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abstract

Environmental factors influencing parents or offspring during embryogenesis can have knock-on ef-
fects at later life stages of the offspring. These effects may prepare the progeny for conditions that they
may encounter as larvae, juveniles, and/or adults. Here, we give examples on how knock-on effects of
temperature and predator cues can affect phenotypes of fish, amphibians, and reptiles. Such effects are
best described in reptiles, but are generally widespread among ectotherms. Most of the species are oviparous
with egg incubation outside the mother’s body. The eggs can be exposed to highly different and variable
environmental conditions, and developmental plasticity may help offspring cope with influences they
may encounter at a later stage, e.g., whether the habitat will be warmer or colder and/or safer or riskier
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than what they a priori are adapted for. Knock-on effects can be considered a subset of phenotypically plas-
tic responses. They can be instantaneous or delayed, have a physiological foundation, and can be man-
ifested as temperature-dependent sex determination and changes in morphological, physiological, life-
history, and behavioral characters. They are often, but not exclusively, assumed evolutionarily favorable,
particularly beneficial for invasive species and during periods of rapidly changing environments. How-
ever, although several studies suggest that plasticity in some cases increases survival and reproductive
success, the fitness gain is still virtually untested. It is assumed that epigenetic mechanisms, such as
DNA methylation and histone modifications, could ultimately be important components of molecular
mechanisms that allow early perceived cues to be expressed at a later stage in life. Although some empirical
cases support this, evidence is still mostly circumstantial. Future research should investigate mechanisms
and fitness effects of early environmental stimuli. These effects are important for the ecology of species and
should be taken into account in experiments on ecological effects of environmental variables. This is of
particular interest today because of climate change and increasing anthropogenic habitat alterations.

Introduction

E NVIRONMENTS are changing more
rapidly than ever before. This global

change is largely caused by anthropogenic
influence of climate and habitats resulting
from human population growth with in-
creased urbanization and industrialization,
overharvesting of natural populations, pol-
lution, damming and regulations of rivers,
new modes of operation in agriculture and
forestry, and invasions of exotic species (Bron-
dizio et al. 2019).

Areorganisms able to copewith these chal-
lenges, and how? Many populations and spe-
cies are not coping and have gone or will
likely go extinct in the near future ( Jonsson
et al. 1999; Román-Palacios andWiens 2020).
Others may be able to persist in altered envi-
ronments through mechanisms such as phe-
notypic plasticity and local adaptation (Fusco
and Minelli 2010; Valladares et al. 2014; Do-
nelan et al. 2020).

Phenotypic traits of individuals play cru-
cial roles for the likelihood to survive and re-
produce. Although phenotypic variation is
often attributed to genetic and environmen-
tal factors and interactions between the two
(Falconer and McKay 1996), it is becoming
increasingly evident that environments can
affect phenotypes in complex ways and with
considerable time lag. Such environmentally
induced plasticity is widespread especially
amongectothermic animals,mayhave lifelong
effects on individual phenotype and fitness
(Lafuente and Beldade 2019), and is responsi-
ble for a significant amount of interindividual
phenotypic variation (Parsons et al. 2020).

A major challenge in ecology is to under-
stand how environmental factors influence
organisms (Bosch et al. 2014). A large array
of factors affects phenotypes, but two of the
most central variables affecting ectothermic
animals are environmental temperature and
predation (Noble et al. 2018). Temperature
governs their biochemical and physiological
reactions with subsequent effects on morph-
ology, ecology, andbehavior (Hochachka and
Somero 1984; Schulte 2015). Thermal condi-
tions affect functional structures in cells and
patterns of gene expression influencing phe-
notypes (Burggren 2020), and play a critical
role inbraindevelopmentandflexibility influ-
encing cognition, behavior, social skills, stress
responsiveness, and personality development
(Malekpour 2007; Dantzer et al. 2013). Preda-
tion is a central concept because it concerns
the energy flow in ecosystems and affects the
structure, size, distribution, density, and func-
tions of prey populations (Ormerod 2002). At
the individual level, risks of predation lead to
morphological, physiological, and behavioral
changes, and reducepreyfitness (Sheriff et al.
2020). In a modern world with increasing
temperature, thewarmer climatewill increase
metabolic and developmental rates and influ-
ence body size of ectotherms (Atkinson 1994;
Berrigan and Charnov 1994; Jonsson et al.
2013), augment thermal stress with oxidative
damage of biomolecules, and accelerate the
rate of aging (Burraco et al. 2020). Increased
temperature will influence predation rate
because faster developing animals accelerate
food consumption rate and change resource
availability, habitat characteristics, and size
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and condition of animals (Morin et al. 2021).
Furthermore, mothers stressed by predators
may transfer stress to their offspring by al-
tered hormone and/or other contents of
their ova. This may lead to changed offspring
morphology, physiology, and/or behavior
(Mommer and Bell 2013; O’Brien et al.
2017; Ensminger et al. 2018; McGhee et al.
2020), induce developmental plasticity, and
be suggestive of the trophic conditions that
the offspring may encounter later (Meylan
et al. 2012; Warner and Lovern 2014).

In this review, we provide examples of how
temperature and predator cues during early
development or at a parental phasemay have
knock-on effects that indirectly cause pheno-
typic change later in life. There are other en-
vironmental factors, such as habitat stability
and hypoxia, that might have similar effects,
but it is beyond the scope of this review to in-
clude the effects of these other variables.

Knock-on effects can be considered a sub-
set of thegeneral concept of phenotypicplas-
ticity, which is the ability of a genotype to
express different phenotypes in response to
environmental differences (Schlichting 1986;
Kelly et al. 2012).Hence, knock-on effects con-
sist of cues or imprints experienced in individ-
uals’ early life, transferred as a parental effect,
or induced at embryo or larval stages, which
later in life affect the ability to change devel-
opmental trajectories, activities, and resource
allocations within an organism’s life span.
Early environmental effects may not only in-
fluence embryo development and hatching
success, but also influence sex ratio and off-
spring morphology, life history, physiology,
and behavior (Deeming 2004; Booth 2006,
2018). These phenotypically plastic effects
may be particularly important for ectother-
mic and oviparous species with embryos de-
veloping outside the mothers’ body, where
environmental conditions are highly vari-
able. The effects can be long term and pre-
pare offspring for conditions that they may
encounter at a later stage in life, and buffer
otherwise detrimental effects of environ-
mental change (Elphick and Shine 1998;
Richards et al. 2010; Rey et al. 2016). Such
parental or early environmental effects are
expected to be advantageous when parents
or early environment provide a reliable fore-

cast about the conditions that the offspring
may encounter later in life (Hu and Barrett
2017; Donelson et al. 2018; Tariel et al.
2020).However, itmaybemaladaptive inun-
predictably changing environments (Bateson
et al. 2014), and there are very few quantita-
tive studies demonstratinghowbeneficial such
early programming is (Warner and Shine
2005, 2008; Bell et al. 2016).

Phenotypically plastic reactions (i.e., the
ability of an organism to change its pheno-
type in response to stimuli from the environ-
ment) are rapid and typically occur within a
generation (Fox et al. 2019). Responses to
prenatal or early postnatal environments may
influence organisms all of the way to repro-
duction and, in some cases, influence the
course of life in future generations (Salinas
and Munch 2012; Warner et al. 2013; Dias
and Ressler 2014; Shama and Wegner 2014).
Across generations, parents influence off-
spring, e.g., by breeding at an appropriate
timeor place or by a physiological effect such
as the provisioning of a larger amount or
higher quality yolk to the embryo, improving
larval growth and survival (Stratman and Ta-
borsky 2014). Parents may also have longer-
term effects such as changed age at maturity
or length of life span of the offspring (Heath
andBlouw 1998). Studies have demonstrated
that parental effects may have important eco-
logical andevolutionary consequences (Räsä-
nen andKruuk 2007; Stratman andTaborsky
2014). Maternal effects can be mediated by
variation in provisioning of the eggs (Braun
et al. 2013; Arnold et al. 2018) or by selection
of oviposition sites that determine risks and
feeding opportunities for offspring (Burton
et al. 2013). Maternal nutrition can affect the
number or size of offspring produced (Lo-
vern andAdams 2008) andnutrients available
to their developing embryos (Moczek 1998).
This may affect immune function, morphol-
ogy, lifehistory, andbehaviorofoffspring (Kelly
and Coutts 2000; Rutkowska and Cichon
2002; Warner et al. 2007; Fuiman and Perez
2015). Also, fathers may influence their young
through fertilization success and parental
care, growth, and associated life-history traits
affecting their competitive abilities. For in-
stance,male guppyPoecilia reticulata ejaculates
influence offspring size at birth (Evans et al.
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2017), andmale parental care in threespined
sticklebacksGasterosteusaculeatus reducespre-
dator stress linked to the expression of a
DNA methyltransferon in the brain of the
progeny (McGhee and Bell 2014).

Phenotypically plastic responsesmay ormay
not be adaptive and apply to all characteristics
of an organism other than its genes. That be-
ing said, reaction norms of phenotypic char-
acters can also be under genetic control and
subject to genetic change through selection
(Pigliucci and Schlichting 1998). In some
cases, phenotypically plastic responses may
be governed by transcriptional regulators to
DNA, where methylation of CpG sites in
DNA sequences (that is “C” followed by “G”)
is the most thoroughly studied epigenetic
mechanism in ecological and evolutionary
sciences (Feil and Fraga 2012; Verhoeven
et al. 2016). In vertebrates, methylation of
CpG sites in regulatory regions acts to down-
regulate genetic expression and, conversely,
demethylation leads toupregulation (Green-
berg and Bourc’his 2019). Other epigenetic
mechanisms involve histone modifications
and microRNA (miRNA) that alter the tran-
scriptional capabilities of the genome (Han-
del et al. 2010; Verhoeven et al. 2016).
However, to date, there is little information
about to what degree phenotypic plasticity
is genetically or epigenetically regulated.

Epigenetic effects across generations as a
result of epigenetic variation are controver-
sial in vertebrates (Anastasiadi et al. 2021b),
althoughwell demonstrated inplants (Heard
and Martienssen 2014; Nadeau 2015; Hors-
themke 2018; Anastasiadi et al. 2021b). Still,
phenotypicresponsestranferredovergenera-
tions may be manifested in the germ cells,
where long-lived RNA molecules appear to
be the most likely transgenerational carrier
(Galan et al. 2020). However, the molecular
mechanisms involved in transgenerational
transfer of phenotypically plastic characters
are largely unresolved and need further re-
search efforts (Miska and Ferguson-Smith
2016).

Here, we will primarily provide insight into
how temperature and predator cues have
knock-on effects on ectothermic vertebrates.
We do this because few if any studies have
shown how early environmental factors af-
fect phenotypes across fish, amphibians, and

reptiles. There are similarities, but also some
differences among these vertebrate groups.
We begin the review by presenting environ-
mental sex determination (ESD) and provide
examples from fish and reptiles. We chiefly
use examples of and discuss temperature-de-
pendent sex determination (TSD), although
we briefly mention other environmental fac-
tors thatmay influence sex determination. We
also discuss the evolution of TSD. Next, we
present how temperature before and shortly
after conception has knock-on effects on
later-appearing morphological, physiological,
life-history, and behavioral traits. We provide
examples from fish through amphibians to
reptiles. Thereafter, wepresent similar effects
of predator cues on the same taxa. Then, we
discuss epigenetic mechanisms that may un-
derlie some phenotypic knock-on effects.
There are many commonalities in response
patterns of environmental stressors across
these large groups of species. We summarize
similarities and differences across the taxo-
nomic groups and discuss adaptive values
of environmental knock-on effects of early en-
vironmental influences. We end by examin-
ing the wider ecological significance of early
inducedphenotypic knock-oneffects andpre-
sent needs for future research in this field.

Knock-On Effects of Environmental

Sex Determination

Sex determination initiates the process of
sexual differentiation, i.e., forming the dif-
ferences between males and females. Most
ectothermic vertebrates have genetic sex de-
termination (GSD) where different inherited
genes or even chromosomes determine their
sex. However, some have environmentally
induced sex determination where external
factors signal the gonadal sex well after the
fertilization (Singh et al. 2020). Among ESD
species, temperature during a sensitive period
of the embryonic/larval development is the
most common variable that determines the
sex of the offspring ( Janzen and Phillips
2006). TSD is widespread among reptiles, but
is also known from some species offish (Roush
and Rhen 2018). In addition, sex determina-
tion may be influenced if eggs or larvae are
exposed to extreme temperatures, but not un-
der regularly occurring thermal conditions.

98 Volume 97THE QUARTERLY REVIEW OF BIOLOGY



This phenomenon is not viewed as TSD sensu
stricto.

temperature-dependent

sex determination

Temperature influences the fitness of or-
ganisms by influencing vital variables such
as developmental rate (Arrighi et al. 2013),
metabolic rate (Neubauer and Andersen 2019),
growth rate (Boltaña et al. 2017), body size
(Atkinson1994), and lengthof life span (Keil
et al. 2015). However, these variables may
influence thefitness ofmales and femalesdif-
ferently, and for some species and popula-
tions, it may be more favorable to develop
into males at some temperatures, and fe-
males at others. Furthermore, temperature
during early life should be a reliable cue for
the temperature level that the organism expe-
riences later in life.

Research indicates that TSD is a threshold
trait—i.e., a quantitative trait based on a con-
tinuously distributed factor (temperature)
that contributes to the underlying liability
trait (sex; Singh et al. 2020). In TSD, there
is a pivotal temperature where the sex ratio
is 1:1 (Mrosovsky and Pieau 1991). A male
surplus may be produced when the temper-
ature is colder, and more females when it is
warmer than the pivotal temperature. In other
species, it is the other way around with more
females at low andmoremales at higher tem-
peratures. There are also cases where only fe-
males or males are produced at both warm
and cold temperatures, and the other sex or
both at intermediate temperatures. The fa-
vored sex is fitness dependent as proposed
by Charnov and Bull (1977; further described
in the section titled Evolution of ESD Systems
below). Thus, TSD has a genetic basis where
different individuals aremore or less respon-
sive to temperature (Scheiner 1993; Singh
et al. 2020), with genetic variation in tem-
perature sensitivity of the embryos (Rhen
et al. 2011). The magnitude and duration
of exposure to temperature during the ther-
mosensitive period may also influence how
many in an embryo clutch develop testes or
ovaries (Rhen et al. 2015). Probably, this is be-
cause temperature influences the production
of sex hormones that stimulate sex determi-
nation. Below, we give examples of how tem-

perature at an early stage in life influences sex
determination infish, amphibians, and reptiles.

Fish
TSD is reported from approximately

60 species of fish (Shen and Wang 2014).
This includes some Cichlidae, Atherina, Ic-
taluridae, Sebastidae,Moronidae, Rivulidae,
Embiotocidae, and Paralichthyidae). Often,
more males are produced at relatively high
temperatures (Hasyashi et al. 2010), but
in channel catfish Ictalurus punctatus (Patiño
et al. 1996), Korean rockfish Sebastes schlegeli
(Omoto et al. 2010), European sea bass Dicen-
trarchus labrax (Baroiller and D’Cotta 2000),
and dwarf perchMicrometrus minimus (Schultz
2008), more females are produced at high
temperatures. In olive flounder Paralichthys
olivaceus, both high and low temperatures in-
duce males, and intermediate temperatures
yield an even sex ratio (Baroiller and D’Cotta
2000).Mangrove killifishKryptolebiasmarmora-
tus have a mixed strategy, where individuals
can either be self-fertilizing hermaphrodites
or crossbreeding where the ambient temper-
ature modulates their sexual identity (Taylor
2012).

When is the thermosensitive period in
fishes? Few species have been investigated,
but in tilapiaOreochromismossambicus, elevated
proportions of females were induced when
the embryos were exposed to low tempera-
tures from fertilization to five days posthatch-
ing. More males, on the other hand, were
producedwhenfish were exposed to elevated
temperatures 10 days after hatching. But, at
that time, exposure to low temperatures had
no effect on sex determination (Baroiller
and D’Cotta 2000). In European sea bass
D. labrax, treatment with 157C from 57 to
137 days posthatching induced higher pro-
portions ofmales, whereasmore females were
produced when exposed to cold water (13–
157C) 30 hours after fertilization (at the stage
of half-epiboly; Baroiller and D’Cotta 2000).
At that developmental stage,moremales were
produced when the temperature was 207C.
Thus, two different thermosensitive windows
may exist at least in some cases, and there ap-
pears to be variation as to whether the sensi-
tive period is in the early embryonal or larval
stage.
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The sex determination of sockeye salmon
Oncorhynchus nerka, rainbow trout Oncorhyn-
chus mykiss, medakaOryzias latipes, Nile tilapia
Oreochromis niloticus, and zebrafish Danio rerio
is influenced if the eggs are affected bymuch
higher temperatures than the eggs typically
experience in nature, but these species are
not recognized as TSD species (Azuma et al.
2004; Tessema et al. 2006; Ospina-Álvarez
and Piferrer 2008).

In fish, other environmental factors can
also influence sex determination. For in-
stance, larval food consumption and early
growth may influence sex determination of
lampreys (Kuwamura et al. 2002), zebrafish
(Lawrence et al. 2008), and roach Rutilus
rutilus (Paull et al. 2009). Also, these are fac-
tors that may influence the fitness of species
(Dmitriew 2011) and, in many fish species,
there is a stronger relationship between size
and reproductive success in females than in
males (Fleming 1996), whichmay also be the
case in these species. In sea lamprey Petro-
myzon marinus, slow growth increases the
probability of becoming male ( Johnson et al.
2017). But once the lampreys have entered
the juvenileperiod, the sex is definedanddoes
not change (Beamish and Barker 2002). For
southern brook lamprey Ichthyomyzon gagei,
the sex ratio is influencedbygrowth rate, larval
density, pH, and temperature (Beamish 1993).
In lampreys, however, the mechanism of ESD
is not well understood.

Water acidity can also influence sex deter-
mination in the cichlidsPelvicachromis pulcher,
P. subocellatus, P. taeniatus, Apistogrammaborellii,
A. cacatuoides, and the poeciliid Xiphophorus
hellerii (Rubin 1985). When broods were de-
veloped at low pH (5–6), the sex ratio of the
cohort was skewed toward males. At higher
pH (7), the ratio was skewed toward females.
Poor water quality may have long-lasting neg-
ative effects on growth and this may be the
reason for its influence on the sex determina-
tion of some freshwater fishes where males
are typically smaller than females.

Amphibians
Amphibians haveGSDandnotTSDunder

normal environmental conditions (Flament
2016). Extreme temperatures, however, may

influence sex differentiation. This sex change
may be hormonally induced, is not consid-
ered adaptive and, consequently, not recog-
nized as TSD. In several anurans, such as
the wood frog Lithobates sylvaticus, Japanese
brown frogRana japonica, American bullfrog
Lithobates catesbeianus, and common toadBufo
bufo, low temperatures have a masculinizing
effect and high temperatures a feminizing
effect (Witschi1929;Chardardetal. 2004;Na-
kamura 2009). In the Indian skipper frog
Euphlyctis cyanophlyctis, on the other hand, ex-
posure of tadpoles to very high temperatures
(greater than 287C) produced male-biased
sex ratios (Phuge 2017). High temperatures
also resulted in early metamorphosis at a re-
duced body size, stimulated testis, and dis-
turbed ovary development. Possibly, stress
hormones that surge at extreme tempera-
tures are responsible for the skewed sex ratio
and favor the smaller-sized sex (Phuge 2017).

Temperature-dependent sex reversal (i.e.,
redirection of sexual phenotype during lar-
val development) is common in several am-
phibians, which may have replaced TSD in
this group (Ruiz-Garcia et al. 2021). For spe-
cies with temperature-dependent sex reversal,
embryo temperaturesmay be a poor predictor
of the temperatures they experience later in
life, so that the phenotypic sex changes from
the genetic sex during the tadpole stage. The
responsible mechanism is, however, still not
well understood.

Reptiles
Although GSD is most common among

reptiles, TSD is known in crocodiles, tuatara,
turtles, and various lizards, including geckos,
Scincidae, anguimorphs, and acrodonts
(Roush and Rhen 2018; Cornejo-Páramo
et al. 2020). No other known factor induces
ESD in reptiles (Singh et al. 2020), although
Lolavar andWyneken (2020) claim thatmois-
ture in nests, in addition to temperature, may
impact sex determination of loggerhead sea
turtles Caretta caretta. TSD species typically
mate and nest at sites where the ambient tem-
perature is about 257C, suggesting that circa
257C is an optimal temperature for nesting
and embryo development of TSD species.
Lower temperatures result in one sex and
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warmer temperatures typically induce another
(Warner and Shine 2008). In many turtles,
eggs predominantly hatch males at lower
temperatures and predominantly females if
incubated above it (Lance 2009). However,
in tuatara, females are produced at low tem-
peratures and males if it is warm (Bull 1980).
In crocodilians, some turtles, and lizards,
males are more prevalent at intermediate
temperatures and females at both warmer
and colder temperatures (Graves 2008).

Temperatures that produce female lizards
will in some cases exert feminizing effects on
behavior, and temperatures that produce
predominantly males tend to have masculin-
izing effects on behavior. This is the case
in the leopard gecko Eublepharis macularius
(Flores and Crews 1995), whereas no similar
effect was observed in jacky dragon lizards
Amphibolurus muricatus (Warner et al. 2010).
There can also be interaction betweenegg in-
cubation temperature and egg size as in the
veiled chameleon Chamaeleo calyptratus (An-
drews 2018). At 287C, females aremore likely
to be produced from large eggs and males
more likely to be produced from small eggs,
while at 25 and 307C, the pattern of sex allo-
cation is reversed.

evolution of esd systems

Several factors have been proposed to
drive the evolution of ESD systems. Among
these are sexual dimorphism, unequal sur-
vival rates of the sexes, different ages at ma-
turity, inbreeding avoidance, and mating
competition (Bókony et al. 2019). However,
the prime hypothesis explaining environ-
mental sex determinationwasfirst formulated
by Charnov and Bull (1977), which predicts
that selection favors ESDover genetic or chro-
mosome-based sex determination when the
fitness of each sex varies differently among en-
vironments. A specific environmentmakes it
beneficial to become one sex and not the
other. By that, they formulated a conceivable,
common mechanism for why it might be fa-
vorable to develop into a male at some tem-
peratures, but a female at other temperatures.

The Charnov and Bull (1977) model ap-
pears to hold for Atlantic silverside Menidia
menidia (Conover 1984). Atlantic silversides

occurring at different latitudes compensate
for differences in thermal environment and
seasonality by adjusting the sex ratio accord-
ing to the prevailing temperature (Conover
and Heins 1987). Environmental tempera-
ture may serve as predictor of seasonality,
and each sex is produced at the time of year
when its fitness is maximized. Similarly, War-
ner and Shine (2005), using short-lived, early
maturing jacky dragon lizards, investigated
how seasonality influenced sex determina-
tion. TSD allowed overproduction of daugh-
ters early in the nesting season and sons
later. Early hatching enhanced body size dur-
ing the first year and allowed females to re-
produce in the second year, one year
younger than females produced late in the
season. These authors incubated eggs at dif-
ferent temperatures, deconfounded sex and
incubation temperature, and quantified their
lifetime reproductive success in field enclo-
sures. Warner and Shine (2005) interpreted
this pattern as adaptive because any early
maturingmales were still too small in the sec-
ond year to compete efficiently for territories
with older, larger males. Thus, unlike young
females, juvenile males presumably benefit
from an additional year of growth prior to
maturity. Furthermore, Warner and Shine
(2008) showed that incubation temperature
affected reproductive success differently in
males and females, and that fitness of each
sexwasmaximizedby the incubation temper-
ature that produced that sex. Similar results
were shown for the scincid lizardNiveoscincus
microlepidotus (Shine 2005) and agamid liz-
ard Agama picticauda (Steele and Warner
2020). They found that females produced
from female-biased incubation temperatures
had greater survival than those from male-
biased temperatures, and male survival was
lowest for individuals produced from a fe-
male-biased temperature. As an alternative
to these studies indicating that the sexes pro-
duce most offspring at different tempera-
tures, Lawson and Rollinson (2021) revisited
the sex allocation theory and found support
for that in long-lived chelonians and crocodil-
ians, where males are produced at optimal
incubation temperatures optimizing health
and vigor whereas females are produced at
less beneficial temperatures. This is because
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reproductive success ofmales depends largely
on the number of matings they perform
whereas the fitness of females is constrained
by the number of mature eggs they produce,
which is less dependent on health and vigor.
Lawson and Rollinson (2021) based their
study on data from 28 investigations that sup-
ported their hypothesis.

Not all studies lend support to these adap-
tive hypotheses. For instance, sexes may
change at extreme temperatures that the or-
ganisms do not experience under condi-
tions they encounter in nature such as in
sockeye salmon O. nerka, rainbow trout O.
mykiss, and Nile tilapia O. niloticus (Tessema
et al. 2006). In such cases, a hormonal stress
mechanism is probably responsible for the
sex determination.

In reptiles, TSD may influence nest-site
selection by mothers adjusting offspring sex
ratios by choosing nest sites that will have
special thermal properties (Mitchell et al.
2013). TSD systems in reptiles are chiefly
found in places where the sexes mate and
nest at approximately 257C, which is at low
but not high latitudes (Cornejo-Páramo et al.
2020). TSDmay be disadvantageous in patchy
environments andunder variable climatic con-
ditions. There, GSDmay be selectively favored
(Cornejo-Páramo et al. 2020). However, there
is still little empirical evidence that underpins
the Charnov-Bull (1977) hypothesis. Booth
(2018) calls for more studies that may show
how TSD is adaptively favorable as this is im-
portant knowledge, for instance, under the
present conditions of rapid climate warming.
Increased temperature regimes may influ-
ence the distribution and sustainability of
TSD species by influencing sex ratios and
long-term productivities.

Knock-On Effects on Morphological

and Physiological Traits

There is a distinct relationship between
body shape and function of animals (Arnold
1983). For instance, body shape and size of
appendages influence their ability to move,
compete for resources, and escape from
threats and survive. Research shows that
thermal influences at the embryo stage have
knock-on effects on later expressed morph-

ological traits with evidence from studies of
fish, amphibians, and reptiles. These mor-
phological changes are associated with their
behavior and physiology, influence their de-
fense capacity and fitness, and are therefore
probably adaptive.

temperature

It is well known that temperature has a di-
rect effect on the body size of ectotherms
(Atkinson 1994). However, it is less well
known that temperature during embryonic
development has knock-on effects on the
morphology and size of larvae, juveniles, and
adults. In the following, we provide several
examples.

Fish
Egg incubation temperature may influ-

ence body shapes of juvenile teleosts (Corral
and Aquirre 2019). For instance, body shape
differentiation fromhatching to larval meta-
morphosis of European sea bass D. labrax is
influenced by the temperature experienced
by the embryos in the eggs. Georgakopoulou
et al. (2007) incubated eggs at two tempera-
tures, 157C and 207C, and observed that sea
bass incubated at 157C had a slenderer body
shape than those incubated at 207C. Further-
more, Sfakianakis et al. (2011a) demonstrated
a similar body shape effect of embryo temper-
ature on larval zebrafish D. rerio. Low water
temperature at the embryo stagemay prepare
the offspring for relatively low temperature
later, as a more streamlined body improves
swimming performance and the probability
to escape endothermic predators, which in
contrast to ectotherms perform well even at
low temperatures (Blake 2004; Sfakianakis
et al. 2011b).However, a slenderer body shape
makes seabass aneasier target for gape-limited
predators, which may be a disadvantage (Nils-
son and Brönmark 2000).

On the other hand, a study on juvenile At-
lantic salmon Salmo salar, which is a cold wa-
ter species, demonstrated that higher egg
temperature, 6 versus 37C, resulted in juve-
niles withmore streamlined bodies and smaller
pectoral fins (Greenberg et al. 2021; Table 1).
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Warmer water has lower solubility of oxygen,
and for Atlantic salmon, which is an oxygen-
demanding species, a more streamlined body
means that they require less oxygen for
swimming, and more easily perform normal
functions without exceeding the aerobic
scope. This reduces the likelihood of mor-
tality. Even in fully oxygenated water, their
performance is constrained by the oxygen
content in the water at temperatures above
18–207C ( Jonsson and Jonsson 2011). The
slimmer body shape and smaller pectoral
fins may be beneficial for cruising fish in
lakes and oceans, but may be disadvanta-
geous for salmon fry before they smolt and
migrate out of the nursery river. Young At-
lantic salmon typically live in turbulent,
fast-flowing rivers where they rest their pec-
toral fins on the bottom, and make short ex-
cursions to take drifting food items. In rivers
and streams, a deeper, laterally more com-
pressed body shape with more flexible ma-
neuverability may be advantageous during
swimming (Webb 1984). Thus, there may
also be afitness cost involved in thismorpho-
logical flexibility. Atlantic salmon fry tend to
smolt younger when the eggs are incubated
in warmer water (Burgerhout et al. 2017),

but we do not know if they also smolt smaller,
although this is a reasonable suggestion,
because younger smolts are often smaller
(Økland et al. 1993; Vanhooydonck and Van
Damme 1999). Experiments with brown trout
Salmo trutta indicate that thisfish will leave the
nursery river earlier and smaller when the
eggs are incubated in warmer water ( Jonsson
and Greenberg 2022).

How can temperature during embryogen-
esis influence morphological traits? Proxi-
mate causes are changes in skeleton and
muscledevelopment. Tåning (1952) reviewed
experiments showing that the average num-
ber of vertebrae of brown trout varied with
temperature during embryonic development.
At 67C constant temperature, this fish devel-
oped the fewest vertebrae, andmore vertebrae
developed at lower and higher temperatures.
Vertebral numbers were determined during
gastrulation when the embryo was about
165 degree-days old. Tåning (1952) also re-
ported that the number of rays in the dorsal,
anal, and pectoral fins of brown trout varied
with embryo temperature. Thehighest num-
ber of fin rays in the dorsal and pectoral fins
were developed at 8–107C, and at 5–67C in
the anal fin. Later, relationships between

TABLE 1
Phenotypic effects of increased egg incubation temperature of fish

Species Effect References

Sea bass Stouter body shape Georgakopoulou et al. (2007)
Dicentrarchus labrax
Zebrafish Stouter body shape, poorer swimming performance Sfakianakis et al. (2011a,b)
Danio rerio

Changed expression of genes involved in energy metabolism,
angiogenesis, cell stress, muscle contraction, and apoptosis
and thermal acclimation capacity

Scott and Johnston (2012)

Atlantic salmon Slenderer and more streamlined body shape and smaller
pectoral fins of juveniles

Greenberg et al. (2021)
Salmo salar

Higher maximum growth rate and larger at adulthood,
larger gonads, and eggs scaled for body size

Finstad and Jonsson (2012);
Jonsson et al. (2014)

Younger at smolting Burgerhout et al. (2017)
Later return from the ocean for spawning Jonsson and Jonsson (2018)

Senegalese sole Enhanced energy production and growth rate Carballo et al. (2018)
Solea senegalensis
Haddock Enhanced growth of fry Martell et al. (2005)
Melanogrammus aeglefinus
Common carp Enhanced growth of fry Korwin-Kossakowski (2008)
Cyprinus carpio
European whitefish Polyphenism Steinbacher et al. (2017)
Coregonus lavaretus
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water temperature at early ontogeny and
meristic characters have been demonstrated
for some other fishes, for instance, galaxids
(McDowall 2003, 2008), ladyfish (Elopidea;
McBride and Horodysky 2004), Atlantic sil-
verside (Billerbeck et al. 1997), and three-
spined sticklebacks G. aculeatus (Ahn and
Gibson 1999). The effect of increased tem-
perature may also be transferred from par-
ents to offspring. In mangrove rivulus K.
marmoratus, Swain andLindsey (1986) showed
that a parental temperature of 307C pro-
duced offspring with fewer vertebrae, pecto-
ral, and caudal fin rays than it does when
incubated at 257C. With the change in verte-
bral numbers, body shape and fin sizes are
altered (Aquirre et al. 2019), which may in-
fluence the swimming performance of the
species (Swain 1992). Furthermore, Corral
and Aquirre (2019) studying Astyanax mexic-
anus showed that number of precaudal ver-
tebrae increased at low embryo temperatures,
and caudal vertebrae increased at high embryo
temperatures. Thus, high and low tempera-
tures may affect their swimming performance
differently, although the numbers of vertebrae
are similar.

Early temperature also influences the rate
ofmyogenesis, including composition of the
functional structures within the cells, num-
ber, size, and distribution of muscle fibers,
fiber diameters, myofibril areas, and the de-
velopment of heart muscle ( Johnston 2006;
Scott and Johnston 2012). Atlantic salmon
fry, incubated athigher temperatures, develop
larger but fewer muscle fibers than those in-
cubated at lower temperatures (Stickland
et al. 1988; Johnston 2006). Similarly, incu-
bation temperature influences growth and
muscle cellularity in Senegalese sole Solea
senegalensis (Carballo et al. 2018), suggesting
a generality of this finding. By affectingmus-
cle development, embryo temperature may
also affect the swimming performance of the
fish.

Prehatching temperature appears to be
the environmental cue informing organisms
whether they will later experience relatively
warm or cold climates. The countergradient
variation (CGV) hypothesis suggests that cold
environments favor high metabolic rates to
compensate for the negative effect of low tem-

peratures, and warm environments favor low
metabolic rates enabling organisms to con-
serve energy in otherwise costly environments
(Conover andSchultz 1995). This reduces the
phenotypic effect of differences in thermal cli-
mate. Thus, at least partly, phenotypic effects
of temperature experienced by embryos may
explain differences in metabolic rates of spe-
cies with changing altitude or latitude. This
plasticity may alter the efficiency of the car-
diovascular system or lead to changes in mi-
tochondrial function, resulting in lower
metabolic rates and physiological capacities
in warmer temperatures. This may stem from
altered metabolic activity because of reduced
activity of oxidative enzymes such as cyto-
chrome c oxidase, citrate synthase, and pyru-
vate kinase in the swimming muscles (Schnurr
et al. 2014). Additionally, elevated develop-
mental temperatures have been shown to al-
ter cardiac anatomy (increased ventricular
roundness), lower aerobic exercise perfor-
mance, and affect gene upregulation in ze-
brafish. These are conditions that persist
into adulthood (Dimitriadi et al. 2018). Thus,
CGV may have a purely plastic background
not involving genetic variation, illustrating
the need for carefully designed studies before
interpreting phenotypic differences among
populations as genetically based local adapta-
tion (Kawecki and Ebert 2004).

Embryo temperature may influencemeta-
bolic rates in accordancewith theCGVhypo-
thesis by affecting energymetabolismpathways
and acclimation capacity as reported from
a study on zebrafish, a much-used model or-
ganism (Schnurr et al. 2014). Also, in wild
populations, higher egg incubation tempe-
rature reduces metabolic rates and aerobic
scope as shown for juvenile brown trout
(Durtsche et al. 2021), and standard meta-
bolic rate of brook trout Salvelinus fontinalis
(Cook et al. 2018). In a common garden ex-
periment, Durtsche et al. (2021) used genet-
ically similar study groups and found that
temperature during egg incubation alone
produced metabolic patterns among juve-
nile fish consistent with the CGV hypothe-
sis. This shows that this is a phenotypically
plastic trait, which should be taken into ac-
count when studying differences amongpop-
ulations in metabolic rates.
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Amphibians
There are studies showing that egg tem-

perature influences the size or morphology
of amphibian larvae (Table 2). For instance,
larval size of rough-skinned newts Taricha
granulosa increased with higher tempera-
tures during egg incubation independent
of the temperature during larval develop-
ment (Smith et al. 2015).On the other hand,
the tail length and height of oriental fire-
bellied toadBombina orientalis larvaedecreased
with increasing egg incubation temperature
(Kaplan 1992; Kaplan and Phillips 2006). Fur-
thermore, temperature variation during egg
incubationhadpositive effects onbody length,
but negative effects on tail length and height
relative to rearing under stable conditions.
However, in the wood frog, egg temperature
hadno effect on the size of the larvae (Watkins
and Vraspir 2006), showing that the effect of
temperature during embryogenesis differs
among species. Whether egg temperature
will influence larvae size may depend on the
fitness effect in the proper ecological context
(Kaplan and Phillips 2006).

In parallel with these morphological con-
ditions, physiological and behavioral mod-
ifications occur. Warmer egg incubation
temperatures result in highermetabolic rate
and thermal tolerance for larvaeof the striped
marsh frog Limnodynastes perionii (Niehaus
et al. 2011). Furthermore, the temperature
during embryonic development can affect
the behavioral performance of the tadpoles,
with maximum larvae performances at the
incubation temperature. The breadth of the
performance curve of burst locomotor per-

formance of the striped marsh frog was
greatest when egg developmental and accli-
mation temperatures coincided. The activity
of the glycolytic enzyme, lactate dehydroge-
nase, paralleled the pattern of burst locomotor
performance. The locomotion performance of
the tadpoles appears associated with tail size
andmyofibril activity (Van Buskirk andMcCol-
lum 2000). Furthermore, the egg incubation
temperature can affect oxygen consumption
rate and critical thermal maximum as shown
for chorus frog Pseudacris hypochondriaca larvae
(Mueller at al. 2019a). Warmer ambient egg
temperatures between 10 and 257C typically re-
sulted in similar or higher maximum oxygen
consumption rate and critical thermal maxi-
mum. Increasedembryonic temperature raised
thermal tolerance, and the effect was retained
even following larval acclimation to a colder
temperature. Thus, embryonic developmental
conditions modulated the performance curves
of the tadpoles to better respond to environ-
mental conditions later in life. However, the re-
lationship between incubation temperature
and larval physiology and behavior may be
species or even population specific and re-
lated to whether organisms are breeding in
relatively cold or warm habitats.

Reptiles
Morphology and Locomotor Performance
Higher egg incubation temperatures in-

crease metabolic and developmental rates of
hatchlings in reptiles, and have knock-on
effects on their morphology, body size, and
locomotor performance (Table 3). These

TABLE 2
Phenotypic effects on larvae of increased egg incubation temperature of amphibians

Species Effect References

Rough-skinned newt Longer and more developed at hatching Smith et al. (2015)
Taricha granulosa
Oriental fire-bellied toad Larvae have smaller tails, slower locomotor activity Kaplan (1992); Kaplan and Phillips

(2006)Bombina orientalis
Striped marsh frog Higher energy expenditure and thermal tolerance; growth,

burst locomotor, and lactate dehydrogenase activity
maximized at egg incubation temperature

Seebacher and Grigaltchik (2014)
Limnodynastes perionii

Chorus frog Higher oxygen consumption and critical thermal maximum,
slower locomotor activity

Mueller et al. (2019a)
Pseudacris hypochondriaca
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TABLE 3
Phenotypic effects of increased egg incubation temperature of reptile hatchlings

Species Effect References

Green sea turtle Better swimming performance Burgess et al. (2006)
Chelonia mydas Developed faster and were smaller at hatching Stubbs and Mitchell (2018)
Loggerhead sea turtle
Caretta caretta

Lower growth rate, faster crawling and initial swimming speed,
better righting response and crawling speed, but poorer
sustained swimming, higher blood glucose concentration

Fisher et al. (2014); Kobayashi
et al. (2018); Usategui-Martín
et al. (2019)

Leatherback sea turtle Broader carapaces, shorter flipper reach, slower locomotion Mickelson and Downie (2010)
Dermochelys coriacea
Smooth softshell turtle Faster growing, faster locomotion Janzen (1993)
Apalone mutica
Snapping turtle Smaller hatchlings with lower resting metabolic rate and

thyroxine level
Packard et al. (1987); O’Steen
and Janzen (1999);
Steyermark and Spotila
(2000)

Chelydra serpentina

Cagle’s map turtle Lower innate immune response Freedberg et al. (2008)
Graptemys ouachitensis
Softshelled turtle
Pelodiscus sinensis

Lower immune competence and higher mortality;
immunorelated enzyme activity, and best growth at
intermediate temperatures

Du and Ji (2003); Li et al.
(2013); Dang et al. (2015)

Painted turtle
Chrysemys picta

Shorter and thinner with slower growth and locomotor activity,
and preferred lower temperature

Tamplin and Cyr (2011);
Warner et al. (2011)

Bearded dragon lizard Grew more slowly, were slower at learning and completing
social tasks, but ran and fed faster

Siviter et al. (2017, 2019)
Pogona vitticeps
Jacky dragon Slower growth, smaller hatchlings, poorer survival Esquerré et al. (2014)
Amphibolurus muricatus
Wall lizard Slower growth, smaller hatchlings with shorter appendages,

and poorer locomotor performance
Van Damme et al. (1992);
Braña and Ji (2000); Pan and
Ji (2001); Ji et al. (2002)

Podarcis muralis ;
Grass lizard
Takydromus wolteri;
Oriental garden lizard
Calotes versicolor
Maccay’s skink
Nannoscincus maccoyi

Shorter body and tail, ran slower, reacted less strongly to snake
scent, and were more vulnerable to snake predation

Downes and Shine (1999)

Garden skink Longer body and tail, grew and ran faster, reacted more
strongly to snake scent, and were less vulnerable to snake
predation

Downes and Shine (1999);
Hare et al. (2004, 2008)Lampropholis delicata;

Southern skink
Saproscincus mustelinus;
Suter’s skink
Oligosoma suteri
Three-lined skink Larger body size, faster movement speed, and improved

learning ability
Amiel and Shine (2012);
Amiel et al. (2014)Bassiana duperreyi

Cuban rock iguana Faster growth Alberts et al. (1997)
Cyclura nubila
Madagascar ground gecko Decreased preferred temperature Blumberg et al. (2002)
Paroedura pictus
Keelback Faster locomotion Bell et al. (2013)
Tropidonophis mairii
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changes appear adaptive and influence their
ability to protect themselves in a warmer cli-
mate. For instance, hatchlings of green sea
turtles incubated at 307C developed faster
and hatched earlier, but smaller than hatch-
ings incubated as eggs at 267C.However, they
had more residual yolk left that could sup-
port dispersal to offshore habitats than those
produced at lower temperatures (Burgess
et al. 2006; Stubbs and Mitchell 2018). Fur-
thermore, warm-incubated hatchlings had
higher stroke rate frequency and larger force
output than those incubated at lower tem-
peratures. This may be because muscles of
hatchlings from cooler temperatures fatigue
at a faster rate than those from warmer eggs
(Burgess et al. 2006). These differences may
compensate for their smaller size, which
make warm-incubated hatchlings more sus-
ceptible to predation, and thus result from
adaptive priming (Godfrey and Mrosovsky
2006).

Other species may develop different traits
that increase predator protection. Warm-
incubated loggerhead sea turtles have broader
carapaces and swim and crawl at a higher
speedbecause theyhave a longerflipper reach
(Fisher et al. 2014; Kobayashi et al. 2018).
However, they have lower sustained swim-
ming performance compared to conspecifics
incubated at lower temperatures decreasing
the advantage they have from the faster speed.
But still, the morphological and behavioral
changes may increase survival of the hatch-
lings in warmer water by this change in pred-
ator-avoidance capability (Read et al. 2012;
Wood et al. 2014; Sim et al. 2015; Mueller
et al. 2019b). Also in garden skinks Lampro-
pholis delicata, southern skinks Saproscincus
mustelinus, and Suter’s skinksOligosoma suteri,
warm-incubated embryos produce more ag-
ile hatchlings that avoided predation better
when they develop at higher egg tempera-
tures (Hare et al. 2004, 2008).

Larger body size also protect prey against
predation, and the hatchlings of smooth
softshell turtles are larger and move faster
if they, as embryos, were incubated at rela-
tively high temperatures ( Janzen 1993). The
same was observed for the three-lined skink
Bassiana duperreyi, warmer egg incubation
temperature increased hatchling body size

and movement speed (Amiel and Shine
2012; Amiel et al. 2014). Also in these cases,
the knock-on effects appeared adaptive and
increased subsequent survival.

In many cases, however, it is unclear if the
knock-on effects increase fitness. For in-
stance, warm-incubated hatchlings are smal-
ler andmovemore slowly in jacky dragonsA.
muricatus (Esquerré et al. 2014), wall lizards
Podarcis muralis (Van Damme et al. 1992;
Braña and Ji 2000), grass lizards Takydromus
wolteri (Pan and Ji 2001), oriental garden liz-
ardsCalotes versicolor ( Ji et al. 2002), andMac-
coy’s skinks Nannoscincus maccoyi (Downes
and Shine 1999). The latter also has shorter
heads, tails, and appendages relative to their
body length, and move more slowly than
those incubated at lower temperatures. This
variation in size and locomotor performance
may not be adaptive priming but associated
with the sex-determining temperature where
only females are developed at extreme tem-
peratures. It is also possible that the offspring
are stressed by the extreme temperature,
which instead decreases their fitness.

Immune Effect
Immunocompetence is influenced by

temperature during embryogenesis. Thus,
responses to pathogens vary with embryo tem-
perature in changing environments. Dang
et al. (2015) reported that hatchlings of Chi-
nese softshelled turtles Pelodiscus sinensis had
lower mortalities when eggs were incubated
at 24 rather than 287C (Table 3). Both
temperatures are experienced by the eggs
in natural nests. Moreover, in Cagle’s map
turtles Graptemys ouachitensis, higher (female-
producing) temperatures yielded hatchlings
withpoorer innate immune response as com-
pared to lower (male-producing) tempera-
tures. Hatchlings from the low incubation
temperature had higher immunoglobulin
levels (IgM, IgD) and T-cell surface glyco-
protein (CD3γ) expressions than those from
warmer incubation temperatures. Further-
more, Les et al. (2009) reported that devel-
opmental rates and immune responses of
painted turtles Chrysemys picta and red-eared
slidersTrachemys scriptawere increased by tem-
perature fluctuation during egg incubation.
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The eggs were incubated at temperatures
near the critical minimum 237C or critical
maximum 317C. Near the critical minimum,
developmental rate and survival were in-
creased byfluctuations, whereas the opposite
was observed near the critical maximum. In
addition, individuals incubated with a low
frequency of temperature fluctuations had
reduced total antioxidant capacity, while in-
cubation at a lower average temperature was
associated with enhanced total antioxidant
capacity. Total antioxidant capacity differ-
ences may be temperature-mediated through
changes in metabolic rate (Treidel et al.
2016). Thus, egg incubation temperatures
clearly influence developmental rate, immu-
nity and antioxidant capacity, and survival of
the hatchlings, and thereby may affect their
fitness.

Most studies reporting significant associ-
ations between egg incubation temperature
and later developing performance traits have
not tested potential effects on offspring fit-
ness. But studies on immunity function may
correlate with survival of offspring and pro-
vide an indirect measure of offspring fitness.
This may be a link to understand the role of
developmental plasticity in adaptive traits in
future studies (Dang et al. 2015).

Cognitive Function and Thermal Preference
The ability to learn quickly and thereby

meet environmental challenges provides an
adaptive advantage (Amiel et al. 2014), and
embryo temperature seems to influence this
in reptiles (Siviter et al. 2017). This appears
associated with a change in brain anatomy
that is influenced by the egg incubation tem-
perature as was demonstrated for bearded
dragons (Amiel et al. 2014). Low tempera-
tures during embryogenesis resulted in hatch-
lings with larger telencephalons and neurons
in themedian cortices.Offspring incubated at
warmer temperatures had fewer neurons in
the medial cortex but higher neuronal den-
sity. Associated with these differences, hatch-
lings of scincid lizards incubated in warmer
conditions demonstrated enhanced learn-
ing ability (Amiel and Shine 2012) as shown
by use of Y-mazes, were bolder in the short

term (Siviter et al. 2017), and better able at
discriminating colors (Clark et al. 2014).

In bearded dragons and velvet geckos
Amalosia lesueurii, on the other hand, eggs in-
cubatedat colder temperatures yieldedhatch-
lings with better learing ability. Furthermore,
Siviter et al. (2017) showed that cold-incu-
bated bearded dragons more quickly learned
how to open a slide door in front of food. Da-
yananda and Webb (2017) and Abayarathna
and Webb (2020) demonstrated that the spa-
tial learning ability and survival of this species
in the field was better if they came from cold
eggs. Higher egg incubation temperature has
little if any effect on the critical maximum
temperature of velvet geckos (Dayananda et al.
2017; Dayananda and Webb 2020), but may
shift the critical minimum temperature up-
ward (Abayarathna et al. 2019).

Egg incubation temperature influences
experimentally inducedtemperatureprefer-
ences. For instance, snapping turtles incu-
bated at 21.57C chose 287C water, while
turtles from 30.57C selected 24.57C (O’Steen
1998). These temperature preferences were
repeatable even after a six-month hiberna-
tion period at 77C. Esquerré et al. (2014) in-
cubated jacky dragon lizards at 25, 28, and
327C. Hatchlings incubated at 287Chad lower
andmore stable preferred temperatures than
those incubated at higher and lower temper-
atures. Thus, incubation temperature may
influence the preferred temperature of the
offspring.

In total, these plastic reactions caused by
higher egg incubation temperature are no
cure against effects of global warming, but
may influence thermal preferences and ma-
ternal nest-site selection and affect the abil-
ity of offspring to learn novel tasks. These
results show that egg incubation tempera-
ture influences the social cognitive abilities
of oviparous reptiles. In several cases, the ef-
fects last beyond the hatchling stage and
should affect the fitness of the animals.

Growth and Life-History Effects

Growth and reproductive traits such as
fecundity, egg, and gonad size have strong
fitness effects (Braun et al. 2013), and em-
bryonic temperature is the main abiotic
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factor with knock-on effects that influence
growth and life-history traits later in life
( Jonsson et al. 2014). Below, we give exam-
ples of this indirect thermal effect.

fish

In fish, temperature influences food con-
sumption rate and growth, given sufficiently
high oxygen density in the water. The assim-
ilated energy is used for maintenance, activ-
ity, stored within the body (e.g., as growth),
and disseminated as gametes. Temperature
has a direct effect on the rate of metabolism,
and an indirect knock-on effect associated
with the temperature experienced during
embryogenesis. For instance, temperature
during embryogenesis influences growth of
juvenile Atlantic salmon (Finstad and Jons-
son 2012). Atlantic salmon eggs incubated
in warmer water yielded faster growing juve-
nile offspring than those produced fromeggs
incubated in colder water (Table 1). The size
advantage that warm-incubated offspring ac-
quired lasted to adulthood as shown in exper-
iments by Jonsson et al. (2014). Similarly,
Burgerhout et al. (2017) reported that higher
egg incubation temperature accelerated
growth and developmental rate of juvenile
Atlantic salmon, causing them to be younger
when they transformed to smolts that toler-
ate sea water (approximately 35 ‰ salt).
However, it is not verified whether younger
age at seaward migration results only from
being larger, or if they can also be smaller
when they smolt and adapt to sea water.
The relationship between egg incubation
temperature and later growth may be more
general as a similar relationshipbetweenem-
bryo temperature and later growth has been
reported for fish as different as haddock
Melanogrammus aeglefinus (Martell et al. 2005),
common carp Cyprinus carpio (Korwin-Kossa-
kowski 2008), and Senegalese sole (Carballo
et al. 2018). Exceptions occur, however, as in
brown trout, where egg incubation tempera-
ture had no significant effect on the growth
rate of juvenile fish ( Jonsson and Jonsson
2021).

Growth rate depends on the rate of energy
consumption of the fish ( Jonsson et al. 2001),

and apparently juvenile Atlantic salmon feed
more when developed from eggs incubated
in warmer water and food presented ad libi-
tum. Faster growth rate may compensate for
higher mortality and shorter life span in
warmer water ( Jonsson and Jonsson 2011).
A similar relationship between early growth
rate and life expectancy was reported for
threespined stickleback (Lee et al. 2013).

Temperatureduringembryogenesis influ-
ences energy allocation to eggs and sperm
inAtlantic salmon (Table 1).When incubated
in warmer water, they later produce larger
eggswithhigher yolk content, andhavehigher
gonad mass at maturity. Fecundity and age
at maturity appear, on the other hand, to be
unaffected by egg incubation temperature
( Jonsson et al. 2014). Also, females kept at
higher temperatures during egg maturation
give offspring that in turn produce larger eggs
as compared to egg size in females kept at
ambient water temperature during matura-
tion ( Jonsson and Jonsson 2016). Larger eggs
have more yolk, and the offspring may sur-
vive better at reduced oxygen concentrations
than those from smaller eggs (Einum et al.
2002; Braun et al. 2013). Furthermore, high
water temperature reduces the efficiency of
yolk conversion to body tissue (Fleming and
Gross 1990). This increases the advantage of
larger eggs inwarmer environments.How this
maternal effect is transferred over to subse-
quent generations is unknown, but possibly
it is associated with the transfer of nutrients
(Goncalves et al. 2010), energy rich matter
(Brooks et al. 1997), or hormones (Gagliano
andMcCormick2007;BeddingtonandGroot-
huis 2021) within the eggs.

Temperatures during embryogenesis may
influence later behavioral decisions (Table 1).
Jonsson and Jonsson (2018) released groups
of juvenile Atlantic salmon (smolts) pro-
duced from eggs incubated at either ambi-
ent (approximately 47C) or 37C warmer
water temperature. After hatching, both ex-
perimental groups were reared under simi-
lar thermal conditions. The fish migrated to
sea as juveniles, and after feeding in the
ocean for one or two years they returned to
the experimental river for spawning. Atlantic
salmon that were developed from eggs incu-
bated in warmer water returned from the
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sea approximately two weeks later in the
summer/autumn than adults of the same
age developed from colder eggs. The later re-
turn was independent of the body size of the
juveniles at outmigration and similar for off-
spring of three different populations tested.
Hence, thermal conditions during early de-
velopment appeared toprepare the offspring,
when adult, to spawn later in the year. Later
return to a warmer (or earlier return to a
colder) river may be advantageous because
egg incubation time decreases with increas-
ing temperature, so the fish may spawn later
under warmer conditions. The mechanism
driving this phenotypic plastic response has
not been investigated, but may be linked to
the maturation process.

Effects of temperature prior to spawning
can influence egg size and reproductive suc-
cess in threespined sticklebacks. Fuxjäger
et al. (2019) reared parental fish at either
177Cor217C.Femalesdevelopedat 177Cpro-
duced smaller eggs in 217C water than those
developed in 217C water, and males that
were developed at 217Cexhibited lower over-
all mating success compared with 177Cmales
in 177C water, but higher mating success in
217C water. Thus, reproductive success was
highest when offspring experienced the same
temperature during gonad maturation as
their parents. In this way, the fitness of off-
spring was adjusted by the temperature ex-
perienced by their mothers during egg
maturation, similar to the findings from At-
lantic salmon reported above ( Jonsson and
Jonsson 2016). Whether these effects are
adaptive depends on the match between the
temperatures experienced by parents and
offspring. Fuxjäger et al. (2019) suggest that
the mechanistic background of these trans-
generational effects may involve maternal
provisioning of resources, somatic factors,
and parental variation in epigenetic state.

Temperature prior to egg fertilization can
affect offspring growth as a maternal effect
through changes in egg mass (Mousseau
and Fox 1998). For instance, mass of eggs
produced by next generation Atlantic sal-
mon females were larger when their moth-
ers experienced warmer water during egg
maturation ( Jonsson and Jonsson 2016). In
spiny chromisAcanthochromis polyacanthus, in-

creasing parenrtal temperature by 1.5 or 37C
as compared to the standard temperature of
28.57C, reduced the length of the breeding
season of their offspring. In addition, an in-
crease of 1.57C yielded earlier breeding off-
spring, whereas a 37C higher acclimation
temperature of the parental fish gave later
breeding offspring. Furthermore, parents
acclimated to 37C warmer water yielded off-
spring with smaller and fewer eggs (Donelson
et al. 2016). The reason for these differences
are unknown. Sheepshead minnow Cyprino-
don variegatus, reared in either 24, 29, or
347Cwater for 30 days during eggmaturation,
produced offspring that had the highest
growth rate at temperatures matching those
that their mothers experienced during egg
maturation. The growth of offspring in-
creased by 30% over one generation, i.e.,
an order of magnitude more than could be
expected in terms of a single-generation rate
of adaptive evolution (Salinas and Munch
2012). However, effects of parental tempera-
ture on offspring growth vary among species.
Shama andWegner (2014) tested threespined
sticklebacks and found that developmental ac-
climation ofmothers at elevated temperatures
had negative effects on offspring body size at
adulthood. The offspring were smaller when
mothers were reared at 217C than at 177C. A
smaller body in warmer water may be benefi-
cial in terms of lower oxygen demands (For-
ster et al. 2012), but smaller fish produce
fewer offspring, showing that there are also
fitness costs involved.

Experimental evidence from studies on
guppies P. reticulata showed that develop-
mental plasticity can be transferred across
more than two generations (Le Roy et al.
2017). These authors reared the F0 genera-
tion at either 237Cor 297C, and their offspring
at 267C in F1, F2, andF3 generations. Thepos-
itive effect of higher grandmother tempera-
ture on locomotor performance lasted these
three generations.

Early thermal variability may also affect
growth and survival of fish (Hokanson et al.
1977). For instance, Pisano et al. (2019)
showed that recently hatched brook trout
S. fontinalis reared at either constant or fluc-
tuating temperatures with the same mean
(107C) differed in survival and growth.
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Variability influenced survival positively and
growth negatively relative to stable thermal
conditions. They interpreted this in the con-
text of Jensen’s Inequality saying that perfor-
mance at average conditions is unequal to
average performance across a range of con-
ditions andwill depend onwhether the func-
tional relationship between performance and
temperature is convex or concave (e.g., Ruel
and Ayres 1999). However, virtually nothing
appears to be known about effects of variable
versus constant prehatching temperatures in
fish.

Polymorphism and polyphenism (two or
more distinct phenotypes produced by the
same genotype) occurs in several fish species.
For instance, among salmonidfishes there are
differently sized sympatric forms in Arctic
charr Salvelinus alpinus ( Jonsson and Jonsson
2001), whitefishes Coregonus spp. (Bernatchez
et al. 2010), and brown trout S. trutta (Fergu-
son and Taggart 1991; Ferguson and Prodöhl
2022). Sympatric phenotypes often occur in
pairs exhibiting a large and a dwarf form,
and sometimes there are more than two sym-
patric forms of the same species (Snorrason
et al. 1994).Themorphdifferentiation is partly
inherited (Hindar and Jonsson 1993) and,
in several cases, clear genetic underpinnings
of morph differentiation have been demon-
strated (Bernatchez et al. 2010) along with sig-
nals of the divergence history (e.g., Rougeux
et al. 2017).However,differences inegg incuba-
tion temperature may also lead to phenotypic
differentiation.

In a German lake, two forms of European
whitefish Coregonus lavaretus segregate verti-
cally and show metabolic adaptations to, as
well as behavioral preferences for, different
temperatures. Steinbacher et al. (2017) re-
vealed that the two forms diverged by incu-
bating embryos at either 2 or 67C (i.e., the
typical temperature during embryogenesis
of the two). Both groups of offspring were
reared and subjected to similar thermal
treatments after hatching. The offspring dif-
ferentiated in body size and muscle growth
depending on the egg incubation tempera-
ture; fish incubated at 27C grew larger than
those at 67C, regardless of whether their par-
ents were large or small whitefish. Results
also demonstrated that muscle hypertrophy

(increased fiber size) and hyperplasia (in-
creased fiber number) were similarly affected
by thermal histories. Immunolabeling pro-
vided evidence that the cellular mechanisms
leading to increased growth after cold incu-
bation in both ecotypes were increased prolif-
eration and reduced differentiation rates of
muscle precursor cells, most probably asso-
ciated with epigenetic differences. Similar dif-
ferences in egg incubation temperatures may
initiate polyphenic variation also in other sal-
monids. According to Scott and Johnston
(2012), thermal plasticity arises through
changes in physiological and endocrinologi-
cal pathways, in which epigenetic gene regu-
lation is likely to play an essential role.

Some fish populations are facultatively mi-
gratory ( Jonssonand Jonsson1993), andearly
growth influences whether afish becomesmi-
gratory or not. Migratory white perch Morone
americana tend to originate from slow-grow-
ing, early spawned egg cohorts and residents
from later spawned, faster developing individ-
uals (Kerr and Secor 2010). Possibly, the mi-
gratory propensity is controlled by an early
threshold switchpoint that determineswhether
a migratory or a resident phenotype is ex-
pressed, and growth during early life may in-
fluence the choice made. Decisions about
migration, however,may be also taken at later
occasions dependingon the energetic state of
the individuals as reported for brown trout by
Forseth et al. (1999).

amphibians

Temperature has a direct effect on the
rate of development, growth, and life history
of amphibians such that tadpoles growmore
slowly when incubated from the egg stage in
colder water (Darrow et al. 2004; Seebacher
and Grigaltchik 2014; Goldstein et al. 2017).
This parallels the fact that populations at
higher altitudes and latitudes have a longer
larval period, are larger at metamorpho-
sis and at adulthood, older at maturity, and
produce fewer but larger clutches per year
(Morrison and Hero 2003). However, the
embryo temperature does not seem to have
any effect on growth rate in later develop-
mental stages.
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reptiles

Egg incubation temperature during em-
bryonic development can affect lizard growth.
Bearded dragon lizards Pogona vitticeps grew
faster during 18 weeks posthatching when
eggswere incubatedat 277C than307C(Siviter
et al. 2017, 2019; Table 3).

In some cases, a factor in addition to tem-
perature can influence offspring success. For
instance, in some viviparous reptiles, such as
McCann’s skink Oligosoma maccanni, growth
rates and phenotypes of hatchlings vary both
with thermal conditions and basking oppor-
tunities during theovarian cycleof themothers
(Hare and Cree 2010). Maternal pregnancy
success at the same temperature was lower
and offspring slower growing and smaller
when basking opportunities were constrained,
suggesting long-term influences on popula-
tion dynamics of the basking, possibly related
to effects of the ultraviolet light of the sun. Im-
portantly, the latter could partly explain why
body size and growth in this species differ
with latitude and time of nesting season in
some reptiles (Stubbs and Mitchell 2018;
Bodensteiner et al. 2019).

Cuban rock iguanas Cyclura nubila were
studied as long as 14 months posthatching.
Also in this species higher embryo tempera-
ture increased later growth (Alberts et al.
1997). In Madagascar ground geckos Paroe-
dura pictus, high embryo temperatures de-
creased the preferred temperature of the
hatchlings (Blumberg et al. 2002). However,
many of the changes measured for hatch-
lings may not proceed to the adult stage.
For instance, egg incubation temperature
did not influence thermal tolerance of adult
brown anoles Anolis sagrei (Gunderson et al.
2020). Overall, few studies have evaluated
the effects on subsequent adult phenotypes
needed to estimate the fitness gain of the
plasticity, which is important when evaluat-
ing possible effects of, for example, climate
change (Mitchell et al. 2018; Noble et al.
2018).

Phenotypic Effects of Predators

Predator-prey interactions are a central
theme in ecology because removal of prey

has major effects on the function of ecolog-
ical systems. However, there are also impor-
tant nonconsumptive effects on prey that
reduce the likelihood of being detected,
captured, and eaten (Lima 1998) and influ-
ence prey density and fitness (Peacor et al.
2020; Wirsing et al. 2021). Phenotypic ef-
fects are changes in shape and mobility that
make the prey more difficult to consume
and/or increase the mobility helping them
to escape. Also, increased rate of growth
helps prey to exceed the gape size limita-
tions of a predator. Predation is often stron-
gest shortly after hatching (Elliott 1994),
and cues experienced at the embryo stage
can initiate the full suite of prey responses
mentioned above. In some cases, maternal
prey recognition can trigger similar reac-
tions with effects across generations. Al-
ready during embryogenesis, many species
have an innate ability to recognize predator
cues (Bestion et al. 2014). A large literature
quantifies prey plastic responses on body
shape, life history, physiology, and behavior
in relation to predator cues, which we review
in more detail below.

fish

Early exposure to predators can influence
body shape of potential prey improving pre-
dator avoidance behavior (Table 4). For
instance, fry shorter than 12mmof both east-
ernmosquitofishGambusia holbrooki andwest-
ern mosquitofish Gambusia affinis responded
phenotypically to early predator cue expo-
sure of largemouth bass Micropterus salmoides
by developing more streamlined and hydro-
dynamic body shape and wider caudal area
(Arnett and Kinnison 2017). This led to
stronger propulsion effect and less drag
when swimming, positively affecting move-
ment efficiency and improving opportunities
to avoidpredator threats. The behavior of the
prey species differed, however, as western
mosquitofish became bolder and were more
plastic in this trait when exposed to early cues
ofpredators as compared toeasternmosquito-
fish that became shyer. Possibly, bolder be-
havioral types may be more plastic in their
behavioral tendencies in thepresenceofpred-
ators (Thomson et al. 2012).
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Male fathead minnows Pimephales promelas
change theirmorphology in response to pre-
dation risk. With early alarm cue exposures
males develop deeper heads and bodies,
shorter caudal peduncles and tails, and lon-
ger dorsal fin basis (Meuthen et al 2019).
Furthermore, Kusch and Chivers (2004)
showed that fathead minnow embryos that
were exposed to cues of predatory crayfish,
hatched earlier so they could seek shelter
and, by that, reduce predation risk. However,
early hatching involves a cost by reducing
developmental time within the egg. Embryos
responded differently to different kinds of
predators. If embryos were exposed to adult
alarm cues, they did not exhibit early hatch-
ing as they did when exposed to embryo pre-
dator cues. This demonstrates ontogenetic
specificity in the hatching response of em-
bryonic minnows (Horn and Chivers 2021a).
Furthermore, embryonic exposure to one of
three different concentrations of an alarm
cue (skin from adult fathead minnows) were
paired with the odor of predatory northern
pike. Then the offspring were tested after be-
tween 102 and 319 days, and juvenile fish
from all three groups responded to the pred-
ator odor by reducing their movements
(Horn and Chivers 2021b). However, only
those exposed to the highest concentra-
tion of the alarm cue increased their shelter
use. These responses were maintained over
at least 10 months and show that the condi-
tioned juveniles were threat sensitive and
could distinguish between degrees of preda-
tion risk.

Embryonic predator cues can also induce
increased growth at the juvenile stage, but
this may decrease adult body size as reported
from a study on threespined stickleback (Bell
et al. 2011). Juveniles exposed to predator
cues early grew faster initially, but matured
younger and therefore smaller when exposed
to cues of predatory rainbow trout O. mykiss
(Table 4). The increased early growth of ju-
venile sticklebacks appeared adaptive be-
cause larger juveniles were more likely to
escape predation and, hence, were expected
to surpass the the gape limitation of the
predator sooner. Early growth stagnation
and smaller adult size may be a cost of rapid
growth and development (Bell et al. 2011).

Other species may grow larger in the pres-
ence of gape-limited predators. For example,
crucian carpCarassius carassius reared inwater
with olfactory cues of predatory northern
pike Esox lucius developed larger and deeper
bodies that sooner exceeded the gape-size
limitations of the pike (Brönmark and Pet-
tersson 1994). Deeper bodies are also bene-
ficial by producing more thrust that increases
bursting abilities of the crucian carp (Dome-
nici et al. 2008). On the other hand, deep-
bodied fish experience higher drag, and
therefore experience an energetic disadvan-
tage during cruising compared with more
shallow-bodied fish (Webb 1984). Thus, plas-
tic responses in morphology may enhance
the survival of prey species occurring in sym-
patry with predators at the cost of higher en-
ergy use when swimming. It is not known,
however, at which stage crucian carp are sen-
sitive to cues of northern pikes.

Predator stress can influence egg size
transgenerationally. When maturing female
threespined sticklebacks were exposed to the
threat of predation, they produced larger
eggs with higher cortisol content, which
consumed more oxygen shortly after fertili-
zation compared with untreated control fish
(Giesing et al. 2011). As juveniles, the off-
spring of predator-exposedmothers exhibited
tighter shoaling behavior, which is an anti-
predator tactic. The higher cortisol content
may give the offspring a metabolic advan-
tage, and larger eggs have a positive effect
on fry feeding and swimming abilities. This
may give fry a survival advantage in a high
predation environment. However, there is
a tradeoff between size and number of eggs
( Jonsson and Jonsson 1999). With larger in-
vestments in each egg, there will be fewer
eggs produced. In parallel, predator cues per-
ceived by the mouth brooding, striped goby
Eretmodus cyanostictus produced larger and
heavier eggs with more yolk, but smaller
clutches than conspecific females without
prior predator experience (Segers and Ta-
borsky 2012). Apparently, the mothers pre-
pared their offspring for challenges that
they might meet after birth by adjusting the
amounts of yolk serving as food for the larvae.
Thereby, they increase the size of the off-
spring at the commencement of external
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TABLE 4
Examples of how predator cues affect the development of morphological

and life-history traits of fish and amphibians

Taxonomic
group

Affected
species

Predators Traits changed References

Fish Eastern mosquitofish Largemouth bass Slenderer body, wider
caudal peduncle, males
smaller gonopodium,
personality changed

Arnett and Kinnison (2017)
Gambusia holbrooki; Micropterus salmoides;
Western mosquitofish bluegill sunfish
G. affinis Lepomis macrochirus
Fathead minnow Crayfish, skin of adults; Deeper body, shorter

caudal peduncle and tail
fin, longer dorsal fin
base in males, and
behavioral changes

Kusch and Chivers (2004);
Meuthen et al. (2019);
Horn and Chivers
(2021a,b)

Pimephales promelas northern pike
Esox lucius

Crucian carp Northern pike Deeper bodies Brönmark and Pettersson
(1994)Carassius carassius Esox lucius

Guppy Millet Offspring smaller at birth Monteforte et al. (2020)
Poecilia reticulata Crenicichla alta
Threespined stickleback Rainbow trout Offspring with faster

growth of juveniles,
younger and smaller
adults, larger eggs,
changed social behavior

Bell et al. (2011); Giesing
et al. (2011)Gasterosteus aculeatus Oncorhynchus mykiss

Striped goby cichlid Hore’s haplo Offspring with larger eggs,
smaller egg clutches

Segers and Taborsky (2012)
Eretmodus cyanostictus Ctenochromis horei
Daffodil cichlid Reduced predation risk by

introducing guarding
helpers

Offspring with smaller
eggs, they are less
neophobic toward novel
objects

Taborsky et al. (2007);
Bannier et al. (2017)Neolamprologus pulcher

Damselfish Coral trout Offspring with increased
heart rates

Atherton and McCormick
(2020)Acanthochromis

polyacanthus
Plectropomus leopardus

Amphibians Red-eyed treefrog Nicaraguan mosquitofish Larvae developed deeper
tail muscles and fins, and
darker pigmentation

Touchon and Wojdak
(2014)Agalychnis callidryas Gambusia nicaraguensis;

globe skimmer
Pantala flavescens;
hemipteran
Belostoma sp.

Streamside salamander Flatworms Delayed hatching Sih and Moore (1993);
Moore et al. (1996)Ambystoma barbouri Phagocotus gracilis;

green sunfish
Lepomis eyanellus

Ringed salamander Cannibalistic ringed
salamander larvae

Reduced activity and
greater shelter-seeking
behavior

Mathis et al. (2008)
Ambystoma annulatum

Green frog Freshwater leech Accelerated or delayed
development and
hatching depending
on the predator type

Schalk et al. (2002);
Ireland et al. (2007)Rana clamitans Macrobdella decora;

freshwater leech
Nephelopsis obscura;
nymphs of Aeschna

canadensis
Gray treefrog Nymphs of Aeschna;

crawfish Cambarinae;
Slower development and

smaller larvae
Smith et al. (2005)

Hyla versicolor
freshwater leech
Euhirudinae

continued
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feeding. This should improve their likelihood
of survival, as predation risk is highest when
they start external feeding. Similarly, in the
daffodil cichlid Neolamprologus pulcher, moth-
ers adjusted egg size according to selective
forces offspring might experience (Tabor-
sky et al. 2007). When offspring were cared
for by parents or alloparents (individuals
that are not biological parents but under-
take parental tasks), protection reduced the
predationriskof theoffspring,and themoth-
ers reduced their investment in yolk per egg
(Table 4).

Recently, Atherton andMcCormick (2020)
provided evidence of transgenerational pred-
ator recognition. Breeding damselfish A.
polyacanthuswere subjected to treatment with
cues of predatory coral trout Plectropomus leo-
pardus. In response to the exposure of the

predator cues of the parents, the offspring
exhibited a mean increase in heart rate two
times higher than that of offspring from un-
treated parents in the control groups. Pos-
sibly, the heart rate increase prepared the
offspring against predator attacks. On the
other hand, there are also examples showing
that predator-exposed mothers can give off-
spring a disadvantage. Guppies (P. reticulata)
are live bearers and, in the presence of pred-
ators, females reduce the time from egg fer-
tilization to parturition (Evans et al. 2007),
resulting in smaller offspring (Monteforte
et al. 2020). By that, the females increase their
own likelihood of survival, but they produce
smaller offspring with impaired locomotor
skills. This may be a stress reaction caused by
the predation threat during gestation. Thus,
there are differences across species as to

TABLE 4
Continued

Taxonomic
group

Affected
species

Predators Traits changed References

Agile frog Emperor dragonfly Hatched smaller
and later with
stronger antipredator
response

Gazzola et al. (2015)
Rana dalmatina Anax imperator

American toad Green darner Hatched earlier, were less
developed, and more
so in presence of
pathogenic water molds
(Saprogegniaceae)

Skelly and Werner (1990);
Wilbur and Fauth
(1990); Touchon et al.
(2006); Watkins and
Vraspir (2006); Smith
et al. (2009)

Anaxyrus americanus; Anax junius;
eastern newt

Wood frog Notophthalmus viridescens;
Rana sylvatica pathogenic water molds

Saprogegniaceae
Common frog Freshwater leech Population-specific effects

on body proportions,
developmental rate, and
size at hatching

Laurila et al. (2002);
Orizaola et al. (2013)Rana temporaria Haemopis sanguisuga;

Nymphs of Aeshna spp.;
Threespined stickleback
Gasterosteus aculeatus

Reptiles Common lizard Green whip snake Offspring had longer
tail relative to body
length, selected lower
temperatures, and
dispersed more

Bestion et al. (2014)
Zootoca vivipara Hierophis viridiflavus

Scincid lizard White-lipped snake Offspring were heavier,
had longer tails relative
to body length, and were
more sensitive to snake
odor

Shine and Downes (1999)
Pseudemoia pagenstecheri Drysdalia coronoide
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whether predator cues produce a positive or
negative phenotypic effect on the offspring.

amphibians

Predator cues adaptively change morph-
ology and behavior of amphibians (Table 4).
Chemical cues indicative of predator pre-
sence exposed to eggs may change behaviors
of tadpoles. For instance, afterhatching, ringed
salamanders Ambystoma annulatum showed
reduced activity andmore pronounced shel-
ter-seeking behavior (Mathis et al. 2008),
whereas larvae that had not been exposed
to similar predator cues at the egg stage
did not show similar avoidance behavior.
Thus, “negative” experiences at the egg stage
appear to prone the offspring for a more
adequate behavior after hatching in a more
risky environment.

Darker coloration camouflaging the tad-
poles appears tobea general response topre-
dator cues in Hyla spp. (Kruger and Morin
2020). Furthermore, morphological changes
are observed in tadpoles when the eggs are
incubated in water with predator cues. Tad-
poles of the common European frog Rana
temporaria developed shorter bodies and
deeper tail fins when they, as eggs, were ex-
posed to diving beetle Dytiscus marginalis lar-
vae (Laurila et al. 2001). Similarly, red-eyed
treefrog Agalychnis callidryas tadpoles devel-
oped deeper tail muscles and larger fins
and became darker in coloration when ex-
posed to cues of fish predators at the egg
stage (Touchon andWojdak 2014). However,
the tadpoles altered morphology to a lesser
degree when exposed to dragonfly naiads or
waterbugs than to fish, indicating that am-
phibians can distinguish between the severity
of threats and respond accordingly.

The phenology of amphibian prey may
also change when predator cues are present.
For instance, egg hatching time can change
according to perceived predation risk. Egg
hatching in streamside salamanders Amby-
stoma barbouri was delayed in response to
chemical cues offlatworms that prey on larvae
but not on eggs (Sih and Moore 1993; Moore
et al. 1996). With later hatching, the embryos
were more developmentally advanced, mak-
ing the larvae better able to escape preda-

tors. The embryos also delayed hatching in
response to cues of sunfish (Centrachidae)
that prey on salamander larvae. In someother
cases, however, eggs hatched earlier in the
presence of predator cues. Offspring of the
red-eyed tree frog A. callidryas, which has
their eggs attached to tree branches hang-
ing out over water, hatched early when they
are attacked by snakes, and the tadpoles es-
caped by rapidly falling into the water below
(Warkentin 1995, 2005). Incidental acoustic
and vibrational cues generated by predator
attacks induced hatching, and the embryos
distinguished between vibrations caused by
predators and other environmental occur-
rences (Caldwell et al. 2009). The aquatic
predators were less effective in predating
tree-frog larvae than the arboreal snakes. The
earlier hatched larvae experienced higher
mortality posthatching (Willink et al. 2014),
but faster growth to metamorphosis, and
they left the water with longer tails. This at
least partly compensated for being younger
and smaller at hatching (Touchon et al.
2013; Touchon andWojdak 2014). Similarly,
embryos of American toadsAnaxyrus america-
nus hatched early in response to chemicals
from crushed conspecific eggs, a putative cue
of predation (Skelly andWerner 1990; Wilbur
and Fauth 1990). Furthermore, presence of
green darner Anax junius (Aeshnidae) larvae
and predatory eastern newt Notophthalmus vir-
idescens had a similar effect on the American
toad. In parallel, wood frog embryos hatched
early in response to predatory mosquitofish
(Watkins and Vraspir 2006), whereas green
frog embryos accelerated hatching in re-
sponse to cues from an egg-eating leech and
delayed hatching in response to cues from a
dragonfly that preys on tadpoles but not on
eggs (Ireland et al. 2007). In other cases,
hatching is delayed in response to predator
cues as, for instance, in green frogs Rana
clamitans (Smith et al. 2015) and agile frogs
Rana dalmatina (Gazzola et al. 2015).

Predator risks can also induce size effects
on the prey. In the gray treefrog Hyla ver-
sicolor, tadpoles were smaller when exposed
to cues of various invertebrate predators
during embryogenesis, and when cues of
predatory leeches were used, the tadpoles
were both smaller and older at hatching
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(Smith et al. 2005). Furthermore, agile frog
tadpoles exposed as embryos to dragonfly
chemical cues (kairomones), were smaller
than the control tadpoles. They showed in-
creased neuronal activity when exposed to
the predator cue 30 days posthatching, as as-
sessed by the frequency of spontaneous
excitatory postsynaptic events. Thefiring rate
of mitral cells was higher among tadpoles
from treated versus untreated control groups.
At the same time, tadpole activity of agile frogs
was reduced because of embryonic predator
cue treatment. But unlike the neural activity,
the defensive behavior appeared adjusted
to the current level of predation risk. If the
predator chemical cues were removed from
the environment, the antipredator behav-
ioral response disappeared. This is probably
because there are costs to pay by the preda-
tor defense behavior (Gazzola et al. 2015).

At the embryo stage, amphibians can ac-
quire additional information about their fu-
ture predators, such as level of threat and
the time of day that ismost dangerous. Ferrari
and Chivers (2010) and Ferrari et al. (2010)
exposed wood frog embryos to different con-
centrations of injured tadpole cues paired
with the odor of predatory tiger salamanders
Ambystoma tigrinumbetween1500and1700hours
for five consecutive days and raised them for
nine days after hatching. Tadpoles that had
hatched from exposed embryos exhibited
stronger antipredator responses to the sala-
mander. Furthermore, responses of tadpoles
were stronger when the tadpoles were ex-
posed to salamander odor between 1500 and
1700 hours than before and after. Thus, the
tadpoles appeared to foresee when the risk
was highest and adjusted the intensity of their
antipredator response accordingly because
of exposure during embryogenesis.

reptiles

Reptile eggs are incubated, oftenburied, on
land and responses to predator cues experi-
enced at the embryo stage appear few if any.
However, fetus-carrying mothers exposed to
predator cues may cause phenotypic effects
in offspring as shown for common lizards (Zoo-
toca vivipara) exposed to the odor of a lizard-
feeding snake (Bestion et al. 2014). Offspring

from predator-exposed lizard mothers grew
longer tails, selected lower temperatures, and
dispersed three times more than offspring
from unexposedmothers. Tail anatomy influ-
ences the ability of lizards to escape the grip
ofpredatorsbybreaking,andwiththetail func-
tioning as a decoy, the lizard can reach a safe
hide (Bateman and Fleming 2009). This is a
widespread antipredator defense amongmost
lizard families (Downes and Shine 2001). In
addition, the increased dispersal propensity
from the risky habitat and moving to a colder
and safer habitat is an antipredatory tactic
suggesting that mothers adjusted offspring
phenotype to enhance their survival in risky
natal environments.

Transgenerationally, odors of predators
may influence offspring development and
size. Shine and Downes (1999) exposed fe-
male viviparous scincid lizards Pseudemoia
pagenstecheri to the scent of sympatric lizard-
eating snakes. This treatment increased the
size of their offspring at birth. The offspring
also had unusually long tails relative to body
length, and became highly sensitive to the
odor of the snakes. The modifications in
bodymass, tail length, and response to snake
scent probably reduced the offsprings’ vul-
nerability to predatory snakes and constituted
a maternal effect on the offspring.

The stress response of the offspring may be
mediatedbyhormonal transfer.Corticosterone
isasteroidhormonethatsurgeswhenthemoth-
ers are stressedbypredators, andcanbeadmin-
istered to animals when simulating predator
attacks (Welberg and Seckl 2001). Injection of
corticosterone to pregnant common lizards
didnotalterthesizeordevelopmentalrateofoff-
spring, but changed their behavioral stress re-
sponse (Uller and Olsson 2006). Offspring of
corticosterone-treated mothers spent a longer
time in shelter after predator attacks than off-
spring of untreatedmothers. Thus, differential
steroid exposure during development, possi-
bly mediated as a maternal stress response,
may explain some of the variation in behavior
among individuals in natural populations.

epigenetic mechanisms

In the preceding sections we have reviewed
different categories of knock-on effects in a
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range of vertebrate organisms. For the most
part, however, knowledge of themechanistic
underpinnings remain scarce. Epigenetic fac-
tors are strong candidates underlying several
observed knock-on effects. This would essen-
tially follow the route that environmental
factors lead to epigenetic imprints that sub-
sequently affect expression of genes, which
ultimatelymodulates phenotypes. Epigenetics
encompasses a number of mechanisms in-
cluding, but not restricted to, methylation,
histonemodifications,andmicroRNAs(miRNAs)
that may have later appearing phenotypic
effects (Dupont et al. 2009; Anastasiadi et al.
2021b).Thesemechanisms themselves can in-
teract. For instance, miRNA, short sequences
ofRNA, interferewithmessengerRNA(mRNA)
thereby affecting gene expression, but miRNAs
can themselves be regulated by methyla-
tion of CpG islands (Wang et al. 2013).
Hence, whereas significant progress has been
made, the mechanistic background of epi-
genetics is complex and much remains to be
learned.

There is evidence that phenotypically plas-
tic adaptations can bemediated by epigenetic
mechanisms (Schlichting and Wund 2014;
Vogt 2017), and there are numerous exam-
ples demonstrating that epigenetic imprints
are affected by environmental conditions
(Heijmans et al. 2008; Lea et al. 2016; Ver-
hoeven et al. 2016). Yet, whereas methy-
lation scans surveying the full or reduced
representations of the genome can be read-
ily applied for studying general epigenetic
patterns in different ecological settings (e.g.,
Le Luyer et al. 2017; Ryu et al. 2018), it is
highly challenging to associate specific traits
with specific methylated genomic regions.
Le Luyer et al. (2017) were able to identify
candidate genes with putative functions that
were associated with general epigenetic re-
sponses of salmonids to hatchery or wild en-
vironments, but not specific traits. Similarly,
Ryuetal. (2018)analyzedgenome-widemethy-
lation in the coral reef fish A. polyacanthus
and identified candidate genes associated
with different temperature regimes but not
traits. A third example involves theAmerican
eelAnguilla rostrata, which is panmictic (Côté
et al. 2013) and at the same time shows con-
siderable morphological and life-history var-

iation. Côté et al. (2014) analyzed global
gene expression (6144 expressed sequenced
tags) in eels from different localities and ob-
served significant differences in expression
under different experimental, environmen-
tal conditions, even translating into different
reaction norms of individuals from different
sites. Given the panmictic status of the spe-
cies, this suggests phenotypic plasticity and
an underlying epigenetic background (and/
or selection at specific genes in early life stages),
although the specific phenotypic traits affected
by this areunknown. Finally, a noteworthy ex-
ample potentially reflecting knock-on effects
was reported by Anastasiadi et al. (2021a).
They exposed juveniles of European sea bass
(D. labrax) to a simulated marine heat wave
and demonstrated that this resulted in differ-
ential methylation at a number of genes rela-
tive to a control group. Moreover, for some
genes differential methylation also led to dif-
ferential expression, hence suggesting that this
could have important phenotypic effects.
When seen in conjunctionwith a previous pa-
per by the same authors (Anastasiadi et al.
2017), showing alteredmuscle andorgan for-
mationalongwithDNAmethylationandgene
expression changes resulting from exposing
larvae to a 27C increase in temperature, then
this comes close to bridging the gap between
changesatepigenomicandphenotypic levels.

The current general lack of associating
epigenomic scans with specific traits is akin
to the complexities of identifying the genetic
architecture of complex phenotypic traits.
Whereas in the latter case efficient methods
for genome-wide association studies (GWAS)
has led to significant progress (Tam et al.
2019), this requires large sample sizes and re-
mains costly. Using related approaches for as-
sociating traits with epigenetic markers is
therefore presently mostly realistic for a few
model organisms. Therefore, most progress
in identifying the epigenetic background of
phenotypic traits has been made in cases
where candidate genes affecting the specific
traits were already known. Below we highlight
some examples where themolecular mecha-
nisms underlying knock-on effects have been
studied and where epigenetic factors may ul-
timately be involved. It should be noted that
the examples represent within-generational
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exposure to environmental cues that then
modulate phenotypes later in life. Transgen-
erational epigenetic imprints, in contrast,
are generally poorly documented in verte-
brates. It is the current view that at least in
mammals and presumably other vertebrates
methylationundergoes extensive reprogram-
ming in the germline precluding transgen-
erational transfer of methylation imprints;
however, this view may be up for revision
(Anastasiadi et al. 2021b).

sex differentiation

Environmental sex determination is hor-
mone dependent. The sex can be changed
by modulating the activity of steroidogenic
enzymes affecting the hormonal environ-
ment of the embryo ( Janzen 1994). In TSD,
the gene expression is thermally sensitive
in a short period during embryogenesis
(Yntema 1976, 1979; Valenzuela et al. 2003,
2006). The steroid hormones, estrogens in
females and 11-oxygenated androgens in
males, regulate key physiological steps of
gonadal sex differentiation (Baroiller and
D’Cotta 2000). The temperature-sensitive cy-
tochrome P450-aromatase enzyme catalyzes
the estrogen biosynthesis and feminization
by conversion of androgens to estrogens.
Thus, changes in sex ratios of populations
are mediated by changes in gonadal aroma-
tase gene expression. Can epigenetic factors
ultimately explain these mechanisms? A re-
cent study by Ge et al. (2018) on the red-
eared slider turtle T. scripta has revealed the
molecular mechanisms, which implies a
strong role of epigenetics. Here, a tempera-
ture-sensitive epigenetic regulator histone
demethylase KDM6B affects methylation/
demethylation in the promotor of the sex-
determining gene Dmrt1.

In fishes, aromatase gene expression is re-
sponsible for the balance between andro-
gens and estrogens in the gonads (Guiguen
et al. 2010). The aromatase gene is down-
regulated by masculinizing temperature
treatments, but may not be fully inhibited
(Piferrer et al. 2019).Masculinization at high
temperatures has been ascribed to stress and
elevated cortisol concentration during go-
nadal sex differentiation (Yamaguchi et al.

2010). Cortisol may promote the level of the
androgen 11-ketotestosterone and thereby in-
duce themasculinization as demonstrated for
Argentinian silverside Odontesthes bonariensis
(Fernandino et al. 2012). For Atlantic silver-
side, Blázquez and Somoza (2010) suggested
that an aromatase enzyme encoded by the
cyp19a1b gene can convert testosterone
to 17b-estradiol, and by that control testis
differentiation. There is evidence that DNA
methylation in sexually dimorphic gene pro-
moters of aromatase (cyp19a1a) is involved in
TSD. Hence, in European sea bass Navarro-
Martín et al. (2011) identified two of seven
CpG loci in the cyp19a1 promotor that were
temperature sensitive, and thermal sex de-
termination appeared partly mediated by
changes in the methylation level of the aro-
matase promoter. In experiments it was
found that at high temperatures, juvenile
males had double the DNA methylation lev-
els of females in the promotor region of the
gonadal aromatase (Navarro-Martín et al.
2011). Exposure to high temperatures in-
creased the promotor methylation levels in-
hibiting the development of the ovaries.
Later, more species have been tested, and
mean DNA methylation levels of this gene
were less than 50% in ovaries and greater
than 75% in testes (Piferrer et al. 2019). Thus,
there was higher expression of cyp19a1a in
ovaries than in testes. Furthermore, DNA
methylation levels of the Dmrt1 encoding the
doublesex and mab-3 related transcription
factor 1 were approximately 30% in ovaries
and less than 10% in testes, also in accordance
with higher expression of Dmrt1 in testes than
in ovaries (Herpin and Schartl 2011). Thus,
there are inverse relationships between the
DNA methylation and expression levels in
these two genes (Piferrer et al. 2019). There-
fore, they have been used as sex markers in
turbot Scophthalmus maximus (Ribas et al.
2016) andmedaka (Herpin and Schartl 2011).

It should be noted that methylation of
other genes may also play a role in environ-
mental sex determination (Piferrer et al.
2019), and histone modifications could be
also involved. For instance, histone deacetyla-
tion appears involved in the sex differentia-
tion of rice eels Monopterus albus (Zhang
et al. 2013). For painted turtles, several genes
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involved in DNA methylation (Dnmt3b) and
histone methylation (Nsd1, Setd1a, Carm1,
Prmt1, Ash1l, and Prdm2) appears differen-
tially regulated between male and female
producing temperatures (Radhakrishnan et al.
2018).

phenotypic plasticity in other traits

As an effect of embryo temperature, Scott
and Johnston (2012) observed differences in
later expression of individual genes involved
in energymetabolism, cell stress, andmuscle
contraction that influenced the reaction
norm for growth of zebrafish. The thermal
plasticity arose through changes in a multi-
tude of physiological and endocrinological
pathways, in which epigenetic gene regula-
tion is likely to play an essential role, as also
demonstrated for Senegalese sole where
higher egg incubation temperatures enhance
themRNAabundanceof thyroid-relatedgenes
and of a retinoic acid-degrading enzyme, in-
fluence growth performance, and initiate
metamorphosis (Carballo et al. 2018). There
was also a change in the expression of DNA
methyltransferases as well as histone modifi-
cations at hatching. In this species, incuba-
tion temperature modulates embryogenesis
and later development and growth through
endocrinological changes. There is an inverse
relationship between DNA methylation and
embryo temperature that may silence gene
transcription(Simonetet al. 2013).Note,how-
ever, that this represents an example of asso-
ciating traits with general epigenetic factors
without strictly identifying specific genes and
mechanisms, as is also the case for several of
the following examples.

Burgerhout et al. (2017) studied body
growth of Atlantic salmon developed from
embryos incubated at 47 and 87C until the
embryonic “eyed-stage” followed by rearing
at the production temperature of 87C. The
warm-incubated 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 expres-
sion was approximately four- to sixfold higher
in the fastest growing group treated with
heated water than in the other groups. The
fast growth was associated with relative low

DNA methylation levels. Thus, DNA methyl-
ation appears to play a major role in pheno-
typic plasticity in structural muscle growth.

Temperature influences the intensity of
DNA methylation, and it occurs more abun-
dantly in polar than in tropical and temper-
ate marine species (Kakutani 2002; Varriale
and Bernardi 2006). The latter authors also
reported that Antarctic icefishes (Channich-
thyidae) 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 function-
ing for ecological traits (Simonet et al. 2013).
Morán and Pérez-Figueroa (2011) hypothe-
sized that an environmentally inducedmeth-
ylation pattern of the genome, which alters
its transcriptional properties, can induce
maturation of young male Atlantic salmon
(parr), hence being the basis for male size
dimorphism of this species. Furthermore,
in Atlantic cod Gadus morhua, an increase
of 47C during egg incubation resulted in
changes in DNA methylation pathways and
the expression of genes involved in 1-carbon
metabolism (Skjærven et al. 2014). Baerwald
et al. (2016) reported that DNAmethylation
was associated with smolt-transformation in
rainbow trout O. mykiss. Similar to some oth-
er salmonids like, for example, brown trout,
this species exhibits populations consisting
of both anadromous and nonanadromous
phenotypes.

Metzger and Schulte (2018) investigated
phenotypic plasticity of threespined stickle-
backs and its underlyingmolecular processes.
They found that gene expression changed in
response to temperature during early devel-
opment, and that this could be observed in
the muscle transcriptome of adults. Han
et al. (2016) reported that the DNA methyl-
ation level of the genome increased after
short-termexposure (five days) and decreased
after long-term exposure (30 days) in cold
water (187C) relative to similar exposures in
warmwater (287C). In all, 21%ofDNAmeth-
ylation peaks were differentially affected by
cold relative to warm treatments of zebrafish.
Methylation of genes involved in multiple
cold responsive biological processes were sig-
nificantly affected, such as the antioxidant
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system, programmed cell death (apoptosis),
chromatin modification, and immune system
development. These processes are responsive
to cold stress through regulation of DNA
methylation, possibly in concert with histone
modifications (Han et al. 2016).

MicroRNAs are substantial contributors
to regulatory networks of development and
adaptive plasticity ( Jaenisch and Bird 2003;
Campos et al. 2014). Experimentally, this
was exemplified by Campos et al. (2013),
who incubated Senegalese sole embryos at
157 or 217C until hatching, and then reared
the fish at a common temperature of 217C.
The higher incubation temperaturewas asso-
ciated with expression of some miRNAs pos-
itively related to growth during segmentation
andathatching.Theexpressionof themiRNAs
was involved in lipid metabolism and energy
production that differed between the tem-
peratures. Furthermore, Bizuayehu et al.
(2015) reported that temperature shifts dur-
ing early ontogeny (embryonic and larval de-
velopment) affected the miRNA repertoire
of Atlantic cod with long-term consequences
in the miRNA profile. Long-term effects of

embryonic incubation temperature were ob-
served regarding expression of somemiRNAs
in juvenile pituitary glands, gonads, and liver.
Bizuayehu et al. (2015) concluded that in-
creased sea temperature seemed to affect
the life history of Atlantic cod. Thus,miRNAs
may play a role in temperature-induced phe-
notypic plasticity of growth and life-history
traits of at least some fishes. However, there
is still little knowledge about themechanisms
regulating environmental effects during early
life on later emerging traits.

Discussion

similarities and differences between

fish, amphibians, and reptiles

Fish,amphibians, andreptiles areectother-
mic, andmost have eggs that develop outside
the body of the mother. Therefore, environ-
mental influences on embryos are many and
strong. Among themost conspicuous similar-
ities are findings that embryo temperature
and predator threats influence the morphol-
ogy of all three groups reviewed (Table 5).
However, whether warmer temperature or

TABLE 5
Effects of embryo temperature and predator cues early in life affecting morphological,

ecological, behavioral, and physiological characters later in life

Environmental influence Character affected Fish Amphibians Reptiles

Embryo temperature Sex determination + +
Body shape, color, and size + + +
Length of appendages + +
Growth rate + +
Polyphenism +
Eggs and gonad size +
Metabolic rates + + +
Thermal tolerance +
Muscle development +
Immune response +
Thermal preference and tolerance +
Antioxidant capacity +
Behavioral decisions +
Locomotor performance + + +
Learning performance +

Predator cues Body shape and size + + +
Developmental rate + +
Egg size +
Hatching time and developmental rate +
Neural response +
Transgenerational influence + +

For references, see the text.
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increased predator risk lead to more stream-
lined body shapes and longer appendages
or vice versa vary. Color changes are typically
associated with daylight camouflage against
predators, and themorphological alterations
appear associated with locomotor perfor-
mance and predator defense. We hypotheze
that these changes depend on the environ-
mental cue; for instance, whether the organ-
ism expects to encounter fewer or more,
larger or smaller, endothermic or ectother-
mic predators, and what habitat they may use
later on.

Also, metabolic rates of juveniles typically
decrease when the egg incubation tempe-
rature increases. As a knock-on effect, or-
ganisms incubated as embryos in relatively
warm environments prepare for higher tem-
peratures and reduce metabolic rates and
aerobic scopes relative to those incubated
at a lower temperature. This metabolic ef-
fect reduces phenotypic differences between
individuals living at different altitudes or lat-
itudes in agreement with the CGV hypothe-
sis (Levins 1968; Conover 1984). CGV may
be a reflection of local adaptation (Marcil
et al. 2006), but in brown trout, evidence sug-
gests that this is a phenotypically plastic knock-
on effect (Durtsche et al. 2021), and possibly
this is also the case for other species.

The most noticable difference among
groups concerns the lack of TSD in amphib-
ians (Table 5). However, amphibians exhibit
temperature-induced sex reversal, and can
change sex even by small changes in temper-
ature, which may play a similar role as TSD
does for fish and reptiles (Ruiz-Garcia et al.
2021). Another possible reason could be that
embryo temperature may not influence fit-
ness of the sexes differently, as it may do
for some fish and reptiles in accordance with
theCharnov-Bull (1977) hypothesis. Further-
more, inamphibiansembryonic temperature
does not seem to influence growth rate or
length of appendages as it does for fish and
reptiles. Most metamorphosed amphibians
live in a different environment than the eggs
and larvae and, perhaps, egg temperature is a
poor indicator of later climatic conditions for
these species.

Predator cues do not seem to influence
reptiles at the egg stage in contrast to the other

two groups. Eggs of reptiles have harder shells,
are laid on land, and often buried in the soil.
Fish and most amphibians have softer egg
shells, which typically develop in water. There-
fore, reptile embryos may have difficulties in
sensing predator cues. This view is supported
by the fact that hatchlings of viviparous rep-
tiles—where the mothers nourish their em-
bryos directly as, for instance, in scincid lizards
(Shine and Downes 1999) and the common
lizard (Bestion et al. 2014)—show predator
defense behavior as amaternal effect. Infish,
transgenerationally induced predator de-
fense behavior is reported from a few species
with well-developed parental care (Taborsky
et al. 2007; Giesing et al. 2011; Segers and
Taborsky 2012; Atherton and McCormick
2020). We found no examples of transgen-
erational predator defense among amphibi-
ans. To perform studies of transgenerational
effects, animalshave tobe reared for twogen-
erations ormore. Theremaybe few such long-
term experiments with amphibians (Tariel
et al. 2020).

There are a number of traits that are only
discovered in one of the groups. For instance,
in Atlantic salmon there are knock-on ef-
fects in egg size, gonadmass, and the timing
of adult return to the river from the ocean
( Jonsson et al. 2014; Jonsson and Jonsson
2018). In zebrafish, European whitefish, and
Senegalese sole, muscle growth is influenced
by embryo temperature (Scott and Johnston
2012; Carballo et al. 2018). Furthermore,
amphibian larvae may exhibit altered hatch-
ing time, developmental rate, and shelter-
seeking behavior because of predator cue
exposure during embryogenesis (Mathis et al.
2008; Orizaola et al. 2013; Gazzola et al.
2015). These changes may all influence fit-
ness and be favorable if the environmental
change is as predicted by the environmental
cue.

adaptive and nonadaptive change

Theknock-oneffectsmaybeadaptive,non-
adaptive, or even maladaptive relative to the
fitness of individuals. Adaptive effects in-
crease the fitness of organisms andmay ame-
liorate establishment and persistence in new
environments. Adaptive plasticity is favored
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when the environment varies frequently, and
reliable cues inform organisms about what
is happening andhow to respond adequately
(Xue and Leibler 2018).

Developmental knock-on effects initiated
at the embryo stage or as a maternal effect
should occur when the environment varies
predictably, and early environmental condi-
tions are stable indicators of the juvenile or
adult environment they will experience later.
Similar to local adaptation (Kawecki and
Ebert 2004), developmental knock-on effects
should evolve through natural selection in re-
sponse to the environments the offspring are
repeatedly and consistently exposed to over
evolutionary time, and responses to novel or
atypical environmentsmay generally bedisad-
vantageous (Lea et al. 2016). Our ability to
predict how species respond to environmen-
tal change will at least partly depend on our
understanding of knock-on effects (Donelan
et al. 2020).

Nonadaptive plasticity means any plastic,
phenotypic reaction that is not improving
the fitness of organisms, whereas maladap-
tive plasticity is when the plastic reaction re-
duces the fitness of organisms. The latter is
likely to occur in response to extreme tem-
peratures and novel environmental stress
such as influences caused by human-induced
habitat changes, exotic predators, and new
pollutants not present in the evolutionary his-
tory of the species (Levis and Pfennig 2016).
In such cases, organisms can be trapped by
their evolutionary response and make a poor
response to the environmental cue they expe-
rience with reduced fitness as the outcome
(Schlaepfer et al. 2002; Donelan et al. 2020).

Adaptive plasticity should promote estab-
lishment and persistence in a new environ-
ment, but depending on how close the
plastic response is to the new favored pheno-
typic optimum(Ghalambor et al. 2007).Gun-
derson et al. (2017) investigated whether
plasticity in heat tolerance was beneficial or
not. They calculated the number of days pre-
dicted to exceed the heat tolerance limits of
103 ectotherm populations, and found heat
tolerance plasticity reduced the predicted
number of overheating events. The effects
provided greater benefits to amphibians than
to reptiles, but overall plasticity in heat toler-

ance benefited both of these ectotherm
groups. Inmost cases studied, the effect on fit-
ness of developmental knock-on effects is un-
known.

Not all individuals in a populationwill ben-
efit from early initiated knock-on effects. In
fluctuating environments, there is always
the possibility that individuals express a sub-
optimal phenotype, e.g., when environments
differ from what the early cue indicated
(Auld et al. 2010). There are also costs associ-
ated with the ability of being phenotypically
plastic (DeWitt et al. 1998). Such costs have
been suggested in several cases in this review
but, in many instances, the cost is unknown
(Murren et al. 2015).

ecological significance

of knock-on effects

Through phenotypic knock-on effects, or-
ganisms may better cope with directionally
changing conditions ( Jonsson et al. 2005,
2014; Finstad and Jonsson 2012; Jonsson
and Jonsson 2016, 2018). The phenotypic ef-
fects of early environments in Atlantic salmon
is an example where knock-on effects are as-
sumed to be adaptive rather than caused
by some form of developmental stress. Such
changes may be particularly important for
invasive species as they facilitate coloniza-
tion of novel habitats (Vogt 2017; Ardura
et al. 2018). It is assumed that invasive spe-
cies typically exhibit higher phenotypic plas-
ticity than noninvasive species although the
plasticity is not always associated with a fit-
ness benefit, especially when resources are
limited (Davidson et al. 2011; Wang and
Althoff 2019). Also, in cases of indigenous
species where individuals may stray from
their home environment into different envi-
ronments, knock-on effects could be impor-
tant. For instance, in Atlantic salmon, not all
adults return to their home river, as some
stray and end up in a foreign river ( Jonsson
et al. 2003). Because of knock-on effects, the
offspringmay respond to the thermal condi-
tions in the new river, instead of retaining all
traits that were favorable in the river of past
generations.

Knock-on effects prepare offspring for
environmental conditions that they may
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encounter later. This can contribute to ad-
equate responses as it facilitates adaptive
evolutionary reactions to directional change
(Kingsolver and Buckley 2017). This is es-
sential in periods of rapid climate change
(Kelly 2019). Similarly, adaptive plasticity may
prepareorganisms to copewith other changes
as those caused by industrialization and ur-
banization (Alberti et al. 2017).

epigenetic underpinnings

of knock-on effects

In the preceding sections wehave explored
the possibility that epigenetic factors play key
roles in determining knock-on effects. De-
spite a current scarcity of results, particularly
when relating genome-wide methylation pat-
terns to phenotypic traits, we nevertheless
find several convincing cases where methyla-
tion of specific genes is involved in determin-
ing phenotypic traits later in life, particularly
noteworthy in the case of environmental sex
determination (e.g., Navarro-Martín et al.
2011; Ge et al. 2018). As DNA methylation
is sensitive to environmental changes (Anas-
tasiadi et al. 2017), thermal climate (Varriale
and Bernardi 2006), water quality, nutrition,
and environmental structure (Morán et al.
2013; LeLuyer et al. 2017), it does seemplau-
sible that epigenetic imprints represent the
fundamental “bridge” linking environmen-
tal conditions to subsequent change of gene
expression affecting phenotypes later in life.
However, we also caution against ascribing
all knock-on effects to epigenetic mecha-
nisms, particularly due to the unclarified
role of transgenerational epigenetic inheri-
tance in vertebrates (Anastasiadi et al. 2021b).

In a broader perspective, what could be
the longer term evolutionary significance of
knock-on effects? It has been hypothesized
that epigeneticmechanismsmayhave thepo-
tential todevelop intogenetic variationandul-
timately trigger speciation, although evidence
is still meager (Venney et al. 2020). One such
proposed mechanism is “Plasticity First” (e.g.,
Levis and Pfennig 2016), where phenotypic
plasticity leads to a range of phenotypes, some
of which are favored by selection. Over time,

mutations fixing the favored phenotypes ac-
cumulate and, ultimately, the phenotypes
initially resulting from plasticity will have a ge-
netic basis. For example, Smith et al. (2016)
hypothesized that heritable epigenetic marks
that increase fitness should increase in fre-
quency inpopulationsofNorthAmericandart-
ers (Percidae), and that these changes may
result in novel morphology, behavior, physi-
ology and, ultimately, reproductive isolation.

Whereas “Plasticity First” represents a plau-
sible scenario by which phenotypic plasticity
could ultimately turn into genetically based
adaptations, it would be premature to con-
clude that this would be a likely evolutionary
outcome of many knock-on effects. The es-
sence of knock-on effects consists in some-
how sensing the environment, using this as
a cue of the future environment, and modu-
lating the phenotype in order to maximize
fitness. Hence, it is exactly the plasticity that
is adaptively important, with the relative im-
portanceofdevelopmental and/or transgen-
erational plasticity alongwith genetic evolution
being determined by environmental predict-
ability and accuracy of environmental cues
(McNamara et al. 2016).

future research

To better understand the nature of adap-
tive developmental plasticity, more studies
should focus on estimating its costs and ben-
efits for organisms. Early influences can af-
fect the outcome of ecological experiments
and, if not taken into account, can lead to
wrong interpretations of trait differences
among conspecific populations by, for exam-
ple, reporting that differences are genetically
adapted while they in fact are results of early
knock-on effects. Such misinterpretation may
lead to wrong decisions when managing pop-
ulations in changing environments.

Many studies on the effects of thermal in-
fluences have used constant temperatures
in the experiments. This has been criticized
as it does not mimic the situation in natural
settings where temperatures are variable.
According to Usategui-Martín et al. (2019),
incubation temperature regimes influence
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hatchling performances, and temperature
patterns of natural conditions shouldbeused
in laboratory tests of thermal effects. Thus, it
is important that future studies also include
effects of variable orfluctuating temperatures.
Varying temperatures may influence the size
of the thermal effects, but will not change
the fact that incubation temperature influ-
ences later trait development.

Much evidence shows that cues experi-
enced in early life can affect the develop-
ment of phenotypes with consequences for
life in environments encountered at a later
stage. As of yet, however, there are few exam-
ples that actually test if observed changes are
adaptive and improve thefitness of organisms
(and the assumption that they are is still con-
troversial; Bateson et al. 2014). Thus, tests of
whether observed changes are adaptive are
needed, as responses of populations in chang-
ing environments are critical to their per-
sistence. Their capacity to display adaptive
plasticity to changing environments may de-
termine their future success. One may start
by releasing organisms innovel but controlled
environments, and measure phenotypic and
fitness changes of individuals with embryonic
experience from the new environment rela-
tive to those with embryo experience from
the old environment before being transferred
at the time of hatching.

It is hypothesized that environmentally
induced plasticity may facilitate and speed
up the processes of adaptive evolution (e.g.,
Ghalambor et al. 2007; Levis and Pfennig
2016). However, there is still little evidence
exploring the role of plasticity in facilitating
the evolution of natural populations (War-
ner et al. 2010, 2014) and, consequently, an
obvious need for further research.

The understanding of how knock-on ef-
fects influence the development of pheno-
types will in many cases involve epigenetic
processes. Whereas some studies have con-
vincingly demonstrated the role of epigen-
etics in knock-on effects, the whole field of
epigenetics is still in its infancy. Hence, most
studies to date have focused on methylation
of specific candidate genes, whereas whole
genome approaches (e.g., whole genome
bisulfite sequencing) could reveal more com-

plex relationships between phenotypes and
epigenetic determinants. This will likely be
required in order to understand the basis
of phenotypic variation for which molecular
pathways are poorly understood as compared
to, for example, sex determination. We also
reiterate the general need for understanding
the significance and mechanisms of transgen-
erational epigenetic inheritance in vertebrates.

Conclusions

1. Sex of several fish and reptile species is
determined by temperature or some
other environmental cues during early
development.

2. Morphology, life-history, physiological, and
behavioral traits of several fish, amphib-
ian, and reptile species are influenced
through knock-on effects, by temperature
or other environmental factors affecting
offspring during egg, embryonic, or larval
development.

3. Thesephenotypically plastic responsesmay
adapt offspring to function better in an-
ticipated, future environments, and ap-
pear important for species colonizing
novel areas and habitats. Such responses
must also be considered important dur-
ing times of rapid climate or other envi-
ronmental changes.

4. EpigeneticmechanismssuchasDNAmeth-
ylation, histone modifications, or miRNA
may be important for the proposed adap-
tive programming that occurs without
changes in DNA sequences. However, a
deeper epigenomic understanding is re-
quired that goes beyond the currently few
select examples of candidate genes known
a priori.

5. Adaptive knock-on effects may facilitate
evolutionary change and speciation.

6. Future research should investigate mech-
anisms and fitness effects of early envi-
ronmental stimuli, and how these induce
specific phenotypes.
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