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Epigenetic variation is often characterized by modifications to DNA that do not alter
the underlying nucleotide sequence, but can influence behavior, morphology, and
physiological phenotypes by affecting gene expression and protein synthesis. In this
review, we consider how the emerging field of ecological epigenetics (eco-epi) aims to
use epigenetic variation to explain ecologically relevant phenotypic variation and predict
evolutionary trajectories that are important in conservation. Here, we focus on how
epigenetic data have contributed to our understanding of wild populations, including
plants, animals, and fungi. First, we identified published eco-epi literature and found that
there was limited taxonomic and ecosystem coverage and that, by necessity of available
technology, these studies have most often focused on the summarized epigenome
rather than locus- or nucleotide-level epigenome characteristics. We also found that
while many studies focused on adaptation and heritability of the epigenome, the field
has thematically expanded into topics such as disease ecology and epigenome-based
ageing of individuals. In the second part of our synthesis, we discuss key insights that
have emerged from the epigenetic field broadly and use these to preview the path
toward integration of epigenetics into ecology. Specifically, we suggest moving focus
to nucleotide-level differences in the epigenome rather than whole-epigenome data
and that we incorporate several facets of epigenome characterization (e.g., methylation,
chromatin structure). Finally, we also suggest that incorporation of behavior and stress
data will be critical to the process of fully integrating eco-epi data into ecology,
conservation, and evolutionary biology.

Keywords: eco-epi, methylation, epigenome, DNA modification, phenotypic variation, adaptation

INTRODUCTION

When critical environmental shifts occur that make a habitat unsuitable, the common view is that
species must either move to di�erent habitats or adjust to the new conditions to avoid extirpation.
One way that organisms can survive in situ is via adaptive evolution. Genetic adaptation to novel
conditions occurs via a response to natural selection, where individuals with particular genotypes
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survive at higher rates than individuals with alternative
genotypes, leading to an increase in the frequency of beneficial
alleles in the population (Jones et al., 2012). By contrast,
epigenetic modifications to DNA, which chemically alter the
expression of genes but do not alter the underlying DNA
sequence, can also influence how organisms respond to
environmental change (Baerwald et al., 2016; Ibrahim et al.,
2021). Because portions of the epigenome can be transmitted
between generations (i.e., are heritable), epigenetic variants
may play a critical role as a mechanism of adaptation
(Kronholm and Collins, 2016).

Epigenetic variation can explain a portion of phenotypic
variance that is due to alterations in gene expression; when
epigenome variants change this alters gene expression, and
these expression changes can lead to lasting phenotypic changes.
Such alterations are typically moderated by epigenetic marks
or chemical tags associated with DNA that include changes
in histone modification, microRNA regulation, and DNA
methylation (Oliver et al., 2016). Histone modifications and
DNA methylation interact to regulate which areas of the
genome are open for transcription. In this way, environmentally
induced alterations of these epigenetic modifications can alter
gene expression (Skvortsova et al., 2018). Critically, epigenetic
modifications can be ephemeral in comparison to DNA sequence
changes, meaning that these marks can be reverted and thus
provide flexibility in how organisms react to environmental
changes (Kronholm and Collins, 2016; Verhoeven et al., 2016).

Histone modifications and microRNAs have been
understudied relative to DNA methylation in the context of
ecology and evolutionary biology. Instead, the focus of epigenetic
inheritance in ecology and evolution has centered around how
DNA methylation changes are passed from parent to o�spring.
Methylation typically occurs at cytosine-phosphate-guanine
(CpG) dinucleotides, but CpG islands – stretches of DNA with
an abundance of CpG repeats – show more variable methylation,
particularly when comparing CpG islands located in promoters
(generally unmethylated if the gene is transcriptionally active)
and those that are intragenic (generally methylated) (Figure 1).
Gene expression can be altered through di�erential methylation
of associated CpG islands, where increased methylation of
promoters typically leads to decreased transcription, providing
an avenue for the epigenome to influence phenotype (Jones,
2012). As a result of this variability and the influences these
sites have on traits and fitness, these islands are considered the
primary landmarks of the epigenome (Sleutels and Barlow, 2002;
Angeloni and Bogdanovic, 2021).

Despite the recent surge in interest in epigenetic
investigations, mechanisms of epigenetic inheritance among
plants and animals are still being refined. In addition, the
interactions of the e�ects of hard inheritance (i.e., characteristics
are passed to o�spring through DNA sequences that are not
a�ected by parental environment) and soft inheritance (i.e.,
inherited o�spring characteristics that are a result of parental
behavior or environment) are not completely understood
(Jablonka and Lamb, 2002; Noble, 2015). Part of the confusion
comes from imprecise language around some epigenetic terms
and how they are used in di�erent fields of research. Here we use

intergenerational inheritance to refer to epigenetic marks that are
consistent between parent and the o�spring who were exposed
to a particular environment or stressor as embryos or embryonic
germ cells. We use the term transgenerational inheritance to refer
to epigenetic marks that are transmitted to o�spring who were
never exposed as embryos (F1) or even as germ cells (F2) to that
environment or stressor of interest — in females this is typically
the F3 generation removed from the stressor (see Figure 2). In
addition to this confusion, epigenetic activity and the degree of
transmission of epigenetic marks vary widely between plants and
animals as well as between vertebrate and invertebrate animals;
plants tend to be much more permissive of transgenerational
epigenetics whereas vertebrates, particularly placental mammals,
are much more restrictive (Morgan et al., 2005; Mounger et al.,
2021). Today, the overall body of evidence supports the idea that
individual phenotypic trait values are determined by both genetic
and environmental e�ects, with epigenetics being a mediator
for the short-term through regulation of phenotypic plasticity
and intergenerational inheritance and in some cases long-term
(transgenerational) e�ects of the environment on phenotype.

Epigenetic di�erences between individuals can also be
influenced by many biological factors including an individual’s
age, sex, and the type of tissue profiled (Brunet and Berger,
2014; Martínez et al., 2014), and comparing epigenomes among
these groups can be misleading if these di�erences are not
included in data analysis (Teschendor� et al., 2017). These
di�erences can also manifest through various environmental or
ecological characteristics such as social system, parasite load,
disease, climate, nutrition, and exposure to toxins (Verhoeven
et al., 2016; Herrel et al., 2020; Rey et al., 2020). This
means that within a single individual and tissue type, the
epigenome is dynamic and changing over time making it
di�cult to link a single set of gene expression changes to a
single phenotypic di�erence (Favé et al., 2018). For example,
in monozygotic twins that begin genetically identical, a lifetime
of behavior and environmental di�erences (e.g., diet, smoking
habits, pharmaceutical use) results in disparate epigenomic
patterns that have e�ects on the metabolism and health of an
individual, some of which are indirect (Kanherkar et al., 2014).
Additionally, these epigenetic modifications have the potential to
permanently alter the genome. Methylated cytosines are prone
to spontaneous mutation into thymine residues and, although
this error can be detected by cellular repair mechanisms, the
mutation nevertheless can be incorporated into the genome and
thus leads to an increase in TpG sequences over an organisms’
lifetime (Figure 1; Chahwan et al., 2010). Finally, there are
probably biological connections between the epigenome and the
transcriptome in most species, but technical factors (e.g., ability
to house and care for captive populations in large or long-lived
organisms) have so far limited our ability to comprehensively
study these connections in wild organisms. Overall, this leads to a
complex relationship between the composition of the epigenome
we can detect in a snapshot of sampling and the fitness,
phenotype, or behaviors observed in any one tissue sampled from
an individual at a particular time.

Just as additive genetic variation in populations can result
in adaptation via a response to selection, epigenetic variation
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FIGURE 1 | Methylation of cytosine-phosphate-guanine (CpG) islands influences transcription and can result in spontaneous mutations. (A) CpG islands can be
found within promoters (left) or in coding and non-coding regions (right). (B) In mammals, the CpG islands in promoters of genes that are transcriptionally active are
unmethylated, while those in gene bodies are often methylated. (C) Methylation of CpG islands in promoters is generally associated with reduced transcription
relative to unmethylated regions, and methylated cytosines can spontaneously deaminate into thymine resulting in changes to the underlying DNA sequence.

within and among genomes can lead to di�erential inheritance
by selection on epigenetic variants and thus also provides an
opportunity for adaptation. As a growing field of biology,
ecological epigenetics (eco-epi) aims to use epigenetic variation
to explain ecologically relevant phenotypic variation and predict
evolutionary trajectories, both of which are relevant to modern
conservation e�orts. In this review, we consider how epigenetic
data have contributed to our understanding of the ecology and
evolution of wild populations, including plants, animals, and
fungi. In part one of this review and synthesis, we identify and
collate eco-epi literature published by the end of April 2021 and
use these studies to summarize: (a) the distribution of eco-epi
studies conducted to date, from both a taxonomic and ecosystem
perspective; (b) eco-epi methodologies and data requirements;
and (c) ecologically relevant questions addressed by eco-epi
studies. In part two, we highlight what is needed to push
forward and integrate epigenetics in ecological and evolutionary
biology, including more focus on locus-level di�erences in the

epigenome, measurement of the epigenome that is beyond the
methylome, and integration of behaviors and stressors into
epigenome experiments.

Eco-Epi Research to Date
We used the ISI Web of Science to identify eco-epi studies
published through April 2021. We searched “(ecolog⇤ OR evolu⇤

OR conserv⇤) AND (epigenetic⇤ OR epigenome⇤ ORmethylome
ORmethylation)” and curated the resulting manuscripts by hand
to include only those that used epigenetic data in an ecological
or evolutionary context (Supplementary Appendix 1). We
excluded review and opinionmanuscripts and studies that reused
existing epigenetic data to avoid incorporating the same data and
interpretations multiple times. In total we identified 206 eco-
epi manuscripts from which we extracted shared data including:
focal species, geographic origin of samples analyzed, number of
epigenomes assessed, the epigenetic methodology employed, as
well as the general topics, questions, and conclusions reached

Frontiers in Ecology and Evolution | www.frontiersin.org 3 April 2022 | Volume 10 | Article 871791

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-871791 April 5, 2022 Time: 13:13 # 4

Lamka et al. Ecological Epigenetics

FIGURE 2 | Examples of intergenerational and transgenerational inheritance of epigenetic marks (methylation) in a vertebrate. Intergenerational inheritance tracks
epigenetic modifications through parent and offspring that were all exposed to the same environment or stressor. On the left a female kangaroo rat (F0), her
developing embryo (F1), and the embryo’s germ cells (F2) are all exposed to the current environmental stressor that can alter the epigenome directly; on the right the
male rat (F0) and his germ cells (sperm, F1) are being exposed to the same stressor. Transgenerational inheritance occurs when offspring (F3 from females, and F2
from males) never exposed to the stressor (even as germ cells) have the same methylation pattern as their parents that were exposed to the stressful environment.

by the authors (Supplementary Appendix 2). While these are
unlikely to have captured all of the relevant literature, we
interpret this set of manuscripts as representative of the work in
the eco-epi field to date.

CURRENT COVERAGE OF ECO-EPI
RESEARCH

Eco-epi investigations that we identified through our search
terms included research on a total of 184 di�erent species,
including 101 in Animalia, 78 in Plantae, 4 in Fungi, and
1 Chromista (single-celled eukaryote) species. However, these
studies were not evenly distributed with respect to species
richness, phyla, or high-order clades (Zhang, 2013). Instead,
research was disproportionately focused on chordates and
angiosperms, accounting for 38 and 41% of all studied species,
respectively (Table 1). Similarly, sample collection for all studies
occurred primarily in Europe (37%) and North America (24%),
meaning that only 39% of eco-epi research e�ort was distributed
across remaining global ecosystems found outside these two areas
(Supplementary Appendix 3). Clearly, the future inclusion of
more diverse focal species will provide additional insight into
the broader mechanistic and systematic e�ects of epigenetic
inheritance given global environmental variability.

In epigenetic research, early research focused on model
species and has only recently begun to extend to non-model
species. We examined our data to identify emerging eco-epi
model species by looking for multiple studies focused on the

same species. We found only four species with five or more
studies (Apis mellifera, honeybee; Gasterosteus aculeatus, three-
spined stickleback; Helleborus foetidus, stinking hellebore; and
Taraxacum o�cinale, dandelion), suggesting these are emerging
eco-epi model species. However, including additional species
from other groups with significant existing genomic resources
(e.g., Salmo salar, Atlantic salmon; Taeniopygia guttata, zebra
finch) may be beneficial because eco-epi research is more
tractable with well assembled and annotated reference genomes
that can be used for mapping high throughput sequence data
from epigenomics studies (Le et al., 2020). Future work would
be well suited in species with available high quality reference
genome assemblies because these are required in the most
cost-e�cient and data-rich epigenetic methodologies. Recent
interest in generating genome assemblies for diverse species (e.g.,
Vertebrate Genomes Project, Bird 10K Genomes Project, DNA
Zoo) means that future epigenomic work will be possible on
diverse species, which may be particularly important for those
species that must adapt to changing environments.

Bias in conservation research e�ort is, at least in part, due to
variation in funding, which hinders the development of genomic
resources in non-model species (Donaldson et al., 2017). With
limited resources in mind, we examined the available data to
understand how existing eco-epi research may have been used
to inform on-going conservation need or intervention. Our
dataset contained 100 species for which extinction risk has
been evaluated by the International Union for the Conservation
of Nature (IUCN) and found that only 13 eco-epi focal
species were included in the IUCN threatened categories (i.e.,
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TABLE 1 | Taxonomic breakdown of the 184 unique species studied in the
existing ecological epigenetic literature.

Phylum/Clade No. of
species*

Orders represented

Animalia

Annelida 2 Canalipalpata, Haplotaxida

Arthropoda 15 Amphipoda, Blattodea, Cladocera, Coleoptera,
Hemiptera, Hymenoptera, and Lepidoptera

Chordata 70 Acipenseriformes, Anguilliformes, Anura,
Artiodactyla, Carcharhiniformes, Carnivora,
Cetartiodactyla, Characiformes, Cichliformes,
Cypriniformes, Cyprinodontiformes,
Dasyuromorphia, Diptrotodontia, Enterogona,
Galliformes, Gasterosteiformes, Gobiiformes,
Passeriformes, Perciformes, Petromyzontiformes,
Phlebobranchia, Primates, Procellariiformes,
Rodentia, Salmoniformes, Squamata, and
Testudines

Cnidaria 6 Actinaria, Scleractinia

Echinodermata 1 Echinoida

Mollusca 6 Littorinimorpha, Ostreida, Pterioida, and
Pteropoda

Platyhelminthes 1 Strigeidida

Chromista

Heterokonta 1 Bacillariales

Fungi

Ascomycota 2 Diaporthales, Saccharomycetales

Glomeromycota 2 Glomerales

Plantae

Angiosperm 76 Alismatales, Apiales, Aquifoliales, Arecales,
Asparagales, Asterales, Brassicales,
Caryophyllales, Dipscales, Ericales, Fabales,
Fagales, Geraniales, Lamiales, Liliales, Malphiiales,
Malpighiales, Malvales, Poales, Proteales,
Ranunculales, Rosales, Sapindales, and Solanales

Gymnosperm 2 Pinales

*Some studies included multiple species sampled from different taxonomic groups.

critically endangered, endangered, vulnerable). Because epigenetic
marks can be modified in response to biological stressors—and
because threatened species are likely to be under stress—we
expect that future eco-epi studies that compare threatened and
non-threatened populations of the same species might prove
enlightening in the same sense that historic comparisons have
illustrated that additive genetic variation is often reduced in
threatened populations (Chapman et al., 2009). We expect that
epigenetic modifications could a�ect fitness and influence future
evolutionary potential for adaptation (Kardos et al., 2021).

Eco-Epi Methodologies
The published eco-epi studies we evaluated used a variety of
epigenetic methods that target DNA methylation, each of which
provide very di�erent views into an individual’s epigenome
(Table 2). The most commonly used method in the studies we
reviewed was methylation-sensitive amplified fragment length
polymorphism. Because this procedure is methodologically
simple, it was one of the first epigenetic methods applied to
ecological questions. This method results in information about

methylation status for the locus (or loci) targeted by the initial
PCR amplification (Yamamoto et al., 2001). For example, Schulz
et al. (2014) investigated the floodplain herb Viola elatior and
found divergence inmethylation status between populations with
di�erent light conditions using data from eight loci. Because this
method can only generate data for a small proportion of the
entire epigenome (humans have an estimated 30,000 CpG islands,
or 28 million CpG sites, for example; Jeziorska et al., 2017), a
large proportion of the epigenome variation is missed. Newer
approaches that build on whole genome sequencing advances
may provide more detailed insight into epigenome variation.

Reduced representation epigenetic sequencing attempts to
overcome the limitations inherent when considering only a few
loci by generating data for many more loci in a cost-e�cient
manner. Reduced representation epigenetic bisulfite sequencing,
which works similarly to RADseq, uses restriction enzymes to
cut genomic DNA at enzyme-specific cut sites when the region
is methylated, providing information on the methylation status
of the cytosines in the restriction enzyme recognition site across
the genome (Schield et al., 2016). One drawback to this process
is that this method may introduce biases in the epigenetic data
due to allelic drop-out caused by sequence variation at the
restriction sites among individuals (Cariou et al., 2016) thereby
resulting in missing information for individuals in the dataset
(Crotti et al., 2019); another is the template DNA required, which
may be di�cult to obtain in su�cient quality, quantity, or both
when studying species of conservation concern. Nevertheless,
reduced representation epigenetic sequencing are cost-e�cient
methods for generating epigenetic data (Werner et al., 2020).
For example, Platt et al. (2015) investigated the pattern of
genetic and epigenetic variants across populations of valley oaks
(Quercus lobata) from disparate climatic regions. The results
of this research suggested that there were very large sections
of the epigenome that were di�erent between populations, and
that the epigenome, as a whole, may influence patterns of local
adaptation. In this case, the use of genome-wide data made it
possible to detect regions that would have been missed with a
lower density of epigenetic markers.

In contrast to these methods, bisulfite sequencing provides
single-nucleotide resolution of methylation status (Frommer
et al., 1992). When using a bisulfite sequencing approach,
DNA sequences are treated with bisulfite, causing unmethylated
cytosine to be converted to thymine, whereas methylated
cytosines are protected. In this way, the unmethylated cytosines
can then be detected by comparing the untreated sequence to the
bisulfite converted sequence and identifying the single nucleotide
variants (SNPs) (Frommer et al., 1992; Li and Tollefsbol,
2011). In addition, bisulfite sequencing can be conducted on a
locus-by-locus comparison (using locus-specific primers) or for
whole genomes using high throughput sequencing. For example,
Laine et al. (2016) used whole genome bisulfite sequencing
in great tits (Parus major) and identified increased CpG
methylation near neural genes relative to the rest of the genome,
suggesting epigenetic regulation of learning and memory.
Similarly, whole genome bisulfite sequencing in three-spined
stickleback (Gasterosteus aculeatus) showed hypermethylation of
X chromosomes in females relative to males, providing a possible
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TABLE 2 | Overview of epigenetic methods, including a brief description and a
description of the generated data, used in the ecological epigenetic studies we
reviewed.

Methodologya Description No. of
studiesb

Output generated

Bisulfite sequencing Treats the DNA
sequence with bisulfite,
causing unmethylated
cytosine to convert to
uracil, which can then
be detected via

sequencing; sometimes
includes methylation
enrichment

46 Single-nucleotide
resolution of
methylation status in
segments of DNA

Methyl-binding
domain sequencing

Methylated sites across
a fragmented genome
are bound to beads
using high-affinity
proteins, captured
fragments are then
sequenced

1 Single-nucleotide
resolution of methylated
regions across the
genome

Reduced
representation
epigenetic
sequencing

Restriction enzymes
randomly cut the
genome at methylated
sites, and these
restriction fragments
are then sequenced

33 Sequence information
for methylated genomic
regions; regions are
expected to be
randomly distributed
among methylated
genome sites

Chromatin or
methylated DNA
immunoprecipitation
with sequencing

Methylated genome
sites are isolated using
an antibody and the
resulting fragments are
then sequenced

16 Single-nucleotide
resolution of
methylation status in
segments of DNA

High-performance
liquid
chromatography
(and mass
spectroscopy)

Separates and
quantifies cytosine
methylation across the
genome (sometimes
coupled with mass
spectroscopy)

15 Quantity of methylated
sites summed across
the entire genome

Methylation-sensitive
amplified fragment
length polymorphism

Uses a
methylation-sensitive
restriction enzyme to
cleave methylated PCR
products that are then
visualized on a gel

95 Methylation status (i.e.,
methylated or not) at a
targeted site

Methylation or
demethylation of
genes and genomes

Apply methylating or
demethylating enzyme
to either target genes
or entire genome and
compare resulting
phenotype to control

5 Phenotypic response to
change in methylation
status is measured,
providing insight into
methylation effects

a
Methods that relied on similar chemistries or approaches have been

grouped together.

b
Some studies used more than one method.

mechanism for the observed heteromorphic sex chromosomes in
this species (Metzger and Schulte, 2018).

We also identified a subset of studies that measured
global methylation across the genome using methods that rely
on liquid chromatography. These methodologies quantify the
proportion of the genome that is methylated by separating and
quantifying genomic cytosine, providing information on the total
methylation quantity in an individual sample (Roberts et al.,
2018). This approach can be e�ective for considering the e�ects

of widespread environmental change. In one example, Volkova
et al. (2018) showed that Scots pine (Pinus sylvestris) that were
exposed to chronic radiation as a result of the Chernobyl disaster
tended to be significantly hypermethylated. Although the precise
genomic location of the induced methylation was unknown, the
authors suggest that the hypermethylation has prevented genome
instability and reshu�ing, thereby providing a mechanism to
withstand the environmental stressors.

Very few of the eco-epi studies captured in our review
(n = 5) relied on experimental manipulation of methylation
patterns to directly assess the e�ects of methylation on individual
phenotypes, but such investigations would provide the most
direct evidence of mechanistic links between epigenetic variation
and di�erential individual fitness. In all the studies that used this
approach included in our analyses, individuals in an experimental
group were treated with a demethylating agent and phenotypes
were compared between treatment and control groups. For
example, Vergeer et al. (2012) measured fitness-related traits
in inbred and outbred dwarf pincushion flower (Scabiosa
columbaria) in the presence and absence of experimental
demethylation and determined that demethylation treatment
of inbred individuals led to trait values resembling control
outbred individuals. However, like the other experimental studies
in our analysis, the e�ects of demethylation agents on global
methylation levels were not measured directly. Treatment with
demethylation agents, such as 5-azacytidine or zebularine, can
result in variable degrees of demethylation across species and
application methods, limiting inferences that can be drawn in
the absence of direct quantification (Münzbergová et al., 2019).
Nevertheless, experimental demethylation represents a clear
approach to describe the e�ects of specific methylation patterns
on phenotypes, particularly if paired with a high-resolution
approach such as whole genome bisulfite sequencing, in systems
and species where experimental manipulation is tractable.

Focal Questions in Eco-Epi Research
Do Population-Specific Epigenetic Modifications

Represent Signatures of Local Adaptation?

The extent to which epigenetic variation in wild populations, in
addition to genetic variation, contributes to the adaptability of
populations is an important topic in ecology due to concerns
related to global climate change, invasive species, and other large-
scale concerns. As a result of this interest in the field, adaptation
was a common theme in the eco-epi literature we surveyed
(58% of studies). In these contexts, adaptation can be inferred—
either exclusively or partially—to explain the di�erences in
fitness or fitness-related traits as a result of environmental
di�erences (n = 84 out of 121 adaptation-related articles) by
studying the relationship between the epigenome and putative
fitness-related traits (e.g., body size, genomic variability, seed
production, parasite load; n = 75) or fitness directly (n = 10)
across natural environmental clines or gradients in herbivory
intensity, salinity, and temperature (SupplementaryAppendix 2;
note that one study considered fitness-related traits as well as
fitness directly). In 86% of studies that we surveyed that had
some focus on adaptation of the focal species in response to
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environmental change (n = 105), epigenetic variation was at
least partially attributed to the environmental di�erences between
study groups. However, inferences were limited when specific
epigenetic markers could not be tied to phenotypic outcomes
due to methodology. In addition, the limited taxonomic and
geographical sampling means that it is di�cult to assess
how consistently these eco-epi/adaptation patterns hold across
species and ecosystems.

One conservation-relevant issue that is likely to become
important is the increased need for captively supported
populations (Allentoft and O’Brien, 2010), and the adaptation of
captive populations to the novel and predator free environments
is one alluring system for eco-epi investigation (Williams
and Ho�man, 2009). Furthermore, some species may require
ex situ captive breeding e�orts to prevent extinction. While
such e�orts can result in genetic adaptation to captive
environments (Willoughby and Christie, 2019), it remains
unknown whether epigenetic modifications can also decrease the
fitness of captively-reared individuals released or reintroduced
back into the wild (Le Luyer et al., 2017) or if epigenome
modifications decreased overall fitness (irrespective of captive
or wild status) in these populations (Kronholm and Collins,
2016). As we continue to amass studies comparing epigenomes
and fitness, these analyses will provide an additional backdrop
for characterizing the relationship between the epigenome
and population trajectories under changing environmental
conditions, with obvious applications to conservation biology.

To What Extent Are Epigenetic Modifications

Heritable and What Are the Consequences?

From a population persistence point of view, and more broadly
considering ecology and evolution, epigenetic changes that are
heritable may be more relevant than those that are ephemeral
because heritable changes can influence long term population
fitness and evolution. Because epigenomes can change even over
an individual’s lifetime, it is not clear how heritability may
di�er among populations and species. In the eco-epi literature,
heritability of epigenetic modifications can be quantified by
measuring methylation over at least two consecutive generations
or by considering similarities and di�erences among families.
Although heritability values were not directly estimated in the
literature we surveyed, at least a portion of the studied epigenome
was identified as heritable in 81% of the studies surveyed (25 out
of 31 studies that addressed heritability). However, uncertainty
about the heritability of methylation remains due to the variety
of definitions of inheritance in combination with the variety
of life history traits that contribute to di�erences in germ cell
reprogramming and epigenome transmission (see Figure 2 for
explanation of inter- and transgenerational inheritance).

The way we quantify epigenome heritability, either using
intergenerational or transgenerational inheritance, can influence
how we understand inheritance of these genomic markers. For
example, in the shrub Lavandula latifolia, Herrera et al. (2018)
compared the correlation between greenhouse-grown maternal
and F1 o�spring global cytosine methylation and found that
maternal methylation explained 28% of the variation in o�spring
methylation across the genome. In this example, the proportion

of this intergenerational inheritance that would also be inherited
into further generations (i.e., transgenerational inheritance) is
not clear. By contrast, Zheng et al. (2017) reported drought-
induced epigenetic changes in wild rice that were detected up to
11 generations later, identifying potentially important epigenetic
variants that were heritably transmitted into generations not
subjected to drought conditions.

Experiments where an environmental stressor was
experimentally applied suggests that even a relatively modest
transmission between generations may be ecologically relevant;
when sperm was collected from Atlantic salmon (Salmo salar)
fathers and o�spring after being exposed to hatchery conditions,
six di�erentially methylated regions were passed to future
generations, suggesting that these epigenetic modifications
that arose during captive-rearing could result in di�erential
fitness when hatchery-reared males interbreed with wild
females (Rodriguez Barreto et al., 2019). It seems possible
that the multi-generational transmission of the epigenome
may provide important avenues for adaptation to new
and stressful environmental conditions by preparing future
generations to deal appropriately with those stressors. However,
detecting these transgenerational traits can be problematic when
epigenome patterns co-vary with other traits such as behaviors
or microbiome communities (Heard and Martienssen, 2014).
For example, when parental nurturing triggers a persistent
methylation change in o�spring, the observed methylation
pattern would appear to be transgenerationally inherited even
though it is acquired as a result of maternal actions after
birth (Champagne and Curley, 2009). In addition, epigenomic
heritability is not evidence of adaptation; epigenetic marks
may be neutral with respect to phenotype and fitness or
represent a stressed or disease-state particularly if the subsequent
generations are exposed to di�erent environments than their
previous generations where the epigenetic marks originated.

Does DNA Sequence Diversity Relate to Epigenome

Diversity and What Are the Causes of This

Relationship?

The correlation between DNA sequence diversity (i.e., genetic
diversity) and epigenome diversity may be an important
aspect of integrating epigenetic data into ecological projects
because this would allow us to apply existing genetic diversity
theories to epigenomic data. However, the extent to which a
relationship exists between these two estimates is unclear: among
the eco-epi studies we reviewed that assessed (quantitatively
or qualitatively) a relationship between DNA sequence and
epigenetic diversity, 22 reported a correlation between genetic
and epigenetic diversity (four negatively, 16 positively, and two
with no correlation direction) and 24 found no correlation
between genetic and epigenetic variation. For example, in a
recent analysis of 10 populations of a clonal herb (Hydrocotyle
vulgaris), Wang et al. (2020) show that epigenetic variation was
correlated with genetic variation across and among populations,
and that particular phenotypes were associated with particular
epigenetic variants. Although this relationship has not yet been
examined in most species, these and similar data suggest that
the epigenome influences phenotype independently of genetic
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variation. However, the relationship between DNA sequence
variation and epigenome variation is likely complicated by
variants that are di�cult to detect or quantify. For example, copy
number variants and transposable element insertions may be
important and inheritable DNA sequence variants, but detecting
these remains di�cult particularly in non-model organisms
(Caballero-Lopez et al., 2021). When these undetected sequence
variants are important to a measured phenotype and co-vary with
epigenome variants, this may give the false impression that the
trait is solely epigenetically inherited; if this happens frequently
across the genome this will, perhaps falsely, suggest that sequence
variation is not strongly related to epigenetic variation (Heard
andMartienssen, 2014). Therefore, understanding the theoretical
concepts that underpin the relationship between genetic and
epigenetic variation in wild populations of diverse species is
critical to the continued progress of the eco-epi field.

How Do Epigenetic Variants Interact With Hosts,

Parasites, or Disease-State?

The e�ects of epigenetic variants and changes on disease
or parasite susceptibility are important to wild population
management because understanding how and when parasites
invade new areas informs conservation and management
actions to limit disease spread. For example, Hu et al.
(2018) investigated populations of Trinidadian guppies (Poecilia
reticulata) and showed that there were distinct epigenetic
modifications associated with the progression of infection of an
ectoparasite. Infected, symptomatic, and recovered individuals
exhibited di�erent suites of methylated regions. Interestingly,
many of these methylated sites were associated with CpG
islands and several overlapped genes associated with immune
response. Current literature also suggests that internal parasites
can mediate epigenetic changes; in red grouse (Lagopus
lagopus), gastrointestinal parasites seemed to induce specific host
epigenetic responses that were associated with di�erent parasite
loads (Wenzel and Piertney, 2014). These studies suggest that it is
possible to develop epigenome panels for screening disease states
in a target species or population, making it feasible to implement
targeted disease treatment or strategies to limit spread of diseases
in wild populations.

Can Epigenetic Data Provide Demographic

Information for Wild Populations?

The ability to accurately know the age of a wild individual without
lethal sampling is important for management and represents
an additional exciting application of epigenetic data. Epigenetic
clocks can be used to estimate an individual’s age by quantifying
methylation level across a suite of loci that are known to correlate
with age in that species (Bell et al., 2019). Although we identified
very few studies (n = 9) with the explicit goal of evaluating
epigenetic marker changes over a portion of an individual’s
life, all of these studies reported positive and often predictable
associations between age and methylation in at least some loci
(Polanowski et al., 2014; Ito et al., 2018; Bicho et al., 2020; Tanabe
et al., 2020). Although environmental e�ects (e.g., sun UV
exposure) can alter an individual’s epigenome, environmental
and age-related methylation changes often occur among
distinct loci (Grönniger et al., 2010; Polanowski et al., 2014).

Unfortunately, species- and perhaps population-specific
epigenome models for estimating age are needed as it does not
appear that markers identified in one species can be applied to
others (Tanabe et al., 2020), although candidate loci identified in
closely-related species may provide a head start (Mayne et al.,
2021). Marker identification is additionally complicated by the
paucity of the age-related regions, which are thought to occur in
only ⇠1% of the genome (Grönniger et al., 2010). However, the
application of established protocols for identifying appropriate
epigenetic markers in new species is promising (Polanowski
et al., 2014) and has the potential to transform the way we study
and manage wild populations.

WHAT IS THE FUTURE OF ECO-EPI?

We are interested in understanding how the field of eco-epi needs
to progress if we are going to be able to take advantage of these
data and insights in ecology and evolution. To characterize the
eco-epi trajectory, we summarized the broader field of epigenetic
research over the past 20 years. We searched ISI Web of Science
using the topic search “epigenetic” and identified all studies
published in the 20 journals with the most epigenetics articles
published from 2000 to 2020. We used the abstracts from these
12,765 studies in an automated text analysis (Roberts et al., 2019)
to identify the common themes and how these themes have
changed in the last 20 years (see appendix for specific methods).
We identified the top 20 topics, and here expand on those topics
that relate to ecology (Figure 3; see Supplementary Appendix 6
for a complete list of the top 20 topics).

One common theme in the epigenetics field over the past
20 years was research focused on genome sequencing methods,
techniques, and data science (Figure 3). We identified substantial
interest in analysis techniques associated with interpreting
epigenetic data, such as the use of enrichment networks in
conjunction with epigenetic data (Wang et al., 2021). The
development of these methodologies and associated analysis
techniques is critically important for how we assess the
epigenomes of wild-living populations and individuals. Moving
forward, we will need to build on these methods of epigenomic
data that provide nucleotide-level insights across the genome,
as these data provide the most utility for interpreting how
epigenomes evolve (Paun et al., 2019).

Although we have largely considered epigenetics from a
methylation perspective, epigenetic modifications can also
occur via histone modifications (e.g., methylation, acetylation,
and phosphorylation). Together histone modifications and
DNA methylation alter the structure of chromatin and alter
transcriptional regulation, ultimately influencing protein
synthesis (Dai et al., 2020). We found that research in histone
modifications and the e�ects of DNA structure modification
on transcription/translation has been another core research
area in the epigenetics field as a whole (Figure 3). However,
we did not identify substantial interest in these topics in our
eco-epi literature survey (Supplementary Appendix 2). While
this may be due to practical limitations, for example the use
of tissues that may be di�cult to obtain from wild-living
individuals (Buenrostro et al., 2013), understanding the full
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FIGURE 3 | Automated text analysis of epigenetics literature. (A) Identification of literature; (B) top ecology-relevant topics contained in the epigenetics literature.
Topic interest is plotted over time for those topics that increased (C), decreased (D), or remained constant (E) from 2000 to 2020.

breadth of epigenetic responses in wild populations is desirable.
For example, histone modifications in experimental populations
of Arabidopsis can be related to environmental stress and
ultimately confer survival benefits relative to individuals that
lack these modifications (Kim et al., 2012). Future research
in the field should include the use of methodologies such as
ATAC-seq (Buenrostro et al., 2013) and genome structure
analyses (Buitrago et al., 2021; Kumar et al., 2021) that are
agnostic to the type of epigenetic modification, but rather can
provide a more comprehensive picture of epigenetic state of
the genome by identifying chromatin regions that are open
or closed for transcriptional regulation. Advances of these

chromatin-type methods require very little DNA (e.g., 50,000
cells) and can use snap frozen and preserved tissue as long
as the nuclei are still intact (Corces et al., 2017; Peng et al.,
2021). Similarly, quantifying the abundance of RNA variants
via RNA profiling, which can also be accomplished with few
cells, could be deployed to measure the functional output of
the epigenome characters (Kostich, 2017). Understanding the
full breadth of organism responses and adaptations will require
consideration of expression changes irrespective of the type of
epigenome modification.

We also identified substantial interest in methylation at CpG
islands in the epigenetics field over the last 20 years (Figure 3).
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As demonstrated by the existing epigenetic framework laid down
by the early CpG island studies, eco-epi has the opportunity to
make quick gains in epigenetic data applications and contribute
significantly to the broader field. For example, integration
of epigenetic data with DNA sequencing data may provide
necessary insight into the non-genetic components of phenotypic
variation by identifying when transcription of specific genomic
variants leads to observed phenotypes. This is likely to be more
complicated than a single genotype-epigenome status-phenotype
relationship and may require complex network analysis (e.g.,
weighted correlation network analysis) to identify genotype-
epigenome status complexes of interest (Figure 4). This analysis
works by identifying modules of genes that are correlated with
each other and to the phenotype of interest and can be adapted to
epigenome data by comparing genome and epigenome networks
to each other and identifying overlapping genes and gene
complexes (van Eijk et al., 2012). The increasing accessibility of
genomic resources are likely to provide su�cient background
for assessing suites of data such as these to understand
how transcriptional regulation and phenotypes vary across

temperatures, predator-prey environments, source populations,
and other ecologically important variables. Epigenetic studies
focused on these areas are poised to provide important ecological
insights while simultaneously contributing to the broader
discussion of gene regulation across additional (i.e., non-model)
species and environmental conditions. An important caveat to
this functional application of epigenetic data to understand
phenotype and its response to environmental conditions is the
need to sample the tissue that is responsible for the phenotypes
since every tissue type will have a di�erent epigenomic profile
relevant to the function of that tissue (see “Outstanding
Issues” below).

Finally, studies on the e�ects of behaviors and stress on
epigenomes has been of interest in the general epigenetic field
and holds substantial promise for eco-epi growth (long-term
metabolic e�ects of maternal stress on o�spring and e�ects of
imprinting on embryo development; Figure 3). These topics
seem particularly important to reproduction generally and
fitness specifically, and as such may be important considerations
for eco-epi work. For example, the e�ects of environmental

FIGURE 4 | Linking epigenome differences, genome sequence variation, and phenotypic variation. The process starts by (A) collecting tissue from same
age-individuals sampled from the same, natural population and generating epigenome, genome, and phenotypic data for each individual. (B) These data can then
be analyzed to identify relationships where unique epigenome-DNA sequence variation relationships result in particular phenotypes (here illustrated with a locus of
large effect) or by using network analyses when the relationship involves numerous genes.
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stress may be particularly influential during embryogenesis
because this is often when epigenetic modifications are most
dynamic over an individual’s lifetime (Bogdanović and Gómez-
Skarmeta, 2014); stressful or otherwise unfavorable conditions
that occur during embryogenesis but that are also atypical
may, therefore, cause a mismatch between the environment
and the individual later in life. The same logic also applies to
the e�ects of epigenetic modifications on behavior, memory,
and disease/infection. Thus, considering the epigenome when
investigating population responses to environmental change,
fragmentation, or any number of other perturbations may be
particularly informative.

Discussion on the Outstanding Issues in
Eco-Epi
Although application of epigenetic methodologies across diverse
ecological contexts is promising, current eco-epi investigations
are limited by the extensive variation in epigenetic modifications
that exist among and within individuals. Within an individual,
patterns of epigenetic variation di�er between somatic and germ
cells, across tissue types (e.g., blood, liver, and skin), and even
across cell types within a tissue (Gutierrez-Arcelus et al., 2015;
Blake et al., 2020). Among individuals, epigenetic patterns can
vary between sexes, age groups, and individuals sampled in
di�erent locations (Schulz et al., 2014; Ito et al., 2018; Metzger
and Schulte, 2018). Combined, these factors suggest that carefully
designed experiments and sampling regimes with large sample
sizes are required to accurately identify meaningful biological
patterns such as those that are expected to arise due to local
adaptation or in response to novel disease-causing agents.

Furthermore, there are some species for which it is not
possible to invasively sample relevant tissues from large numbers
of individuals (e.g., endangered species). This e�ectively limits
sampling options to the collection of blood from living
individuals. On the one hand, epigenetic data from blood samples
can be informative; in blood samples collected from shortfin
molly (Poecilia mexicana) the methylation patterns suggested
a mechanism by which this species has adapted to sulfidic
springs (Kelley et al., 2021). On the other hand, methylation
patterns found in blood may not be well correlated with
those in other tissues because some methylation patterns are
confined to particular tissues (Siller and Rubenstein, 2019; but see
Lindner et al., 2021b). Furthermore, tissues are heterogeneous,
and measured changes in epigenetic patterns may be due to
this variability (e.g., sampling multiple cell types; Husby, 2020).
Methods for accounting for and managing this variability should
be incorporated into any eco-epi study relying on blood samples
for methylation analysis (e.g., centrifugation; Viitaniemi et al.,
2019; Kelley et al., 2021). Alternatively, newer methodologies
that require far fewer cells than have previously been required
(e.g., CUT&Tag, Kaya-Occur et al., 2019; transcription profiling,
Orchard et al., 2018; RNA sequencing, Kelsey et al., 2017) could
also be used, providing an avenue to gain insight into the
epigenomes of the highest conservation priority species.

Another important consideration for eco-epi sampling design
is the temporal variability of epigenetic variation (e.g., by age, life

stage, season, environmental conditions, infection status, etc.).
One way to account for this variation is by repeatedly sampling
the same individuals and tissues over time. Recently, Lindner
et al. (2021a) identify changes in methylation associated with
reproductive status in great tit over a 6-month period, e�ectively
using these data to understand the stability of methylation over
this time period. However, this kind of experimental control
is limited to species and tissue types that can be sampled
multiple times (e.g., nucleated red blood cells in non-mammalian
vertebrates) and may be logistically di�cult to apply to wild
populations. Because epigenetic responses to stress are known
to vary among developmental stages (Anastasiadi et al., 2017), it
will be important to assess methylation stability within control
individuals not exposed to new stressors before considering
how the epigenome is responding to new conditions. Until we
know more about the temporal lability of epigenetic variation
across taxa, individuals, and tissues, great care should be
taken to minimize variability introduced by sampling design;
large sample sizes and statistical approaches that account for
inter-individual variation are recommended to control for
these di�erences.

Finally, the link between DNA sequence variability (neutral
or otherwise) and epigenetic variability is yet unknown, and
we lack even theoretical models that would link e�ective
population size change with methylation changes. This is at
least partly because the relationship is complex; epigenetic
variation and DNA sequence variation can covary (Zhang et al.,
2013) and this alters the strength of the e�ect of methylation
on phenotypes. Quantifying relationships between genetic
variation and expression of highly polygenic phenotypes or even
individual fitness outcomes has recently become easier through
collections of genomic data (Perrier et al., 2018; Harrisson
et al., 2019). Such analytical advancements in linking genetic
variation to phenotypes can pave the way for incorporation of
epigenetic information into models of phenotypic expression.
For many traits across varying environments, consideration of
epigenetic markers is likely to increase the proportion of trait
variation explained beyond what genetic data can accomplish
alone (Groot et al., 2018). Disentangling the complexities
of epigenetic e�ects on phenotypes and fitness is likely to
significantly enhance our understanding of ecology, evolution,
and their interaction.

CONCLUSION

Epigenetic patterns and their underlying mechanisms have great
potential to further contextualize ecological, evolutionary, and
conservation biology. For example, as environments continue
to experience globally shifting climate regimes, rapid adaptation
will be required of many species and we expect this will
often involve epigenetic responses. A more comprehensive
understanding of epigenetic mechanisms, as well as their
evolutionary rates and trajectories, may help us to identify species
in need of management and suggest potential intervention
strategies. Eco-epi investigation into these and other species
and populations will provide unique insights into the interplay
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between epigenetic variation, genetic adaptation, and the
conservation of populations.
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