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Abstract

Climate change poses critical threats to biodiversity, demanding rapid
adaptive responses beyond the pace of traditional evolutionary processes.
Epigenetics—heritable modifications in gene expression without changes to
DNA sequence—has emerged as a key mechanism enabling short-term
phenotypic plasticity and resilience. This review synthesizes evidence on
epigenetic mechanisms, including DNA methylation, histone modification,
and non-coding RNA regulation, that facilitate animal responses to climate
stressors such as temperature extremes, habitat loss, and ocean acidification.
Case studies highlight heattolerant lizards exhibiting methylation-driven
heatshock protein expression and marine fish showing transgenerational
inheritance of salinityresilient traits. These findings underscore the role of
epigenetics in bridging immediate environmental stress and long-term
adaptation. The conservation relevance of epigenetic plasticity is also
explored. Epigenetic diversity may act as an underrecognized reservoir of
adaptive potential, particularly in small or isolated populations. However,
uncertainties remain regarding the stability of epigenetic changes across
generations, their interaction with genetic variation, and the ecological
implications of epigenetic drift. Advances such as CRISPR-based epigenome
editing and high-resolution sequencing offer new opportunities to clarify
these dynamics. Integrating epigenetics into conservation strategies will
require interdisciplinary collaboration and careful consideration of ethical
challenges. Prioritizing longterm studies and comparative approaches can
help unlock the potential of epigenetics to enhance biodiversity resilience in
the face of rapid climate change.

INTRODUCTION

Importance of epigenetics in adaptation
Epigenetics, the study of hereditary changes in gene
expression that do not imply alterations in the
underlying DNA sequence, has become a critical
research area in understanding how animals adapt to

changing environmental conditions, particularly in
the context of climate change. Fundamental for
epigenetics are several mechanisms, including DNA
methylation, histone modification and non-coding
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RNA molecules, which collectively influence the
accessibility of genes and, therefore, the phenotypic
results of organisms (Vogt, 2022). These epigenetic
modifications respond to external stimuli, allowing
people to exhibit phenotypic plasticity, a capacity to
adjust their development and physiological features
in real time to navigate fluctuating environments

(Decaestecker et al., 2018).

Objectives of the review

The importance of epigenetics in animal adaptation
becomes particularly pronounced in the light of
rapid climate change, which imposes unprecedented
pressures on biodiversity. Traditional evolutionary
mechanisms, such as natural selection and genetic
drift, operate on longer time scales compared to the
dynamic and often immediate challenges raised by
the alterations in the habitat, the temperature and
the availability of resources (Vgot, 2022). On the
contrary, epigenetic responses can provide a more
immediate adaptive strategy, allowing organisms to
adjust their physiological functions without waiting
for spontaneous mutations that can take generations
to fix in the population (Scharsack et al., 2022). Such
mechanisms are critical in cases where populations
face abrupt changes that exceed their capacity for
phenotypic or behavioral adjustments through
genetic evolution alone (Lock, 2018).

Methodology of literature analysis

This includes research that has shown epigenetic
reprogramming can be executed in response to
environmental tensions that include temperature
changes, pollution and habitation destruction
(Koulelis et al., 2023). An example of this is studies
in various animal species that show high
temperatures exposure can lead to increased changes
in the patterns of DNA methylation in genes that
affect stress response genes and help people resist
heat stress. As in aquatic systems, epigenetic
modifications in response to salinity changes are
similarly imposed on osmoregulatory functions in
fish (Donelson et al., 2019). These findings suggest
an epigenetic role in maintaining population
resilience against climate variability as a shock
absorber against environmental disturbances (Park,

2019).

2. Epigenetic Mechanisms in Animal Adaptation
2.1. DNA Methylation

DNA methylation is the process of methylation of a
CPG dinucleotide of DNA cytosine bases, a process
that is methylation of cytosines. This modification is
often seen to be a form of gene silence and affected
by environmental conditions like temperature,
pollution and availability of nutrient (Stricker et al.,
2017). For instance, it has been demonstrated that
changes in patterns of DNA methylation could allow
organisms to speedily react to circumstances of stress
by triggering or reducing some genes associated with
metabolic processes, progress routes, along with
situations of stress (Lepetz et al., 2017).

Environmental influences on DNA methylation

According to the notes above, the environmental
tensions, such as temperature changes, damage to the
population and to the habitat, can cause the
epigenetic reprogramming to occur. Some examples
of such changes can be seen through different animal
habitats. When the object is exposed to high
temperatures, it enhances the changes of DNA
methylation patterns, and affects the stress response
gene to make the object resistant to heat stress

(Whipple, A. V., et al. 2022).

Case studies on DNA methylation and adaptation
One of the most marvelous examples was frog-
headed lizards (Phrynosoma transversal) which were
seen changing thermal niches remarkably. An
interesting analysis of how these lizards use
epigenetic mechanisms to change their physiological
and behavioral traits in response to these floating
environmental conditions is provided by SINERVO
et al. (2018). Changes in gene expression by lizards
throughout the day drive changes in their thermal
tolerance in the heat. For instance, there has been
evidence that both genetic and epigenetic
modifications such as DNA methylation contribute
to the expression of thermal shock proteins, proteins
that allow protecting cells from thermal stress. This
adaptive plasticity enables frog headed lizards to
thrive in different microhabitats making the lizards
fairly resistant to changes caused by climate
(SINERVO et al. 2018).

Just like the marine organisms, there are significant
epigenetic adaptations in doing so, and such
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adaptations also reinforce their ability to cope up
with the changing climate, especially with ocean
temperature and acidity. In Scharsack and Franke
(2022), different fish species were exploited for the
immune response, emphasizing the epigenetic
regulation of immune related genes. There is
evidence that some of these species have inherited
changes in immune gene methylation patterns in
response to high temperatures and increased
pathogens that help them defend themselves. This
ability to modulate immune responses via epigenetic
means is maintaining individual fitness but also
important with respect to the population level
dynamics under climate stressors. These fish species
are able to sail better in the challenges put to them
by climate change because they have developed a
quick and flexible response system, which is
mediated by epigenetic changes (Stricker et al.,
2017).

Also, under other taxa there is the phenomenon of
phenotypic plasticity, influenced by epigenetic

means. For instance, studies have shown that
manipulation of morphological traits epigenetically
may be very important to, for example, amphibians,
a group that are especially vulnerable to climate
fluctuations. In response to the change of
environmental tracks associated with climate
variability, amphibians have been reported to have
adapted their reproductive time and development
rates based on the change of these tracks and been
shown to do so based on epigenetic factors.
Therefore, such adaptations are essential survival
strategies, since they enable species to adapt
optimally their life history traits in unpredictable
climates (Stricker et al., 2017).

2.2. Histone Modifications

Role in gene regulation

Another key epigenetic mechanism is the
modification of histones in which chemical groups
are added or lost to histone proteins around which

DNA is wound (Fig. O1).

Different types of epigenetic modifications upon stress sensing

A) Chromatin level: Histone-based epigenetic regulation

C) RNA level: RNAi mediated by siRNA, miRNA and IncRNA
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Fig. 01: Types of epigenetic modification upon stress sensing

For instance, the animal species in response to the
increase  in  temperatures  exhibit  histone

modifications leading to increased expression of
thermal shock proteins (Kelley et al., 2018) that help
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to mitigate the cell damage and enhance the survival
rates.

Examples of histone modification in response to
climate stressors

These modifications are dynamic, meaning that these
animals are able to rapidly and without genetic
mutation adapt to changing environmental
conditions, with an ability to regulate these changes,
and therefore adapt, quickly (Kelley et al., 2018).

2.3. Non-Coding RNA (ncRNA) Regulation
Types and functions of ncRNA
In addition, requirement, non coding RNA

(NCRNA), microRNA and non coding RNAs, are

Nicked strand 3

also large components of the epigenetic enigma that
regulates gene expression in  response  to
environmental stimuli. Since microRNA may bind
messenger RNA, they can modulate expression of
Diana genes that are in response to stress,
development, etc. (Morris et al., 2017).

Role of microRNA in stress response

This regulatory mechanism has been shown to
facilitate rapid adaptation through rapid phenotypic
changes that are critical to adaptation in changing
climatic conditions is revealed in Fig. 02 (Davis et al.,

2020).
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Fig. 02: Role of microRNAs in stress response

Non-coding RNAs, although less understood, have
been involved in the regulation of genomic
architecture and the coordination of broader gene

expression changes necessary for adaptive features
(Morris et al., 2017).

3. Epigenetics and Climate-Induced Adaptation

3.1. Epigenetic Responses to Environmental
Stressors

Temperature fluctuations and DNA methylation
Epigenetic modifications occur in a wide range of
environmental  stressors such as  increased
temperatures, loss of habitat, and lack of food and so
on, which may help to improve survival (Koulelis et
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al.,, 2023). Epigenetic mechanisms such as DNA
methylation, histone modification and non coding
RNA regulation are dynamic regulation systems that
allow the expression organization to adjust the genes
without mutating underlying DNA. In a rapid
climate change, as Koulelis et al. (2023) pointed out,
this capacity is of particular importance, especially
when it comes to species in the process of adapting
quickly to new conditions.

Salinity changes and osmoregulatory functions

It has also been demonstrated that changes in
salinity because large epigenetic modifications in
aquatic systems that influence fish osmoregulation.
Finally, these findings point toward the potential of
epigenetic mechanisms as a shock absorber of
disturbances against the environment, allowing both
individual survival and preserving population
resilience to climate variability (Koulelis et al., 2023).

3.2. Transgenerational Epigenetic Inheritance
Mechanisms of inheritance

Furthermore, epigenetics can also promote
transgenerational plasticity, defined as the epigenetic
changes as a result of environmental stress to be
transmitted to next generations. In species such as
the common lizard (Zootoca Vivipara) and also in
several fish species, this phenomenon was
documented where the parents are exposed to
environmental stressors and epigenetic changes are
induced that are predisposed to similar challenges in
the offspring (Meyer et al., 2023). Transgenerational
responses could therefore provide much benefit to
survival in rapidly changing climates, increasing
survival rates and promoting the resilience of
populations (Meyer et al., 2023).

Fish and reptiles were studied in the case studies.

For instance, studies have emphasized that increased
temperatures can bring about changes in models of
DNA methylation which influence stress response
genes, increasing the response of an organism to
thermal stress (Smith et al., 2021). These changes are
similar in terms of loss of housing and rarity of
resources, and the role of epigenetic adaptations in
behavior, physiology and development processes, all
of which are necessary for survival (Thompson et al.,
2022). Phenotypic variation resulting from these

modifications can provide immediate advantage in
the form of resistance or escape from difficult
conditions  allowing populations to  survive

(Thompson et al., 2022).

3.3. Epigenetic Plasticity in Fragmented Habitats
Adaptation in small populations

Understanding  epigenetics  implications  for
adaptation also means presence of its effect on
biodiversity and ecosystem dynamics. Epigenetic
variations can induce appearance of new phenotypes
that will result in microevolution processes. Out of
the fragmented habitats where small populations are
more isolated, small populations experiencing
different selection criteria result in unique epigenetic
profiles (Smith et al., 2021).

Unique epigenetic profiles due to differential
selection pressures

Thus, epigenetic mechanisms can influence genetic
diversity and support adaptation in species impacted
in the climate change (Smith et al., 2021).

4. Implications for Biodiversity and Conservation
4.1. Epigenetics and Species Resilience

Role in maintaining genetic diversity

Although promising ideas arose from epigenetics,
there are still gaps in today’s research in epigenetics.
In particular, no integral studies examine how long
term stability of epigenetic modifications affects
evolutionary trajectories (Herman & Spencer, 2020).

Facilitating adaptation among climate-affected
species

Moreover, though most of research thus far have
focused on the ‘individual level,” there is an essential
need to address the system, at the level of the
community and the species, how epigenetic changes
impact the community dynamics and species
interaction in the changing environment, especially
in complicated ecosystem where species interactions

can further drive or offset a climatic impact (Herman
& Spencer, 2020).

4.2. Gaps in Research

Stability of epigenetic modifications

Although the evidence supporting the importance of
epigenetics in animal responses to climate change is
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growing, the consequences of this failure are a
number of gaps in current research that prevent
understanding of these mechanisms. A large number
of studies have been conducted on specific species or
experimental conditions that do not generalize to
other ecological taxa and contexts (Donelson et al.,

2019).

Long-term evolutionary consequences

More research is needed to understand how
epigenetic changes may participate in an evolutionary
context and with respect to genetic background in
long-term adaptability of wildlife (Donelson et al.,
2019).

Need for studies on community dynamics
Furthermore, epigenetic changes are not explored in
terms of how they might influence conservation
strategies. My talk was based on the thought that
traditional efforts to conserve habitats and species
can be widened by including the epigenetic
perspective to reveal new strategies for improving
resilience of fauna to face climate change. Key
markers of adaptive responses to epigenetic
identification can help in housing management with
reproductive ~ programs and  promote  the
development of interventions for the development of
population resilience (Baker et al., 2016).

4.3. Integrating Epigenetics into Conservation
Strategies

Interdisciplinary approaches combining molecular
biology, ecology, and evolution

Molecular  biology, ecology, and evolution
approaches taken in an interdisciplinary manner.
Future epigenetic research in this field must attempt
to bring the focus to integration of ecologically and
evolutionarily relevant questions and may go further
to include interdisciplinary approaches within
molecular biology, ecology, and evolutionary theory.
Thus, this will contribute to an improved
understanding of the intricate relations between
genetic and epigenetic factors in the shaping of
adaptive responses to a changing climate and
advocates for a conservation strategy focusing on
genetic and epigenetic diversity as a key component
of biodiversity management under a scenario of
rapid environment change. The process of rapid

adaptation in animal populations subjected to a
change of climate requires the action of epigenetic
mechanisms. In particular, DNA methylation,
histone modifications and the activity of noncoding
RNAs are all means through which the sequence of
DNA is not changed but in which the expression of
the gene is modified (Baker et al., 2016).

Policy implications and biodiversity management
For instance, knowing the epigenetic bases of these
phenological changes in response to climatic changes
can aid in the activities such as the times of breeding
and other historical critical events for the control
programs for the ideal conservation. Also, epi-genetic
research in the context of conservation policy lines
can help in offering adaptive management strategies
that involve dynamic responses of the species to the
changing present day environment (Donelson, S.,
Caldwell, J.K., Ersan, B., Coleman, ]J.A., Branson,
D.W. (2019)).

5. Future Research Directions

5.1. Expanding Epigenetic Research across Taxa
Broadening studies beyond model organisms

There is an urgent need for more complete
interdisciplinary research, integrating epigenetics,
ecology and evolutionary biology. The development
of executives that effectively connect these areas
could improve our predictive capacities concerning
the resilience of species in the face of climate change
(Smith et al., 2021).

Current research often works in silos, which hinders
a holistic understanding of animal adaptation
mechanisms. Increased collaboration will be crucial
to underline the ecological context in which
epigenetic processes occur and to better shed light on
conservation strategies aimed at mitigating the
impacts of climate change on biodiversity (Smith et

al., 2021).

Comparative studies across different ecosystems

The identification of these gaps provides a path to
future research guidelines which not only aim to
elucidate the epigenetic adaptation mechanisms, but
also to consider the wider ecological and scalable
ramifications than such adaptations involve in the
context of a rapidly evolving climate (Smith et al.,

2021).
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5.2. Longitudinal Studies on Epigenetic Stability
Investigating persistence of modifications over
generations

Future research orientations should prioritize
longitudinal studies that assess the stability of
epigenetic changes through generations and
environmental conditions. In addition,
interdisciplinary approaches that integrate genomics,
ecology and conservation biology will be crucial to
understand the mechanisms underlying epigenetic
responses to climate change (Hata et al., 2023).

Effects of sustained environmental stress

Filling these gaps, researchers can better elucidate the
importance of epigenetics in animal adaptation and
develop effective conservation strategies that
incorporate an epigenomic perspective (Hata et al.,
2023).

5.3. Ethical Considerations in Epigenetic
Interventions

Risks and challenges of epigenetic manipulation
The importance of the manipulation of epigenetic
factors on biodiversity and integrity of the ecosystem
is underscored by Hata et al. (2023). Epigenetic
interventions bring up a central ethical concern
regarding  the  possibility = of  unintended
consequences. As an example, they could try to boost
resilience against climate-related stress, but not so
well designed interventions could disrupt their
ecological functions or bring some of these
misunderstandings ~ with  them  at  times
unanticipated, and it turns compromise the species
and habitats the conservationists want to protect

(Harrison et al., 2019).

Ethical implications for conservation practices

Moreover, the distribution of the technological
benefits is equitable, but access and property are
disputed. To the extent that epigenetic tools become
increasingly commonplace, there is an opportunity to
generate a distance between historically under and
overrepresented species or populations that are
targets of these interventions vs. those that are not.
Such a tendency could eventually result in some
species being pushed involuntarily toward the
expense of others, thus reinforcing inequalities in the
way finance is provided for conservation and the
priorities of research (Rauscher et al., 2020). What

the implication for the socio political paintings will
ultimately have is crucial, given the fact that those
involved on all sides of the aisle will have differing
views on the manipulation of natural processes
(Rauscher et al., 2020).

Moreover, epigenetic assembly is also subject to
important long term commitments. In contrast to
the traditional conservation measures based on
conservation of the habitat or recovery of the species,
epigenetic interventions do not necessitate this
support in terms of management and monitoring to
maintain the engineered traits within the generations
(Schmid et al., 2021). It poses fundamental questions
to the responsibility of research and conservation
professionals in coming to terms with a very high risk
of such interventions. If the people of the
manipulated populations dFurthermore, epigenetic
manipulation for conservation strategies through
processes of local community involvement and
consent should be included under ethical control. As
these decisions can have great effect on the full
ecosystems of local identities and the means of
subsistence (Levin et al., 2020), the ethics of carrying
out research in a different cultural context requires
participation of interested parties in discussions of
the implications of these innovations. Group
dialogue and deliberation, without being inclusive
and transparent and without a community
consensus, risks alienation of those communities,
and risks losing the social license required for a
successful implementation (Levin et al., 2020).

This also informs political debates over the use of
epigenetic technologies in conservation, but is key to
building public trust in such technologies as well. As
the research in epigenetics continues to expand, it is
crucial to determine rigorous ethical guides that
amalgamate the development of scientific knowledge
with environmental balance and protection of the
affected parties rights and views (Schmid et al.,
2021).on’t survive or the results of biodiversity are
affected are anyone's fault?

6. Conclusion

The synthesis of the results obtained on how
epigenetics affects animal adaptation to the climate
change substantiate that this field emphasizes
important information without which current global
problems could be better understood in traditional
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ecological and evolutionary context. Epigenetic
modification such as DNA methylation, histone
modification, and noncoding RNA activity provide
the mechanisms for rapid responsive to external
pressures without consequentially carrying out large
genetic mutations (Bell et al., 2020). The first is
especially important for those species under rapid
climate change, where the resulting phenotypic
variations are necessary for survival and reproduction
success. Management strategies that improve genetic
diversity are probably insufficient if the epigenetic
landscape is not also taken into account (West-
Eberhard, 2003). Despite the growing number of
evidence stressing the importance of epigenetics in
the adaptation processes, important gaps remain in
our understanding. A large part of the current
research is limited to model organisms or specific
ecological  contexts, which  hinders broader
applicability. Studies often neglect the interaction
between epigenetic changes and other adaptive
processes, such as phenotypic plasticity and
evolutionary responses (Harrison et al., 2021). In
addition, longitudinal studies studying the
persistence  of  epigenetic  changes  through
generations in natural populations are rare but
necessary to determine the long-term impacts of
climate change (Harrison et al., 2021).
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