditic. At 18°C, on the other hand, there were
50 % males or more and consequently crossbreeding.
The proportion of males differed between the 2
strains, indicating that there were also genetic differ-
ences among populations for the trait.

Sex is determined during a sensitive period of early
development (Valenzuela et al. 2003). Often, more
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males are produced as the temperature increases
(Ospina-Alvarez & Piferrer 2008, Hayashi et al. 2010,
Shao et al. 2014), but in some species, such as chan-
nel catfish Ictalurus punctatus (Patino et al. 1996),
Korean rockfish Sebastes schlegelii (Omoto et al.
2010), European seabass Dicentrarchus labrax (Ba-
roiller & D'Cotta 2001) and dwarf perch Micrometus
minimus (Schultz 2008), more females are produced
in warmer than colder water. In M. minimus, Schultz
(2008) reported that low temperatures early in the
season resulted in relatively more males than in
warmer water later in the season. Olive flounder
P. olivaceus is different in that both high and low
temperatures induce monosex male populations; at
intermediate temperatures, the sex ratio approaches
evenness in this species (Baroiller & D'Cotta 2001).
Hence, there are several exceptions to the rule that
higher temperatures are correlated with more male
offspring. Little is known about the evolutionary
advantage(s) of temperature-dependent sex determi-
nation, although it appears reasonable to assume
that it is because of reduced survival of the sex that
increases in abundance when egg incubation tem-
perature changes.

5. PHYSIOLOGICAL EFFECTS OF EARLY
TEMPERATURE

Temperature during embryogenesis influences the
physiology of fish. Schnurr et al. (2014) reported that
temperature during early development affected the
energy metabolism pathways and acclimation capac-
ity in later life of Danio rerio. Moreover, experiments
by Vernerback (2016) indicated that warmer water
during egg incubation reduced metabolic rates as
inferred by reduced ventilation rates in juvenile
Salmo salar. Furthermore, Cook et al. (2018) investi-
gated whether temperatures experienced by brook
trout Salvelinus fontinalis embryos affected mass and
routine metabolic rates of free-swimming fry. They
reported that mass differences among fry were influ-
enced by the population of origin as well as by initial
rearing and final acclimation temperatures. Variation
in mass-adjusted resting metabolic rate (RMR) of fry
was also strongly accounted for by source popula-
tion, acclimation temperature and individual mass. A
significant interaction between population RMR and
final acclimation temperature indicated that not all S.
fontinalis populations responded in the same way to
temperature changes.

Muscle development is influenced by temperature
during the embryo stage. Stickland et al. (1988)

reported that post-hatching embryos of S. salar, in-
cubated at higher temperatures, develop larger, but
fewer muscle fibres than those incubated at lower
temperatures. This result parallels the findings of
Campos et al. (2013) from studies of Solea senegalen-
sis. Temperature had both short- and long-term
effects on growth and muscle cellularity. Further-
more, embryo temperature has persistent effects on
thermal acclimation capacity, as exhibited for D. rerio
(Scott & Johnston 2012). These authors observed dif-
ferences in expression of individual genes involved
in energy metabolism, cell stress and muscle contrac-
tion that influenced the reaction norm for growth.
Such thermal plasticity of muscle growth must arise
through changes in a multitude of physiological and
endocrinological pathways, in which epigenetic gene
regulation is likely to play an essential role as de-
monstrated for S. senegalensis (Carballo et al. 2018).
These authors reported that higher egg incubation
temperatures enhance the mRNA abundance of thy-
roid-related genes and of a retinoic acid degrading
enzyme. The latter may be important for initiating
earlier metamorphosis in the pelagic larval stage of
the flatfish studied.

6. EPIGENETIC MECHANISMS INFLUENCED BY
EMBRYO TEMPERATURE

Phenotypic plasticity caused by temperature dur-
ing embryonic development is not well studied, but it
appears reasonable to assume that at least some of
the variation is caused by epigenetic effects (Wad-
dington 1942, 1953, Jonsson & Jonsson 2014, Labbé
et al. 2017). These can be DNA methylation and
histone modifications that regulate gene expression
at the level of chromatin structure and DNA, and
microRNAs (miRNAs), i.e. small non-coding RNAs
that constitute a post-transcriptional mechanism reg-
ulating abundance and translation of mRNAs (Bollati
& Baccarelli 2010, Best et al. 2018). Most epigenetic
changes are confined to an individual organism's
life-time. It is possible that epigenetic characters can
be inherited (Chandler 2007), although this has been
questioned by several authors, especially for higher
vertebrates (e.g. Igbal et al. 2015, Nadeau 2015,
Szab6 2015, Horsthemke 2018). These effects are the
emergent properties of the genome and the response
to its environment (Holliday & Grigg 1993, Kutschera
& Niklas 2004). Below, we give examples of how
DNA methylation, histone modifications and mi-
RNAs may interact with temperature during devel-
opment in regulating phenotypic characters.
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6.1. DNA methylation

DNA methylation is the best studied and under-
stood epigenetic mechanism (Metzger & Schulte
2016). It inhibits genetic transcription and is stable at
the time scale of an individual's lifespan. Changes in
DNA methylation affect many developmental pro-
cesses and occur in certain regions of the genome.
Methylation typically refers to the addition of a
methyl group to position 5 of cytosine bases when
cytosine occurs adjacent to a guanine nucleotide
(McGowan & Martin 1997). However, it is becoming
increasingly evident that significant methylation may
also occur in non-cytosine—guanine contexts, at least
in pluripotent cell types and oocytes (Ramsahoye et
al. 2000, Tomizawa et al. 2011). Even modest in-
creases in temperature can change the global methy-
lation level of fish larvae. Anastasiadi et al. (2017)
showed that a 2°C increase in temperature signifi-
cantly changed the DNA methylation for larval
Dicentrarchus labrax and simultaneously the expres-
sion of ecologically relevant genes related to stress
responses as well as muscle and organ formation.
Gene expression was more affected by temperature
at the larval than the juvenile stage.

High levels of DNA methylation are associated
with silencing of gene expression, and demethylation
is linked to active gene transcription (Bird 2002).
Temperature influences the intensity of the DNA
methylation, and it occurs more abundantly in polar
than in tropical and temperate marine species (Ka-
kutani 2002, Varriale & Bernardi 2006). The latter
authors also reported that the Antarctic icefishes
(Channichthyidae) had the highest methylation level
that they found. These results confirm the existence
of an inverse relationship between DNA methylation
and body temperature. However, little is known
about its functioning in fishes (Simonet et al. 2013).

Morén & Pérez-Figueroa (2011) hypothesized that
an environmentally induced methylation pattern of
the genome, which alters its transcriptional proper-
ties, can cause maturation of young male Salmo salar
(parr), hence being the basis for male size dimor-
phism of this species. Furthermore, in Gadus mor-
hua, an increase of 4°C during egg incubation re-
sulted in changes in the expression of genes involved
in 1-carbon metabolism (transfer of 1 carbon group)
and DNA methylation pathways (Skjeerven et al.
2014). Furthermore, Baerwald et al. (2016) reported
that DNA methylation was associated with smolting
and migration in rainbow trout Oncorhynchus
mykiss. Like S. trutta, this species exhibits popula-
tions consisting of both anadromous and nonana-

dromous phenotypes (i.e. partial anadromy), and the
similar genetics but different ecology of these 2
salmonid forms have long been a puzzle for biologists
(Hindar et al. 1991, Docker & Heath 2003, Giger et al.
2006). Although the ability to smolt appears geneti-
cally determined (Jonsson 1982, Metcalfe 1998), the
onset of smolting can be fine-tuned by epigenetic
modifications (Baerwald et al. 2016).

Burgerhout et al. (2017) studied body growth of S.
salar developed from embryos incubated at 4° and 8°C
until the embryonic ‘eyed-stage’ followed by rearing
at the production temperature of 8°C. The warm-in-
cubated fish were about twice as heavy as the cold-
incubated fish at smolting and transfer to seawater.
Burgerhout et al. (2017) showed that larval myogenin
expression was approximately 4—-6-fold higher in the
fastest-growing group treated with heated water
than in the other groups. The fast growth was associ-
ated with relative low DNA methylation levels. Thus,
DNA methylation appears to play a major role in phe-
notypic plasticity in structural muscle growth.

Metzger & Schulte (2018) investigated phenotypic
plasticity responses at different timescales of Gas-
terosteus aculeatus and underlying molecular pro-
cesses. They found that gene expression changed in
response to temperature during early development,
and that this could be observed in the muscle tran-
scriptome of adults.

DNA methylation is involved in sex transfer. Using
half-smooth tongue sole Cynoglossus semilaevis,
Shao et al. (2014) analysed the gonadal DNA methy-
lomes and revealed that genes in the sex determina-
tion pathways are the major targets of substantial
methylation modification during sexual reversal.
Similarly, in Oreochromis niloticus, an increase in
DNA methylation was observed with a water temper-
ature increase of 8°C (Sun et al. 2016). Furthermore,
males and hermaphrodites of Kryptolebias marmora-
tus were differently methylated at various genes,
indicating that DNA methylation interacted with
temperature during early development regulating
the mating system with alternation between selfing
and outcrossing.

Han et al. (2016) reported that the DNA methylation
level of the genome increased after short-term expo-
sure (5 d) and decreased after long-term exposure (30 d)
in cold water (18°C) relative to similar exposures in
warm water (28°C). In all, 21 % of DNA methylation
peaks were differentially affected by cold relative to
warm treatments of Danio rerio. Methylation of genes
involved in multiple cold responsive biological pro-
cesses were significantly affected, such as the anti-
oxidant system, programmed cell death (apoptosis),
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chromatin modification and immune system develop-
ment. These processes are responsive to cold stress
through regulation of DNA methylation, possibly in
concert with histone modifications (Han et al. 2016).

6.2. Histone modifications

Histone modifications include remodeling of the
complex of DNA that is wrapped around 8 histone
proteins. Together, they make up the chromatin
(Pittman et al. 2013). Changing the wrap changes the
gene expression (Bannister & Kouzarides 2011). Mod-
ification of histone proteins includes altering the
shape of the histone proteins, removing or adding
methyl groups to the DNA. Other such changes are
for instance phosphorylation and acetylation. Histone
modifications act in biological processes such as tran-
scriptional activation/inactivation, chromosome pack-
aging and DNA damage/repair. Histone methylation
and acetylation are parallel mechanisms. Methylation
inhibits gene expression, whereas acetylation is asso-
ciated with gene activation. Both are important in reg-
ulating the structure and function of chromatin.

In the case of environmental sex determination in
D. labrax, temperature-dependent DNA methylation
and histone modification patterns of the aromatase
gene (cypl9al) in embryonic gonads influence sex
determination (Navarro-Martin et al. 2011); this was
later validated for O. niloticus, another species ex-
hibiting temperature-dependent sex determination
(Wang et al. 2017). Furthermore, histone methylation
and deacetylation appear involved in sex differentia-
tion in the ricefield eel Monopterus albus (Zhang et
al. 2013, Tachibana 2016). The latter authors sug-
gested that histone modification, in addition to DNA
methylation, may drive natural sex change and
gonadal differentiation in vertebrates.

In Solea senegalensis, Carballo et al. (2018) de-
monstrated that egg incubation temperature initiated
the metamorphosis and growth performance of this
fish. There was a change in the expression of the DNA
methyltransferases as well as histone modifications
at hatching. In this species, incubation temperature
modulates embryogenesis and later development and
growth through endocrinological changes.

6.3. miRNAs

miRNAs are small non-coding RNA molecules in
the cells that function at the post-transcriptional level
in RNA silencing and regulation of gene expression.

miRNAs have important biological functions and
are evolutionarily conserved. miRNAs are substantial
contributors to regulatory networks of development
and adaptive plasticity (Jaenisch & Bird 2003, Cam-
pos et al. 2014). Experimentally, this was exemplified
by Campos et al. (2013), who incubated S. senegalen-
sis embryos at 15° or 21°C until hatching, and then
reared the fish at a common temperature of 21°C.
The higher incubation temperature was associated
with expression of some miRNAs positively related to
growth during segmentation and at hatching. The
expression of the miRNAs was involved in lipid meta-
bolism and energy production that differed between
the temperatures. Furthermore, Bizuayehu et al.
(2015) reported that temperature shifts during early
ontogeny (embryonic and larval development) af-
fected the miRNA repertoire of G. morhua with long-
term consequences in the miRNA profile. Long-term
effects of embryonic incubation temperature were
observed regarding expression of some miRNAs in
juvenile pituitary glands, gonads and liver. Bizuayehu
etal. (2015) concluded that increased sea temperature
seemed to affect the life history of Gadus morhua.
Thus, miRNAs may play a role in temperature-
induced phenotypic plasticity of growth and life-
history traits of at least some fishes.

7. ADAPTIVE ADVANTAGE

Environmentally induced epigenetic changes con-
tribute to phenotypic plasticity (Massicotte et al.
2011) and increase the adaptive potential in chang-
ing environments. In the reported cases (e.g. Campos
et al. 2013, Jonsson et al. 2014, Bizuayehu et al.
2015), temperature during early ontogeny drives
phenotypic plasticity and allows organisms to cope
better with conditions that they are expected to
encounter later in life. Salmo salar developed from
eggs incubated in warmer water feed more and
therefore grow faster at the optimal temperature and
produce larger eggs and more milt than those incu-
bated from eggs reared in colder water (Finstad &
Jonsson 2012, Burgerhout et al. 2017). Biological pro-
duction is higher under warmer conditions (if not
constrained by other factors such as hypoxia), and
higher food consumption that allows for more growth
can be an advantage. More growth and having a
heavier body for a given length allows the fish to pro-
duce larger gonads and eggs, which appear advanta-
geous under warm conditions. Eggs richer in energy
are optimal in warmer environments because con-
version efficiency decreases with increasing temper-
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ature (Fleming & Gross 1990). Furthermore, larger
eggs cope better with hypoxia, which more fre-
quently occurs in warmer water (Einum et al. 2002).
A later return from the feeding area may be an adap-
tation to later spawning in a warmer climate. Thus,
the reaction to a high egg incubation temperature
with effects on later appearing fitness-related traits,
and in some cases across generations, seems to be an
example of adaptive phenotypic plasticity.

In a wider context, epigenetic effects may increase
the potential for spreading of the species as dis-
cussed by Eirin-Lopez & Putnam (2019). In the case
of S. salar, strays spawning in foreign rivers may,
through epigenetic mechanisms, rapidly become
adapted to the thermal conditions of their new habi-
tat and thereby improve their reproductive success in
the new environment. This mechanism may be help-
ful in expanding their distribution limits.

8. POLYPHENISM AND SPECIATION

Salmonids often exhibit polyphenic forms, perhaps
best known from Arctic charr Salvelinus alpinus
(Hindar & Jonsson 1982, Jonsson & Jonsson 2001),
European whitefish Coregonus lavaretus (Jstbye et
al. 2005, Steinbacher et al. 2017) and Salmo trutta
(Ferguson & Taggart 1991, Jonsson & Jonsson 2011).
Sympatric phenotypes often occur in pairs exhibiting
a large and a dwarf form, but sometimes more than 2
sympatric forms occur. For instance, Snorrason et al.
(1994) described 4 adult phenotypes of S. alpinus in
Lake Thingvallavatn, Iceland.

Differences in egg incubation temperature may
contribute to this morph differentiation. Steinbacher
et al. (2017) revealed this by incubating embryos of a
large and a dwarf form of C. lavaretus at 2° and 6°C,
i.e. the typical temperature during embryogenesis of
large and dwarf C. lavaretus in nature, respectively.
Both groups of offspring were subjected to similar
thermal treatments after hatching. The offspring
differentiated in body size and muscle growth de-
pending on the egg incubation temperature; fish incu-
bated at 2°C grew larger than those at 6°C, regardless
of whether their parents were large of dwarf C. lava-
retus. Results also demonstrated that the hypertrophic
and hyperplastic muscle growth modes were similarly
affected by thermal histories. Immunolabelling pro-
vided evidence that the cellular mechanisms leading
to increased growth after cold incubation in both eco-
types were increased proliferation and reduced dif-
ferentiation rates of muscle precursor cells, most
probably associated with epigenetic differences.

Conspecific forms of other salmonids are also
known to spawn at different times and/or locations
during embryogenesis (Hindar & Jonsson 1982, Fer-
guson & Taggart 1991), and a similar mechanism
may initiate the phenotypic difference as described
for C. lavaretus. How early environment can induce
epigenetic reprogramming was revealed in experi-
ments with coho salmon Oncorhynchus kisutch.
Hatchery and wild salmonids differ in morphology,
ecology and fitness when co-occurring in nature
(Jonsson & Jonsson 2006). In relation to this, Le Luyer
et al. (2017) compared patterns of methylation and
DNA variation in hatchery-reared and naturally oc-
curring O. kisutch in 2 geographically distant rivers.
The rearing environment explained a large part of
the ecological and epigenetic variation. The authors
found evidence of epigenetic modifications induced
by hatchery rearing of the fish from both rivers. Dif-
ferentially methylated regions exhibited enrichment
for biological functions that may influence migratory
and reproductive capacities of the fish.

Over the long term, epigenetic divergence may be
a first step in speciation of North American darter
species (Percidae) (Smith et al. 2016). These authors
hypothesized that heritable epigenetic marks that
increase fitness should increase in frequency in a
population, and that these changes may result in
novel morphology, behaviour, physiology and ulti-
mately reproductive isolation. Therefore, epigenetic
variation might provide the first substrate for selec-
tion during evolutionary divergence. Smith et al.
(2016) demonstrated that epigenetic divergence is a
predictor of the strength of behavioural reproductive
isolation and suggested that changes in the methy-
lome could influence the evolution of reproductive
isolation between darter species. They claimed that
their findings suggested a role for epigenetics not
only in the initiation of divergence, but also in the
maintenance of species boundaries over greater evo-
lutionary timescales in this percid group.

9. WIDER SIGNIFICANCE

In a warmer climate, fish will at least partly adapt
through phenotypic plasticity. This is a much faster
reaction to temperature changes than that caused by
evolution driven by natural selection. The latter pro-
cess is assumed to be too slow to save many species
under the present climate change. For instance, win-
ter skate Leucoraja ocellata from the southern Gulf of
St. Lawrence have adapted to 10°C warmer water
with less oxygen content by dramatically decreasing
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their body size (Lighten et al. 2016). They have
achieved this by epigenetically modifying the gene
expression allowing for the physiological change.
The DNA structure is not modified relative to a popu-
lation living in colder habitats, but the methylation
pattern and gene expression are significantly altered.
Whereas evolution occurs very slowly over several
generations, epigenetic changes take place within 1
generation and can carry populations through severe
habitat and climate changes.

Salmo salar changes ecological characters depend-
ing on the water temperature during embryogenesis.
Temperatures at northern latitudes are expected to
increase most during winter (IPCC 2013), when
salmonid eggs typically incubate in nature. For in-
stance, a higher egg incubation temperature allows
juvenile S. salar to grow faster, smolt younger and
produce larger offspring, and delay time of the return
migration from the ocean, all of which are adaptations
advantageous in a warmer climate (Jonsson & Jons-
son 2018). We assume that other anadromous popula-
tions will exhibit a similar thermal response to tem-
perature during embryogenesis. For fish spawning in
foreign locations, this phenotypic flexibility can adapt
offspring quickly to new thermal environments.

To speed up the developmental rate of hatchery sal-
mon, managers often heat the water during embryo-
genesis to approximately 8°C, viewed to be optimal
for this species (Jonsson & Jonsson 2011). When
these salmon are released to enhance or conserve
populations, the higher incubation temperature will
influence the ecology of the fish. Therefore, sea
ranched S. salar probably return later in summer to
the river from where they outmigrated than wild
individuals from the same population do (Jonsson et
al. 1990, Jonsson & Jonsson 2018).

Understanding the effects of early influences on the
ecology of species is a growing, but under-researched
field. We believe that many intraspecific population
differences, earlier believed to be examples of adap-
tive differences, are examples of phenotypic plasticity
resulting from epigenetic modification, as the research
summarized above indicates. However, such effects
are difficult to uncover because phenotypic traits
caused by the early environment are cryptic and may
even be inherited across generations.

10. FUTURE RESEARCH

Research on how the early environment influences
genotypes and forms phenotypes, and mechanisms
involved, is still in its youth. There is little knowledge

about the processes leading to variation in appear-
ance, physiology, life history and behaviour, i.e. phe-
notypic variation. Early temperature is one of many
external variables that affects phenotypic develop-
ment. Oxygen level, toxic contaminants, nutrition, so-
cial environment with competition, parasites and pre-
dation also influence genotypic expressions. Future
research should focus on how signals from environ-
mental stressors trigger molecular biological changes
of brain cells, and how this is transmitted to pheno-
typic characters and ecological decisions.

In this review, we focussed on 1 factor, namely the
effects of early temperature. Future global tempera-
ture is expected to increase (IPCC 2013). In this con-
text, new research should focus on how this change
will affect populations and investigate to what
degree populations buffer changes through pheno-
typic plasticity. For instance, there is little knowledge
about how early environment affects migration ver-
sus residency of partly migratory species, and how
early climate affects the timing of migrations before
and after spawning. The mechanisms allowing this
plasticity are largely unknown, although epigenetic
changes caused by increased embryonic tempera-
ture appear involved (Jonsson & Jonsson 2014, 2018,
Baerwald et al. 2016). Although the environment
appears to play a key role in the ecology of species,
these and similar relationships are still understudied.
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