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Environments are changing rapidly, and to cope with these changes, organisms have to adapt. Adaptation can take
many shapes and occur at different speeds, depending on the type of response, the trait, the population, and the
environmental conditions. The biodiversity crisis that we are currently facing illustrates that numerous species and
populations are not capable of adapting with sufficient speed to ongoing environmental changes. Here, we discuss
current knowledge on the ability of animals and plants to adapt to environmental stress on different timescales,
mainly focusing on thermal stress and ectotherms. We discuss within-generation responses that can be fast and
induced within minutes or hours, evolutionary adaptations that are often slow and take several generations, and
mechanisms that lay somewhere in between and that include epigenetic transgenerational effects. To understand and
predict the impacts of environmental change and stress on biodiversity, we suggest that future studies should (1)
have an increased focus on understanding the type and speed of responses to fast environmental changes; (2) focus
on the importance of environmental fluctuations and the predictability of environmental conditions on adaptive
capabilities, preferably in field studies encompassing several fitness components; and (3) look at ecosystem responses
to environmental stress and their resilience when disturbed.

Keywords: plasticity; evolution; trangenerational effects; environmental stress

Coping with environmental stress—an
overview

Stressful environmental conditions can be defined
as those that lead to a sharp reduction in fitness.!
Periods of environmental stress such as extreme
temperatures, droughts, or food shortage may wipe
out a population unless it is capable of coping
with these conditions.” There is clear evidence that
many habitats are becoming increasingly stressful
and that anthropogenic global changes, including
altered thermal conditions, are partly responsible
for the increased rates of current and expected
future extinctions.>® As an example of the nega-
tive influence that changed environments may have
on biodiversity, it is expected that 15-20% of all
species will go extinct in the near future due to
climate change.®” There are pronounced geograph-
ical differences in climate change—driven extinction
prognoses; for example, species extinction prob-
abilities seem to be higher at lower latitudes.*¢

doi: 10.1111/nyas.13974

The causes of extinctions are typically multifactorial
and can include several environmental and genetic
factors.”® Environmental stress can reduce popu-
lation sizes dramatically,”!? leading to population
bottlenecks often associated with loss of additive
genetic variance? and with increased inbreeding that
typically has more severe negative effects in stress-
ful environments.!">!2 Thus, the combined effects of
multiple and interacting environmental and genetic
factors are typically causative factors when a pop-
ulation or species goes extinct. Understanding the
mechanisms behind adaptation and the speed with
which adaptation occurs are therefore crucial for
predicting the future abundance and distribution of
species.

The type and predictability of environmental
change will influence which mechanisms are impor-
tant for coping with these changes.'® In this discus-
sion, we will emphasize future avenues of research
and the importance of the duration and extent of
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Figure 1. Schematized population responses to environmen-
tal stress using different strategies on different timescales. The
x-axis is the number of generations on a logarithmic scale, while
the y-axis is the proposed relative importance of the different
strategies. We hypothesize plastic responses to be most impor-
tant for short-term exposure to environmental stress, transgen-
erational coping strategies to occur at intermediate intervals,
and that populations respond to more permanent environmen-
tal changes primarily through evolutionary responses.

environmental stress for response mechanisms and
opportunities to adapt to changing and stressful
environmental conditions. Populations will likely
respond to environmental stresses by using multiple
mechanisms that occur on different timescales
(Fig. 1). In addition to evolutionary adaptation
working on time spans of tens and hundreds of
generations, we discuss how transgenerational
effects and epigenetic changes may allow for faster
adaptation (ca. 1-10 generations) to stressful envi-
ronments. Finally, we discuss within-generation
phenotypic plasticity and its role in coping with
stress. All these mechanisms can operate simultane-
ously and contribute to coping with environmental
stress. Therefore, we finally discuss how future
research can address this complication and we map
out the relative roles of the different mechanisms
for coping with environmental stress.

Bet-hedging, the increase in fitness under stress
that occurs at the expense of decreased fitness in
benign environments, and migration, are two cen-
tral topics in ecology and evolutionary biology that
are not covered in this review. Both are surely cen-
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tral and important for the theme discussed, but the
importance of bet-hedging and migration for cop-
ing with environmental stress and climate change
has been recently discussed in several excellent
papers.'*"17 Therefore, we refrain from discussing
these topics in detail due to space limitations and
instead refer to the published work. However, we
would like to emphasize that both bet-hedging and
migration constitute types of adaptation that occur
through several mechanisms and at all timescales
that are discussed in this review (Fig. 1). This is
supported by evidence that evolutionary, plastic,
and transgenerational/epigenetic components are
important in relation to both phenomena.'**

Long-term responses to environmental
stress

The classic view of evolution emphasizes that
phenotypes can change across generations due
to genetic changes caused by selection pressures
induced by the environment. The magnitude of
evolutionary change is recapitulated in the breeder’s
equation, which predicts that phenotypic change
depends upon the strength of selection and the nar-
row sense heritability of the trait. Thus, the response
to selection can be predicted from the expression
R = 1S, where Ris the response to selection in one
generation, h* is the narrow sense heritability of the
trait considered, and S is the selection differential,
that is, the difference in mean trait value between
the selected parents and all parents in the popu-
lation. In order for a trait to respond to selection
in a population, genetic variation in regions of the
genome that influence phenotypic variation for the
traitis a prerequisite. The literature on experimental
studies of environmental stress adaptation provides
numerous estimates of selection responses and
heritability estimates.”’™>* Furthermore, genomic
tools have enabled detailed insights into the genetic
architecture of important stress tolerance traits in a
rapidly increasing number of species.’#* Also, the
field of conservation genetics provides estimates of
environmental tolerance and evolutionary capaci-
ties for adapting to environmental challenges.?®?’
Generally, results show that environmental stress
resistances are complex quantitative genetic traits
that are influenced by the combined effect of mul-
tiple genes and environmental conditions. Narrow
sense heritabilities are typically low to intermediate
for stress resistance traits,?! revealing that most
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populations are able to respond to changing
environmental conditions through evolutionary
adaptation, but typically at a relatively slow pace,
therefore increasing the risk of extinction.’
However, recent studies on ectotherms, including
plant and insect species, have shown that some
populations are evolutionarily constrained in
important traits for the ability to cope with, for
example, heat and drought stress.”>?-3? Different
mechanisms have been proposed to explain this
pattern, including evolutionary trade-offs, phyloge-
netic constraints, and lack of adaptive variation in
genomic regions relevant for heat and desiccation
resistance.>*3-3 The finding that several impor-
tant stress resistance traits seem to be evolutionarily
constrained is obviously worrying given the demand
for evolutionary shifts caused by rapidly changing
environmental conditions in many parts of the
world, and may be a causative factor for expected
future high extinction rates. Since heritability is a
function of environmental (Vi) and additive genetic
variation (V,), it is important to note that low heri-
tability due to lack of V, is of greater concern than a
low H? caused by high levels of V. If the amount of
Vg is under genetic control, as suggested by recent
literature (see, e.g., Ref. 36), it should be possible
to mount an evolutionary response in performance
traits by selection on genes controlling V.37
When discussing evolutionary responses to
stressful environments, it is important to keep in
mind that the narrow sense heritability is an imper-
fect metric for predicting the speed of evolutionary
change. This is because population size has a dis-
proportionate effect on the selection response. As
formulated by Robertson,” the maximal selection
response R, is dependent on the effective popula-
tion size (R = 2N,il’ o »)> where N, is the effective
population size, iis the intensity of selection, K isthe
narrow sense heritability, and o, is the phenotypic
standard deviation of trait values. This equation is
illuminating as it shows that even with a relatively
high heritability the response to selection can be
low if N, is small. In contrast, very high effective
population sizes will allow fast responses even if h?
is low. Population size is especially important when
populations adapt through new mutations, as muta-
tional supply, which is proportional to population
size, determines the speed at which new adaptive
mutations appear in a population.*’ In summary,
these concerns suggest that focusing on maintain-
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ing a high N, is of utmost importance for the ability
of populations to adapt to stressful environmental
conditions through evolutionary changes.

In conservation and evolutionary biology and in
animal and plant breeding, there is often a strong
focus on h%. However, the h? of a particular trait
might not always provide a good estimate of adap-
tation in varying and stressful environments for the
reasons mentioned above and because estimates of
h* can be environmentally dependent.>!*! Further-
more, it can be hard to pinpoint which tolerance
traits (e.g., upper or lower thermal limits, starva-
tion and desiccation resistances) are most impor-
tant for fitness and, thereby, the prospering of a
given population.*?

An important aspect of evolutionary adaptation
to environmental stress or environmental change
is that current environmental changes occur very
rapidly.*® Evidence suggests that some species will
not be able to keep track with these shifts through
evolution and will go extinct.>*%%%3 Part of the risk
factors for extinction are the generation intervals
of species. Species with short-generation intervals
are likely to be better able to respond genetically
to rapid environmental changes relative to species
with longer generation intervals because evolution
occurs in units of generations—not units of abso-
lute time. At high altitudes, where climate changes
are most extreme and resources often limited, devel-
opment is typically slow for ectotherms due to low
temperatures. In such habitats, evolutionary pro-
cesses have been hypothesized to proceed at a slower
pace,***" and extinctions to be more prevalent.
Evolution of generalism and correlated traits
It is often found that individuals that maintain
high fitness in one environment and for one trait
are superior in other environments and for other
traits,>**® suggesting that genotypes that are robust
across environmental gradients can evolve.””*
However, recent studies also emphasize that genetic
correlations between performances in contrasting
environments decrease with increasing environ-
mental differences.” The finding of predominantly
positive genetic correlations is by no means new,*
and the discussion on how this is possible in life-
history traits is very illuminating also with respect
to stress tolerance traits. A model by Van Noord-
wijk and De Jong®' on acquisition and alloca-
tion exemplifies one potential explanation for why
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predominantly positive genetic correlations bet-
ween traits and across environments are observed
(see also Ref. 52). The model is based on relative
amounts of genetic variation in acquisition and
allocation between traits. If more genetic varia-
tion is found in acquisition than in allocation, it
is inevitable that genetic correlations between traits
remain positive, that is, individuals differ much
more in their capabilities to acquire resources, or
effectively process them,** than they differ in their
allocation patterns between traits. This mechanism
allows good quality individuals to have high robust-
ness across environments, whereas low-quality
individuals suffer from low tolerance in all
environments.

Obviously, even in stressful environments, it is
not only traits related to stress resistance that are
under selection, but also those for the general qual-
ity of the individual. Depending on whether there is
more genetic variation in the traits for overall qual-
ity than on stress resistance traits, selection can lead
to elevated overall tolerance. For example, quan-
titative genetic studies typically show that there is
more genetic variation in reaction norm elevation
than the slope,***> which could be explained by
the relative roles of acquisition and allocation in the
traits. This evoked the idea of “condition,” where a
pool of resources that is dependent on many genes
dictates the amount of shared resources between
traits.>* This yields a prediction that whatever gene
contributes positively to condition can be selected
for in stressful environments, and will allow higher
tolerance due to the increased amounts of resources
that individuals can allocate to stress tolerance. In
accordance with this idea, several traits associated
with energy efficiency have been found to be impor-
tant for fitness.>>~%

The ideas about condition might explain exper-
imental studies that suggest some shared genetic
mechanisms among stress tolerance traits. In a clas-
sic study, Bubliy and Loeschcke* created replicate
Drosophila melanogaster lines selected for different
stress resistance traits, including heat, cold, desicca-
tion, and starvation resistance. Correlated responses
were observed for most traits; thus, lines selected for
increased cold resistance were also more starvation-,
desiccation-, heat-resistant, etc. This suggests some
shared genetic mechanisms, in accordance with a
general stress response hypothesis.”*° Similarly in
bacteria, selection at fluctuating temperatures led to
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a higher overall performance also in other stressful
environments.®® It is noteworthy that while much of
the evolutionary literature is about trade-offs, even
negative genetic correlations allow traits to evolve
independently, but the magnitude of the genetic cor-
relation is predictive for the speed of independent
evolution of the traits. Only highly unlikely scenar-
ios of genetic correlations of —1 or 1 would con-
strain trait-independent evolution fully (eq. 20.5b
in Refs. 61 and 62). Evolution of genotypes capable
of tolerating several environments may also be ham-
pered by the fact that when the number of selective
environments increases, the time spent in each envi-
ronment must decrease. This time limitation, which
reduces the strength of selection for each particular
environmental state, may be effective in prevent-
ing the evolution of “super genotypes” capable of
performing well in all environments.*® This is also
in accordance with recent results from Drosophila
that highlight that the quantitative genetics of stress
resistance, such as tolerance to low temperatures,
is environment-specific.’”*>®* For example, @rsted
et al’” showed that candidate genes and levels of
additive genetic variation affecting cold tolerance
differed between flies that developed at low and high
temperatures. This suggests reranking of genotypes
across environments and that the evolutionary tra-
jectories of certain traits are highly environment
dependent (see also Ref. 49).

Detection of the evolution of apparent “super
genotypes” can also be affected by the fact that
not all of the possible traits, where trade-off can
be manifested, are measured.®® Moreover, reducing
the expression of costly traits that are not used any-
more can be a way to achieve higher fitness. Perhaps
the best examples of this are obligate pathogens that
have reduced genome sizes in comparison to their
free-living relatives.°®®” They might have increased
their fitness in the host by losing genes essential
for growing outside the host environments. Simi-
lar ideas have been suggested to explain evolution-
ary constraints in desiccation resistance in rainforest
Drosophila species.®® This kind of genome purging
is one plausible mechanism for evolution of a gen-
eral stress response and for the lack of evidence for
trade-offs in adaptation.®®

Genetic variation is not a guarantee for evolution-
ary changes and, similarly, predominantly positive
correlations do not mean that evolutionary change
is given. The opposite, namely little genetic variation
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and unfavorable genetic correlations, does not nec-
essarily imply evolutionary constraints. Work in the
field of multivariate evolution suggests that instead
of basing conclusions on single trait heritabilities
or bivariate genetic correlations, an understanding
of evolutionary trajectories and possible constraints
must be sought from multivariate space. One should
ask whether the alignment of genetic variation of
several traits is parallel or perpendicular to the direc-
tion of selection. If the least amount of variation in
traits is parallel to the direction of selection, then
populations have little opportunity to evolve.®? The
opposite is true if selection leads toward the direc-
tion of largest genetic variation. In the framework of
genetic correlations, one can also explore how traits
in combination are able to explain genetic varia-
tion in fitness, and how much variation in fitness
is left unexplained.®®®? To give an example, instead
of investigating the genetic architectures and evolu-
tionary trajectories of proposed fitness components,
such as heat and cold tolerance, and coping mech-
anisms, such as expression of heat shock proteins
separately, these proxies should be considered at the
same time, and the association of the traits with
fitness should be verified experimentally.*?

Take home messages—evolutionary
adaptation

On the basis of the topics covered in this first section
of the paper, we emphasize that (1) the evolutionary
capacity of several stress resistance traits in at least
some ectotherms is limited/constrained; however,
these constraints may be environment dependent,
emphasizing the need to perform studies under
ecologically relevant conditions; (2) when consid-
ering extinction risks of species and populations,
the most important determinant of evolutionary
speed is population size; this should be remembered
in conservation efforts aiming to save populations
and be an important consideration in conservation
management; (3) single trait and bivariate correla-
tion studies should preferably be replaced by multi-
variate studies that consider the role of several traits
at the same time; by doing this, it is possible to
reveal if genetic constraints occur in multivariate
space; and (4) much experimental work on the evo-
lutionary capacity of stress resistance is performed
on traits and under environmental conditions that
are proposed to be fitness relevant; it is important
to verify these claims experimentally.

Adaptation to environmental stress

Intermediate-term responses to
environmental stress

In addition to traditional, genetically based adapta-
tion, populations may also adjust their phenotype
on a scale of one to a few generations by trans-
generational effects. “Transgenerational effects” is
often used as a broad term to describe all non-
genetic effects that are transmitted from parent to
offspring or from grandparents to grandoffspring.®
Some transgenerational phenomena, such as mater-
nal effects, were regarded for a time as a nuisance
in experiments, but are now considered to be inter-
esting in their own right.”%’! Demonstrations that
transgenerational effects can be adaptive in the wild
do exist,”? and it is often suggested that transgen-
erational effects may be important for how popula-
tions adapt to different types of stress and changing
environments. Transgenerational effects can allow
stress experienced by the parents to be minimized
in the offspring. However, these transgenerational
effects can have varied effects in populations,’’
and they can also be maladaptive.”* Understand-
ing transgenerational effects and the mechanisms
behind them is therefore important for elucidating
the effects of increasingly stressful environments on
the population level and for biodiversity in gen-
eral. Experiments and observations from nature
are, however, needed to investigate and potentially
verify the importance of transgenerational effects
for coping with variable and stressful conditions.
As with most new ideas, there is a lot of hyper-
bole and great expectations for their importance.
In a recent review, it was concluded “... that evi-
dence for ‘widespread transgenerational epigenetic
inheritance is lacking to date) and that ‘the con-
cept of transgenerational epigenetic inheritance in
humans remains equivocal.”””> Thus, we should not
overemphasize the importance of epigenetics and
transgenerational effects, but be aware of method-
ological problems in many studies of transgenera-
tional effects, such as those addressed by Engqvist
and Reinhold,’® and also remember that transgen-
erational effects can be incorporated into traditional
evolutionary theory.”>

While transgenerational phenomena have been
known for a long time, many studies have lacked a
clear mechanism by which they could be explained.
The elucidation of molecular mechanisms for these
effects, namely that information can also be passed
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along epigenetically, has led to an increased inter-
est in this topic and its role in adaptation.”’ It is
noteworthy that in an ecological and evolutionary
context, the causal mechanisms of transgenerational
effects can be very different, but still lead to ecolog-
ically similar outcomes. These mechanisms can, for
example, be maternal provisioning of nutrients to
egg cells or seeds,”® transfer of antibodies through
the placenta in mammals,”® or immune response
priming in insects®® and crustaceans,®! or transgen-
erational epigenetic inheritance where information
is transferred from one generation to the next with-
out DNA sequence changes.®>% We use the term
“epigenetic” here to refer to changes in gene expres-
sion caused by changes in chromatin in the absence
of DNA sequence changes.®> Epigenetic changes are
therefore a subclass of nongenetic inheritance and
they typically involve changes in chromatin struc-
ture via methylation of cytosine nucleotides or dif-
ferent modifications to histone proteins that are
associated with DNA. The state of chromatin struc-
ture can influence the ability of transcription factors
to bind DNA and, thus, transcription of particular
genes. Furthermore, it is important to note that epi-
genetic changes are often involved in other processes
than transgenerational epigenetic inheritance, such
as development and within-generation phenotypic
plasticity.®¢

Examples of transgenerational effects

The older literature on transgenerational and in par-
ticular epigenetic inheritance has been reviewed in
several recent papers.8”# Thus, here, we will focus
on the recent literature. Transgenerational effects
have been observed in animals and plantsin a variety
of taxonomic groups.®® In plants, transgenerational
responses are often associated with priming of
defenses against pathogens and herbivores,?%-%
and effects on biomass®® and drought resistance.”?
It has been proposed that transgenerational effects
are more common in plants because they are seden-
tary organisms that have only passive migration of
pollen and seeds. Moreover, the distinction between
germline and soma is less clear in plants compared
with animals, which may facilitate epigenetic inher-
itance as many epigenetic marks are reset during
gametogenesis and many plants can reproduce
clonally.” However, transgenerational effects in
diverse animal groups also exist. In fish, for exam-
ple, the environmental temperatures experienced
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by parents affect the growth and physiology of their
offspring.”**° In some instances, reduced growth
at high temperatures could be almost entirely
compensated for in the next generation.”>** The
zooplanktonic crustacean Daphnia also exhibits
transgenerational responses for the induction
of defense-related traits.”® Population density
experienced by fathers had transgenerational
effects on the morphology of the migratory locust
Locusta migratoria.”” Transgenerational effects of
nutrition have also been observed in the nematode
Caenorhabditis elegans,”® where the offspring of
animals that had experienced starvation during
early life were more resistant to starvation.

Epigenetic mechanisms and inheritance
Transgenerational effects can be mediated via a vari-
ety of mechanisms, including DNA methylation,”
histone modifications, and small RNAs. The mech-
anism of inheritance of DNA methylation is
well established as cytosine methylation often
occurs in symmetric sequence contexts of CG
or CHG.” Semiconservative DNA replication
leads to newly synthesized DNA strands that are
hemimethylated, and maintenance DNA methyl-
transferase recognizes hemimethylated sites and
methylates the unmethylated cytosines.” There
is also some evidence for inheritance of his-
tone modifications.!?%19 However, the mecha-
nisms of inheritance for histone modifications
remain poorly understood, and some studies have
supported a model where the histone methyl-
transferases remain associated with the newly
synthesized DNA strand instead of the mod-
ifications themselves and that these proteins
then add the modifications to the histones.!*
In addition, there is evidence for the inheri-
tance of small RNA molecules.'®>"'%” The stable
inheritance of a small diffusible molecule through
multiple cell divisions requires that there is a posi-
tive feedback loop where more RNA molecules are
synthesized in each cell generation.

The demonstration that a transgenerational effect
is truly based on epigenetic inheritance is not
straightforward, particularly in mammals where the
in utero exposure to a particular stress can poten-
tially affect the epigenetic state of the develop-
ing offspring and its germ line, which will give
rise to the F2 generation.®®'®® This is true to a
lesser extent for developing seeds in plants as well.
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However, from an ecological perspective, the exact
mechanisms of transgenerational effects may be less
important.

In plants, it has been shown that transgen-
erational responses often depend on the RNA-
directed DNA methylation (RADM) pathway.!% In
the canonical RADM pathway, RNA polymerase IV
and RNA-dependent polymerase 2 together tran-
scribe double-stranded RNA that is cut by Dicer-
like 3 into 24-nucleotide small interfering RNAs.
These RNA molecules then are bound by Argonaute
4, resulting in direct DNA methylation of target
sequences.'?” Ithasbeen shown that mutants for cer-
tain genes in the RADM pathway are not able to pro-
duce transgenerational responses to pathogens.>!10
In addition, transgenerational response to herbivory
and leaf damage is dependent on the biogenesis of
small RNAs in the RADM pathway,?? and the trans-
generational response to osmotic stress is also abol-
ished in RADM pathway mutants.3* These trans-
generational responses seem to be mediated by
DNA methylation of target genes,5>3* where the
silencing has been initiated by an environmental
stress via the RADM pathway. DNA methylation
has also been implicated in other plant transgenera-
tional responses, such as to nitrogen deficiency'!!
and heavy metal exposure in rice,''? drought
stress in Polygonum,''> and various stresses in
dandelions.'*

Animals do not possess the RADM pathway, so
the exact mechanisms for transgenerational effects
mediated by epigenetic changes must be different.
DNA methylation is absent or very low in certain
groups of insects, such as Drosophila,''> nematodes,
and fungi. Indeed, it seems that in Drosophila, the
function of DNA methylation has been replaced
by the Polycomb repressive complex” responsi-
ble for the trimethylation of lysine 27 in histone
3 (H3K27me3). However, transgenerational effects
transmitted through fathers have been observed in
Drosophila.!'® In Drosophila, the diet of fathers has
been shown to influence the triglyceride content
of offspring, and this transgenerational response
requires the histone modifications H3K27me3 and
H3K9me3."'® In nematodes, different mechanisms
have been implicated in transgenerational effects;
transgenerational inheritance of an antiviral and
starvation responses are mediated by a small RNA
molecule.!’®!"” Histone modifications have also
been implicated in the transgenerational responses

Adaptation to environmental stress

to various environmental stresses, and this process
seems to be dependent on H3K4me3.!!8

Mammals, however, do possess DNA methyla-
tion, and mice subjected to odor fear condition-
ing had a transgenerational response to the odor
that was associated with DNA methylation changes
in specific genes.'’” However, mammalian stud-
ies have the complication that exposure to stress
in the intrauterine environment can influence, for
example, DNA methylation patterns of the off-
spring directly, thus not constituting epigenetic
inheritance per se.'®® However, maternal effects
can still be mediated via epigenetic mechanisms
even if they are not inherited via the germ line.
For example, maternal care given by rat mothers
influenced the DNA methylation patterns of their
offspring.'*

There is some evidence from bacteria that envi-
ronmental stress can be mutagenic.!?"'?? Further-
more, Aldrich and Maggert'?* have recently shown
that dietary excess in Drosophila leads to genome
rearrangements, where the copy number of ribo-
somal RNA genes is reduced. This occurs both in
somatic and germline tissues, and it was shown
that these genetic changes are transmitted to the
offspring. Pathogens cause dramatic reductions in
fitness and cause stress to host species. However,
highly specific information on pathogens present
in parents can be carried to the next generation
by maternal antibodies in many organisms,” and
in insects via immune elicitors maternally trans-
mitted between generations by the egg-yolk pro-
tein vitellogenin.?!2#125 Such transgenerationally
transmitted information can be beneficial if the
same pathogens stay prevalent for a long time.

Transmission of transgenerational effects

Transgenerational effects have different durations.
Some last only for a single generation, so that an
exposed parent transmits the effect to its offspring,
but with environmental signals being absent in sub-
sequent generations. Priming by osmotic stress in
Arabidopsis®* is an example of such a response.
Other effects can last for multiple generations,
such as transgenerational temperature responses in
sticklebacks’® where grandparental effects transmit-
ted through the male parent were observed. In Ara-
bidopsis, the induction of defenses as a response
to herbivory lasted for two generations.®? Even
longer lasting responses have been observed in
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nematodes, where antiviral responses lasted for at
least 10 generations. '

It is expected that for transgenerational effects to
evolve in the first place, the environment the parents
experience has to be similar to the environment
of the offspring. Long-distance dispersal can break
the environmental correlation between parents
and offspring; thus, differences in transmission of
transgenerational effects among the parents are
expected if males and females disperse differently.
For example, in many plant species, seed dispersal
can be limited, while pollen can disperse much
further. Interestingly, Wibowo et al®* noted that
transmission of the osmotic stress response in
Arabidopsis occurred only through seed and not
by pollen, and this was due to DNA glycosylase
activity in pollen. In pollen development, DNA
methylation marks responsible for the osmotic
stress response were reset. This makes sense from
an ecological perspective as the correlation between
parent and offspring environments is expected to
diminish with increasing dispersal. Indeed, it has
been observed that in plants, transgenerational
effects are transmitted more often through seeds.!2

In mammals, maternal transmission can occur
via multiple mechanisms,'?” but paternal transmis-
sion has also been observed.!?® In particular, small
RNAs in sperm have been shown to contribute to
this phenomenon.'*

The predictive ability of reaction norms is
impaired if the environmental conditions at
previous time steps (generations, across or within
developmental stages) provided poor cues for
upcoming environments, that is, environmental
changes are characterized by random fluctuations
between the generations. However, there are
several issues to consider, as different modeling
approaches have reached different conclusions
about when transgenerational effects are adaptive
or maladaptive. Earlier work suggested that short
environmental fluctuations should favor trans-
generational effects.!?>!** In contrast, more recent
work has suggested that fluctuations on longer
timescales favor transgenerational responses;'?! 134
the differences can be traced back to different
assumptions of the models. Nevertheless, the fre-
quencies of environmental fluctuations in relation
to generation time and the predictive power of envi-
ronmental cues are crucial factors in determining
when transgenerational effects evolve.'?!
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Take home messages—transgenerational
effects

In summary, examples of transgenerational effects
are found throughout the tree of life. Their duration
varies, but there are examples where these effects
persist for more than two generations. These effects
can be mediated by a wide variety of mechanisms.
While there are significant gaps in our knowledge
regarding the exact mechanisms, DNA methyla-
tion in plants and histone modifications in animals
seem to be involved, as well as small RNAs in both
plants and animals. There is no doubt that trans-
generational effects exist, but so far meta-analyses
have shown that the effects are small.'*> A challenge
for the future is to investigate if transgenerational
effects also have small fitness effects in nature, how
often transgenerational effects are adaptive, and
under what circumstances we can expect them to
occur. The importance of transgenerational effects
for coping with environmental stress is so far poorly
understood, and there is a strong need for prop-
erly designed experimental work so that the proper-
ties of transgenerational effects can be understood
and subsequently incorporated into evolutionary
theory.”

Short-term responses to environmental
stress

The fastest responses to changing and stressful envi-
ronmental conditions are plastic responses such as
altering the physiology of a genotype in response
to a change in the environment. Phenotypic plas-
ticity can be defined as the ability of a single geno-
type to produce different phenotypes in different
environments.'>®137 However, this definition does
not take into account if plasticity is fixed for lifetime
or whether it is inducible and reversible (Fig. 2).
In the following paragraphs, unless otherwise stated,
we use plasticity to describe inducible and reversible
plasticity.

Both empirical and theoretical work suggest that
plastic adjustments contribute strongly to fitness
in fluctuating environments; for example, plastic
adjustments of the physiology are well described
in the literature.'®® Thus, exposure to low or
high temperatures can dramatically increase tol-
erance toward subsequent exposure to cold and
heat stress, respectively, !> emphasizing the poten-
tial benefits associated with plasticity.!*" Physio-
logical adjustments, however, seem to affect upper
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Figure 2. A plastic response can be reversible, irreversible, or nonexistent. Here, we schematize the effect on fitness of the three
scenarios. In the figure, a favorable environment is replaced by a stressful environment that later becomes favorable again. In the “not
plastic” scenario, fitness is highest before stress, relative to the two other scenarios, because the costs of plasticity are not present.
Fitness decreases under exposure to stress and increases again after stress vanishes. However, fitness will likely not return to its level
before stress because of the energy used to cope with stressful environmental conditions, energy not available for maintenance and
reproduction, and because of irreversible cellular damage. In the “reversible plastic” scenario, fitness decreases with stress exposure
but not to the same extent as in the “not plastic” case, and then increases after the environment becomes favorable again. As with
the “not plastic” scenario, fitness does not reach the same level as before stress exposure because of the energy costs associated with
plasticity. In the “irreversible plastic” scenario, fitness is high before stress exposure, decreases under stress, and does not increase
again after stress disappears because the plastic response, which was beneficial under stressful conditions, now becomes costly.
Depending on the frequency and intensity of environmental fluctuations over time, different strategies may be optimal. Evolution
will favor genotypes in a given environment that, on average, maintain the highest level of fitness across the environments they are
exposed to. The figure is not exhaustive of the possible fitness consequences associated with a plastic response. For example, fitness

for a reversible plastic genotype under favorable conditions may well be higher than for a nonplastic genotype.

thermal limits much less than lower thermal
limits, 38139141142 Thyg effects of heat acclimation
typically increase heat resistance much less than
cold acclimation increases cold resistance. Among
several Drosophila species, developmental tempera-
tures altered cold limits by 2—4 °C, but heat limits
by <1 °C.131%3 Such a pattern has been generally
noted for both ectotherms and endotherms®*!13%13
despite the fact that heat acclimation typically
leaves a stronger signal than cold acclimation on,
for example, transcript and protein levels.!#4-146
Moreover, it seems that heat tolerance across king-
doms is far more similar between species than cold
tolerance.’®#3* This could reflect different selec-
tive pressures or biochemical constraints for heat
and cold resistance.’*3%147

Physiological responses to stressful
environments

Perhaps the best-described physiological response
to sudden changes in temperature and other envi-
ronmental stresses is the upregulation of heat shock
proteins (Fig. 3). This is a common and highly con-
served response to acute exposure to high tempera-
tures and other abiotic as well as biotic stresses.”” 48
Upregulation can be induced within minutes and
has multiple vital functions in cells exposed to
stress.”!*® However, the speed with which heat
shock proteins and other stress response genes
are upregulated differs between species. For exam-
ple, Bahrndorff et al.'* found that the gene and
protein expression of an important heat shock
protein (Hsp70) follow different dynamics in the
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Figure 3. Examples of physiological adaptations to fluctuating environments. (A) Linear regression of the haplotype frequencies
of heat shock protein 23a (hsp23a) in D. melanogaster populations collected along the east coast of Australian with the latitude (in
degrees South) (data from Ref. 195). (B) Amount of inducible expression of heat shock protein 82 (Hsp82) in the ciliate protozoa
Tetrahymena thermophila in response to experimental evolution in stable, slowly fluctuating, and rapidly fluctuating thermal

environments (data from Ref. 196).

collembolan Orchesella cincta compared with obser-
vations from, for example, Drosophila.">® These
differences might be adaptations, respectively, to
temperature-buffered soil habitats and highly fluc-
tuating above-ground temperatures.

Conditions that induce upregulation of heat
shock proteins are species-specific and best
described for exposure to heat stress where upreg-
ulation is typically observed when organisms are
suddenly exposed to abrupt heat waves."”! How-
ever, expressing heat shock protein genes and many
other stress response genes is costly in terms of
energy, and long-term upregulation is not a ben-
eficial evolutionary strategy.””!1°>-15* Therefore, the
adaptive benefits of these plastic responses are most
pronounced in response to coping with sudden and
transient changes in environmental conditions.

Although the heat shock response is perhaps the
most recognized response to environmental fluc-
tuations, it is obviously not the only one. With
slow thermal fluctuations, the changes in lipid
bilayer viscosity constitute another potential adap-
tation mechanism enabling organisms to cope with
thermal fluctuations.'*” Interestingly, monthly fluc-
tuations in temperature over 63 generations in
Drosophilaimproved the ability of strains from fluc-
tuating environments to regulate the number of
double bonds in lipids, and hence lipid fluidity.!*
In the case of heat shock genes, these genes can be

responsive over different periods of time. Small heat
shock proteins appear to play an important role in
the response to fast changes, whereas larger molec-
ular mass chaperones, such as Hsp70 and Hsp90,
respond more strongly to long-term exposure to
stress, best illustrated with high temperatures.!>®

Another study has shown that the rate of tem-
perature change in so-called ramping assays, used
to assess upper critical temperatures, also influ-
ences Hsp expression.'”” Thus, flies ramped slowly
to stressful temperatures induce a stronger heat
shock protein response compared with flies ramped
to the same temperature at a faster rate, likely
because slow ramping induces more heat dam-
age at the cellular level due to longer exposure
time. The fact that different genes are involved in
responses to sudden and more long-term expo-
sure to stress is also nicely illustrated in the kil-
lifish Fundulus heteroclitus, in which an osmotic
challenge triggers high expression of several genes
that differs from the time window in which most
genes were expressed.'®® This suggests that dif-
ferent within-generation fluctuations could target
different genes, contributing to differently timed
plasticity.

The importance of environmental cues for
adaptive plastic responses

Environmental cues and efficiently working sen-
sory mechanisms may allow organisms to adjust the
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phenotype through plastic responses quickly
enough to respond to environmental changes. Phys-
iological adjustments induced to cope with tem-
perature changes are not only induced by shifts in
temperature but also by changed photoperiods,
changed food abundance, or any other environ-
mental time series, that if positively autocorre-
lated, can provide cues about upcoming thermal
changes. Daily fluctuations in temperature have
been shown to induce changes in phototransduc-
tion genes, which have been linked with the abil-
ity to sense thermal changes or to prefer certain
temperatures.'”!®* In addition to daily thermal
changes, similar kinds of sensing mechanisms oper-
ate also on longer time scales, for example, in sensing
annual changes in the environment when preparing
to diapause. 61162

For plasticity to be adaptive, it requires correct
cues about altered environmental conditions.
Bradshaw and Holzapfel'®® have argued that evolu-
tionary responses to environmental changes, such as
climate alterations, are more about responding to
seasonal cues, such as changes in day length, changes
in temperatures, and changes in food availability, for
example, than they are to changes in, for example,
upper temperatures. This argument is supported
by several studies showing genetic responses to
earlier spring and, thereby, food supplies for bird
species.!®>1% BEvidence regarding whether such
changes are due to genetic selection or due to pheno-
typic plasticity is very scarce.'**"1%¢ However, at least
in squirrels, the observed advancement of mating
due to global change has been linked mostly to phe-
notypic plasticity rather than a genetic response.'®’
In the long run, cue-response—environment mis-
match could select for lessened reliance to a cue, or
increase selection toward bet-hedging strategies.'®
Therefore, in coping with extreme temperatures, the
ability to respond to cues is likely under selection.'®

In experiments where plastic effects and mis-
match can be controlled for, it was found that fruit
flies (D. melanogaster) that had developed at a hot
temperature will benefit at hotter temperatures as
adults but pay a cost at cold temperatures, and vice
versa.'® The mismatch between cue and upcoming
environments can act as a cost that hinders evolu-
tion of plasticity. The cost of plasticity could also be
manifested if maintaining plastic reactions requires
resources even if not in use.*®!%” For example,
irreversible plasticity in the form of irreversible mor-
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phological changes constitutes examples where plas-
ticity is maladaptive in the absence of, for example,
predators, and selection may therefore act against
such mechanisms in environments where predators
are only transient visitors.!”® However, such costs of
plasticity are commonly found to be low, suggesting
that there must be other constraints than costs'”!
(see Fig. 2 for a further presentation of the costs
and benefits associated with different types of
plasticity).

Take home messages—plasticity

Plasticity is recognized to be an important adapta-
tion mechanism, and research on this topic has pro-
gressed dramatically over the years.!3”172173 Several
distinct forms of plasticity can be defined, that is,
reversible or irreversible plasticity, and each form
can have adaptive or maladaptive effects on indi-
viduals. Where and when these different forms of
plasticity are adaptive and can be selected for are
critically different.*>13*174 Future work should be
on testing the relative roles of the different types
of plasticity on fitness in naturally relevant, fluc-
tuating environments, and manipulating the speed
and predictability of fluctuations in environmen-
tal conditions to pinpoint the adaptive importance
of plasticity for the ability to prosper in a rapidly
changing environment. The different forms of plas-
ticity, and where and when they are selected for, are
critically different.*>174

Conclusions and future tasks

In this paper, we have sketched how coping with
environmental stress can occur through different
mechanisms and on different timescales (see also
Ref. 134). This is an important and timely research
area given the fast environmental changes and
increased rates of extinctions currently observed.
Theoretical and experimental work has provided
detailed insight into important mechanisms for cop-
ing with environmental stress. On the basis of this
work, we are able to discuss and answer central ques-
tions related to coping with stressful conditions and
suggest future research avenues.

Why is it important to consider how short and
intermediate mechanisms of adaptation
change subsequent evolutionary dynamics?
Plasticity or transgenerational effects can move a
population closer to the phenotypic optimum when
the population has to adapt to drastic environmental
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change; this is known as the Baldwin effect.!”®
Moreover, phenotypic plasticity that occurs within
a generation can influence evolutionary dynamics
by keeping population size higher when a drastic
environmental change occurs, relative to a situation
without plasticity. This will allow faster subsequent
evolutionary adaptation because of higher effec-
tive population size, increased mutational supply,
and therefore more efficient natural selection.!7®!7”
Transgenerational effects can speed up adapta-
tion for the same reasons.'”® Moreover, there is
a theoretical argument that plastic genotypes can
respond more effectively to selection.!”” Essentially,
the idea is that a genotype that already has the
ability to adjust a given phenotype may also have
a larger mutational target should this phenotype
need to be changed permanently during long-term
adaptation.'” Indeed, there is some experimental
evidence that plastic genotypes can respond more
efficiently to selection compared with less plastic
genotypes.'8%18! In relation to coping with rapid
temperature changes, for example, caused by cli-
mate change, this theory suggests that traits that
are highly plastic should respond more effectively
to selection compared with less plastic traits. For
example, the ability to tolerate low temperatures is
a highly plastic trait in ectotherms.'*” Traits asso-
ciated with cold tolerance also seem to have large
evolutionary potentials compared to traits related to
heat resistance, which are typically less plastic and
evolutionarily constrained in some species,?*>%1%
thus supporting this hypothesis.

Knowledge on genetic, transgenerational, and
within-generation adaptation mechanisms is
important, but it is even more important to
disentangle when and in which situations they
are in operation

The rich literature in ecophysiology and adaptation
research contains numerous heritability estimates,
estimates of selection responses, and reports from
omics studies pinpointing candidate genes, tran-
scripts, proteins, and metabolites. These data are
typically obtained from detailed and highly con-
trolled laboratory experiments performed on a few
model species. These excellent data and techniques
have provided the foundation for performing more
ecologically relevant studies, enabling, for exam-
ple, testing hypotheses based on experimental lab-
oratory work and theory. We propose that more
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work should also be done in the field to understand
how organisms cope with variable and periodically
stressful environmental conditions. We have numer-
ous estimates of upper and lower thermal limits, and
of desiccation and starvation resistance from labo-
ratory studies, but we have little knowledge as to
whether these estimates are good proxies for fitness
in the field across species and natural environments.
For example, a high CTy,, or a low CTy,;, are not
valid predictors of field fitness if these proxies have
zero correlation with fitness in prevailing conditions
in the Wild.42’58’182’183

A future challenge will also be to disentangle
differential evolutionary responses across genera-
tions, adaptive plasticity, and adaptive transgenera-
tional effects. All have been convincingly shown to
be important for coping with environmental chal-
lenges. However, it is challenging to dissect the rel-
ative importance of these mechanisms because they
typically work simultaneously, as do bet-hedging
and migration (which are not covered in depth
here). Obtaining data on lifetime fitness across gen-
erations in field populations combined with detailed
tracking of experimental conditions experienced by
individuals throughout life will likely provide new
knowledge on this in the near future.!34-18¢

Another topic that has just recently begun to
be investigated in the context of environmental
stress research is the study of microbiomes. Micro-
biomes are currently receiving enormous attention
in multiple disciplines. Evidence, which is typi-
cally of correlative nature, suggests that intesti-
nal microbiome abundance and composition is
important for the ability to cope with extreme
temperatures and other types of environmental
stress.'8”~18 This opens up for new avenues of exist-
ing research questions, where the focus is not only
on the particular species/population but also on
the myriad of microorganisms in the microbiome
and its resilience across environmental conditions.
The microbiome is highly plastic and environment
dependent; thus, this field of research adds a new
dimension to the study of plasticity.

The effects of interacting species will be an
important future research area in
environmental stress research

The ability of a system to recover its original func-
tion after a disturbance likely depends on complex
interactions between partners of which we have
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little knowledge. It is crucial to ask if environmental
adaptation in multispecies systems differs from
single-species studies and how much context depen-
dencies different communities and competitors
impose on adapting to new conditions.**!%0-193
Such species interactions are not only limited to typ-
ical trophic interactions. Moreover, it is of utmost
importance to consider the relative roles of evo-
lution and ecology; will species have the option
of evolving to cope with new conditions or are
they just replaced by others? Thus, while ecophys-
iological and evolutionary studies on stress tol-
erances have typically centered on single-species
responses to environmental changes and environ-
mental stress, future research encompassing several
biological disciplines should also investigate ecosys-
tem responses.'**
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