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1  |  INTRODUC TION

Climate change poses significant challenges, with many species and 
populations facing extinction (Díaz et al., 2019; Román- Palacios & 
Wiens, 2020; Rosenberg et al., 2019; Scheele et al., 2019; Urban, 2015). 

While it is imperative to reduce and remove the threats biodiversity and 
ecosystems are facing, the rapid pace of environmental change calls 
for additional strategies that buffer detrimental effects and promote 
resilience. To be efficient conservation strategies of biodiversity must 
(i) delineate conservation units, (ii) determine individual health status, 
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Abstract
Ongoing climatic shifts and increasing anthropogenic pressures demand an efficient 
delineation of conservation units and accurate predictions of populations' resilience 
and	 adaptive	 potential.	 Molecular	 tools	 involving	 DNA	 sequencing	 are	 nowadays	
routinely used for these purposes. Yet, most of the existing tools focusing on 
sequence-	level	 information	 have	 shortcomings	 in	 detecting	 signals	 of	 short-	term	
ecological relevance. Epigenetic modifications carry valuable information to better link 
individuals, populations, and species to their environment. Here, we discuss a series 
of epigenetic monitoring tools that can be directly applied to various conservation 
contexts, complementing already existing molecular monitoring frameworks. Focusing 
on	DNA	sequence-	based	methods	(e.g.	DNA	methylation,	for	which	the	applications	
are readily available), we demonstrate how (a) the identification of epi- biomarkers 
associated with age or infection can facilitate the determination of an individual's 
health status in wild populations; (b) whole epigenome analyses can identify signatures 
of selection linked to environmental conditions and facilitate estimating the adaptive 
potential	 of	 populations;	 and	 (c)	 epi-	eDNA	 (epigenetic	 environmental	 DNA),	 an	
epigenetic- based conservation tool, presents a non- invasive sampling method to 
monitor biological information beyond the mere presence of individuals. Overall, our 
framework refines conservation strategies, ensuring a comprehensive understanding 
of species' adaptive potential and persistence on ecologically relevant timescales.
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particularly in endangered and small populations, and (iii) estimate 
the adaptive potential of populations and communities (see Glossary 
in Table 1 for terms in bold). The adaptive potential is often defined 
as the ability of species/populations to respond to selection through 
phenotypic or molecular changes (Eizaguirre & Baltazar- Soares, 2014). 
It also includes population structure, as migration maintains genetic 
diversity, and barriers to gene flow from habitat fragmentation ac-
celerate species extinction (Crooks et al., 2017; Haddad et al., 2015). 
Conservation challenges call for the development of methods that 
assess overall biodiversity across all levels of biological organisation, 
from individuals, populations, species, and communities to ecosys-
tems on ecologically relevant timescales. While gaining momentum 
(Formenti et al., 2022; Theissinger et al., 2023), genomic diversity used 
to be overlooked in biodiversity assessments and conservation initia-
tives (Stange et al., 2021). This oversight stems from the challenge of 

understanding where genomics can serve the conservation of endan-
gered species, especially in situations where direct exploitations are 
at play and where threats manifest gradually, such as the perceived 
risks of climate change. There are currently many cases where genomic 
tools are part of conservation solutions, such as taxonomic identifi-
cation, definition of population structure, population adaptive poten-
tial and biodiversity monitoring at large scales (Harrisson et al., 2014; 
Theissinger et al., 2023; Whiteley et al., 2015).

Given the pace at which threats progress, especially human- 
mediated, it is likely that classic genomic tools may not detect early 
warning signals of at- risk or declining populations. However, con-
sidering that nearly one- third of all species are threatened with 
extinction (IUCN, 2022), time is of the essence. In this context, 
screening for epigenetic	modifications	−	including	DNA	methylation,	
histone	modifications,	 and	non-	coding	RNA	expression	−	 emerges	

TA B L E  1 Glossary	for	terms	used	in	this	review.

Term Definition

5mC Methylated	form	of	the	nucleic	acid	cytosine	(C)	on	both	DNA	strands

Adaptive	potential The ability of species/populations to respond to selection by means of phenotypic or molecular changes (Eizaguirre & 
Baltazar- Soares, 2014)

Biomarker Measurement obtained directly from the organism,  indicative of its physiological status. In an epigenetic context, this 
is the epigenetic state at one or few genomic loci

CpG sites Genome	regions	where	linear	DNA	(in	the	5′ to 3′	direction)	consists	of	a	cytosine + guanine.	Long	strings	of	CG	repeats	
are called CpG islands. Methylation is usually symmetrical (also occurring in the 3′ to 5′ strand)

Differentially 
methylated 
regions (DMRs)

Genomic regions where methylation levels differ at least between two organisms

DNA	methylation Biochemical mark that generally results from the process of adding a methyl group to the 5C position of the cytosine 
aromatic ring (5- methylcytosine, 5mC). In the process of methylation and demethylation, intermediate steps are 
created	that	also	harbor	valuable	information,	e.g.	5-	hydroxymethylcytosine	(5hmC).	A	methyl	group	can	also	occur	
on other nucleotides or in different methylation motifs (CG, CHH; CHG, etc.)

eDNA Short	expression	for	“environmental	DNA”.	Environmental	DNA	can	be	broadly	defined	as	DNA	that	can	be	found	
outside biological entities and thus free in the environment

Epiallele Alternative	version	of	an	epigenetic	mark,	which	can	be	defined	by	(i)	absence/presence	of	DNA	methylation	mark	and/
or (ii) differences in methylation ratio

epi-	eDNA Epigenetic	counterpart	of	the	conventionally	screened	genomic	DNA	in	environmental	DNA	studies

Epigenetic clock Based on the seminal work of Horvath (2013), it refers to a multi- tissue molecular tool that estimates the age of an 
organism by measuring the accumulation rate of epigenetic marks

Epigenetics Regulatory changes in gene expression that are meiotically and/or mitotically heritable but occur without alterations to 
the	DNA	sequence	itself.	They	typically	are	driven	by	histone	modifications,	DNA	methylation	and	non-	coding	RNA

Epigenome Whole genome distribution of epigenetic marks

Epimutation Change	in	methylation	level	of	a	given	DNA	sequence

Gene regulation Process involving expression of a gene. It specifically relates to factors and mechanisms controlling timing, location 
(organ, tissue or cell) and gene product being produced

Human assisted 
evolution

The improvement of populations by enhancing their stress tolerance – also through genetic modifications

Maladaptation 
(maladaptive 
phenotypes)

Reverse	of	adaptation	in	the	sense	that	evolved	trait	confers	disadvantage	in	a	given	environment.	Here	“trait”	may	
refer to alleles (that code for phenotype) or to the phenotype itself

Methylome Whole genome distribution of cytosine methylated sites (5mC)

ncRNA Non-	coding	RNA.	Broad	term	for	RNAs	that	do	not	encode	known	proteins

Promoter region DNA	region	located	upstream	of	gene	that	mediates	its	expression
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as a timely complement to ongoing monitoring strategies. This is 
because epigenetic modifications can drive phenotypic plasticity, 
allowing	 adaptive	 phenotypes	 to	 arise	 more	 quickly	 to	 cope	 with	
changing	conditions	(e.g.	Anastasiadi	et	al.,	2021; Chang et al., 2020). 
Consequently,	developing	epigenetic	tools	will	empower	conserva-
tion biologists to monitor rapid, short- term shifts in key traits of tar-
get populations, and communities, as they capture the links between 
individuals and their environment as well as developmental changes 
(Aguilera	et	al.,	2010; Cavalli & Heard, 2019; Martin & Fry, 2018).

While there are two groups of epigenetic tools, at the time of writ-
ing this review, one is readily available to conservation genomics. The 
one group in need of further development for applied conservation 
mostly deals with access to specific genomic regions for the regula-
tion	of	genes	(chromatin	folding,	small	RNA,	etc.).	The	readily	available	
group	of	tools	 is	concerned	with	modifications	of	DNA	and	includes	
for instance DNA methylation, which enables the identification of bio-
markers to evaluate the condition of individuals and state of popula-
tions	and	species.	It	is	important	to	remember	that	DNA	methylation	

is organ- specific and therefore the accessibility of specific informative 
tissues matters (Zhou et al., 2017; Zhu et al., 2022). In this review, we 
will	mostly	focus	on	DNA-	based	epigenetic	methods	and	their	applica-
bility in different areas of conservation (Figure 1). We will build on ex-
amples from research on ageing which provides essential information 
on individuals but also the state of a population (Jackson et al., 2020). 
We will also focus on species with temperature- dependent sex deter-
mination since their survival is directly linked to the acceleration of 
climate change (Lockley & Eizaguirre, 2021; Mitchell & Janzen, 2010). 
Beyond the individual level, determining the signature of environmen-
tal effects can act as early warning signals, which can then be integrated 
into monitoring programmes. Epigenetic markers can also be used to 
determine the effects of hatcheries/nurseries on species before in-
dividuals are released in nature. They can further support ecological 
restoration and assisted evolution by addressing the preservation 
and recovery of disrupted ecosystems. While ecological restoration 
aims to preserve and restore ecosystems in a state before disruption 
(Jackson & Hobbs, 2009), (human- )assisted evolution describes the 

F I G U R E  1 Example	of	DNA-	based	epigenetic	methods	applied	to	the	conservation	of	an	endangered	species.	Here	the	focus	is	set	on	a	
species with temperature- dependent sex determination.
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improvement of populations by enhancing their stress tolerance – also 
through genetic modifications (van Oppen et al., 2015).

While many excellent reviews dealing with the descriptions 
of the different epigenetic mechanisms and their impact on eco-
logical dynamics exist (Goldberg et al., 2007; Husby, 2022; Lamka 
et al., 2022; Rey et al., 2020), we transfer this knowledge into an 
applied conservation context. More specifically, we focus on those 
mechanisms and methods that right now can be harnessed for man-
agement and those we anticipate to actively improve future con-
servation strategies of endangered species and ecosystems. We 
uphold the recommendation that expanding beyond genomic tools 
provides a framework to explore novel conservation strategies, such 

as detecting early signs of selection, monitoring assisted gene flow, 
and evaluating restoration success.

2  |  INDIVIDUAL-  BA SED DNA 
METHYL ATION INFORMATION

DNA	methylation	can	be	assessed	using	a	wide	range	of	methods	
(Figure 2),	including	high-	throughput	sequencing	techniques,	such	
as	 reduced	 representation	 bisulfite	 sequencing	 (RRBS),	 whole-	
genome	bisulfite	sequencing	(WGBS)	(Chapelle	&	Silvestre,	2022; 
Klughammer et al., 2023), or as a by- product of electric charges of 

F I G U R E  2 Major	tools	for	detection	of	epigenetic	modifications,	with	a	focus	on	DNA	methylation.	Diverse	methods	provide	insights	into	
gene regulation, development, disease, and evolution. Icons represent from left to right of the legend: genome coverage in pink with a black 
background (one or more genomic positions, part of the genome or full genome); estimated cost (from one bag of money: low costs to three: 
expensive);	specific	advantages	or	disadvantages	of	the	technique	represented	by	the	presence	of	icons	for	single	base	resolution,	bisulfite	
treatment	which	can	lead	to	DNA	degradation	and	complex	bioinformatic	analyses.
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nucleotides	using	nanopore	sequencing	(Simpson	et	al.,	2017). To 
date, the most common approach has been via bisulfite treatment. 
It converts unmethylated cytosine nucleotides to uracil, while 
methylated cytosines remain unchanged (Krueger et al., 2012). 
The	 bisulfite-	treated	DNA	 is	 then	 PCR-	amplified	 and	 sequenced	
to determine the locations of methylated versus unmethylated cy-
tosines (Frommer et al., 1992). By comparing the bisulfite- treated 
sequence	to	the	original	DNA	sequence,	the	methylation	status	of	
cytosine residues can be inferred (Grunau et al., 2001).	A	disadvan-
tage	of	bisulfite	sequencing	(BS-	Seq)	is	that	the	bisulfite	treatment	
damages	 DNA,	 resulting	 in	 fragmentation,	 loss,	 and	 bias	 (Olova	
et al., 2018; but see Dai et al., 2024).	 A	 promising	 alternative	 is	
an enzyme- based conversion (e.g. Vaisvila et al., 2021,	 EM-	Seq),	
which can be used to detect 5- mC and 5- hmC methylation while 
minimising	damage	and	 thus	 reducing	 the	number	of	 sequencing	
reads needed. Using examples focusing on ageing and sex de-
termination, we will highlight the potential of those methods for 
conservation.

2.1  |  Assessing individual age in the wild with 
epigenetic clocks

Estimating the age of an individual is important as it not only gives 
an appreciation of this individual's reproductive potential but also 
its likelihood of living longer in a healthy state. Knowing a popula-
tion's age structure can further be informative of whether a popula-
tion is likely to persist in the face of diverse threats (Clutton- Brock 
& Sheldon, 2010). In wild animal species, when age determination 
is possible, this is traditionally done by evaluating annually ac-
crued phenotypic traits, for example, growth rings in fish otoliths 
(Panella, 1971). Such methods are often lethal, rely on well- trained 
experts, may lack precision, and may be impossible to implement in 
cryptic or endangered species (Campana, 2001). Yet, it is important 
to monitor wildlife in nature.

While a wide range of molecular age biomarkers have been ex-
plored,	 particularly	 telomere	 length,	 the	 use	 of	 DNA	methylation	
on age- related genes/genomic regions has progressively become 
the gold standard (Horvath, 2013; Jarman et al., 2015; Jylhävä 
et al., 2017). The estimation of chronological age can be made by 
building models, or “epigenetic clocks”,	using	the	DNA	methylation	
values of a subset of CpG sites	(genomic	regions	where	linear	DNA	
in the 5′ to 3′ direction consists of a cytosine followed by guanine), 
which strongly correlates with an individual's age (Field et al., 2018; 
Horvath & Raj, 2018; Parsons et al., 2023).

The	DNA	methylation-	based	ageing	technique	was	originally	de-
veloped for humans using saliva (Bocklandt et al., 2011), then blood 
(Hannum et al., 2013), and it was eventually extended to multiple 
tissues (Horvath, 2013; Levine et al., 2018) – as methylation is cell- 
specific and therefore organ- specific (Lokk et al., 2014). Since then, 
epigenetic clocks have been developed for a wide range of animals 
(De Paoli- Iseppi et al., 2017; Polanowski et al., 2014; see Table S1) 
and even plants (Gardner et al., 2023; Yao et al., 2023).

Epigenetic clocks can be constructed from a few markers 
found in age- correlated genes (i.e., humpback whale N = 3	CpGs	
(Polanowski et al., 2014); long- lived seabird, N = 7	CpGs	(De	Paoli-	
Iseppi et al., 2019); chimpanzee, N = 5	 CpGs	 (Ito	 et	 al.,	 2018); 
Bechstein's bats, N = 7	CpGs	(Wright	et	al.,	2018)). They can also 
come	from	a	 large	set	of	CpG	markers	sequenced	after	cytosine	
conversion	 using	 Illumina	 sequencing	 (RRBS,	 WGBS,	 EM-	seq;	
Table 2 and Figure 2), or from custom microarrays such as the widely 
used	 custom	 Infinium	 array	 “HorvathMammalMethylChip40”	
(Arneson	et	al.,	2022),	which	sequences	36 k	loci	highly	conserved	
among mammals (pan- mammalian clock), Lu et al. (2023). In a con-
servation context, examples include the epigenetic clocks from 
cetaceans' skin biopsy samples of killer whales (Orcinus orca) and 
bowhead whales (Balaenus mysticetus). Retaining >30 k	 sites,	 a	
strong correlation was found between epigenetic and chronologi-
cal ages, with R2 of 0.95 and 0.96 for the killer whale and the bow-
head whale, respectively (Parsons et al., 2023). Lastly, the Oxford 
Nanopore technology (Hayes et al., 2021), which detects changes 
in	 electric	 charge	 as	DNA	molecules	navigate	within	nanopores,	
paves	the	way	for	portable	in-	field	DNA	sequencing	and	methyla-
tion, which could be a great asset for conservation biology studies.

With such novel methods, we are now in the position to detect 
correlations between key life- history traits, such as reproduction and 
age, which can guide conservation actions, e.g. by protecting repro-
ductive individuals or those about to enter reproduction. Estimates 
of biological/epigenetic age can also give indications on specific as-
pects, otherwise overlooked, of the species' evolution. For example, 
high- ranking male baboons exhibit accelerated biological/epigenetic 
ageing compared to their chronological age, indicating a potential 
trade- off between high status (correlated with reproductive fitness) 
and	 ageing	 (Anderson	 et	 al.,	2021). In summary, epigenetic clocks 
using	DNA	methylation	offer	a	precise,	non-	invasive	way	to	estimate	
wildlife ages. This knowledge informs conservation efforts and re-
veals trade- offs in species' life- history parameters, guiding conser-
vation strategies.

2.2  |  Assessing individual sex in the case of 
environmental- dependent sex determination

Another	 key	 individual	 trait	 that	 can	 be	 challenging	 to	 assess	 is	
sex. This is particularly true when there is no sexual dimorphism at 
birth	between	 sexes	and	 sexing	 requires	 complex	handling	proce-
dures (e.g. invasive laparoscopy) or sacrifice of individuals of endan-
gered species. Over 400 vertebrate species exhibit environmental 
sex determination (ESD, Lockley & Eizaguirre, 2021), where exter-
nal factors modify the molecular cascade determining whether an 
individual becomes a male or a female (Janzen & Phillips, 2006). 
All	 sea	 turtles,	 crocodilians,	 and	 some	 lizards	 and	 fishes	 present	
temperature- dependent sex determination (TSD), while the sex of 
other fish species can additionally be determined by factors like 
population density (Capel, 2017; Weber & Capel, 2021) or pH in 
West	African	cichlid	fish	for	instance	(Reddon	&	Hurd,	2013).
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While sex determination in reptiles has been the focus of intense 
research, a clear indication of the role of epigenetic mechanisms, 
more specifically the role of histone H3 lysine 27 demethylase Kdm6b 
(Ge et al., 2018), was revealed in red- eared slider turtles (Trachemys 
scripta elegans). Knockdown of Kdm6b triggers male embryos to re-
vert to females, showing the direct implication of this gene and the 
resulting	enzyme.	Another	gene	involved	in	TSD	in	multiple	species	
is the CYP19 gene coding for the gonadal aromatase, an enzyme 
crucial for sexual development (Matsumoto et al., 2016; Navarro- 
Martín et al., 2011; Parrott et al., 2014).	 Anastasiadi	 et	 al.	 (2018) 
used a novel machine- learning predictive approach based on se-
lected CpG sites to screen aromatase methylation on the European 
sea bass (Dicentrarchus labrax), while Valdivieso et al. (2023) exam-
ined the methylation of 15 CpGs in the aromatase gene of zebrafish, 
which resulted in sex classification with 88% accuracy (Valdivieso 
et al., 2023). However, it is also possible to use the full genome- wide 
DNA	methylation	 information	 to	determine	 individual	 sex,	 instead	

of pre- selecting specific genes based on their potential implication 
in	sex	determination,	as	for	the	American	alligators	(Alligator missis-
sippiensis) (Bock et al., 2022).

From a conservation perspective, as global temperatures in-
crease, models predict the production of extreme sex ratio bias (e.g. 
Laloë et al., 2014; Lockley & Eizaguirre, 2021), possibly driving spe-
cies with already small effective population sizes towards extinction. 
Therefore, being able to determine the sex of individuals at birth can 
enable species management, for instance, with the use of nurseries 
to continuously produce the missing sex (Lockley & Eizaguirre, 2021).

2.3  |  Assessing individual traits and responses to 
environmental conditions

In	addition	to	age	and	sex,	DNA	methylation	offers	insights	at	the	
individual level, from life- history evolution to individual responses 

TA B L E  2 List	of	major	tools	for	detection	of	epigenetic	modification.

Name Description Epigenetic mark detected

BS-	seq	(Bisulfite	
sequencing)

DNA	is	treated	with	sodium	bisulfite,	which	converts	unmethylated	cytosines	to	
uracil,	while	methylated	cytosines	remain	unchanged.	After	sequencing,	the	
differences in cytosine patterns can reveal the methylation status of specific 
regions.	Within	BS-	seq,	one	can	do	BSAS	(Bisulfite	Amplicon	Sequencing;	Masser	
et al., 2015), RRBS (Reduced Representation BS; Meissner et al., 2005) and WGBS 
(Whole Genome BS; Cokus et al., 2008)

DNA	methylation

EM-	seq	(Enzymatic	methyl	
sequencing)

EM-	seq,	developed	as	an	alternative	to	the	damaging	BS	treatment,	uses	enzymes,	
TET2	and	T4-	BGT,	to	protect	methylated	cytosines,	while	APOBEC3A	converts	
unmodified cytosines to uracils (Vaisvila et al., 2021)

DNA	methylation

Nanopore-	seq	(Nanopore	
sequencing)

DNA	passes	through	nanopores	and	the	resulting	electric	current	is	measured.	While	
this	method	was	primarily	developed	to	sequence	DNA,	modified	bases	can	also	
be identified due to their specific electric signal (Laszlo et al., 2013)

DNA	methylation

MeDIP	(Methylated	DNA	
immunoprecipitation)

This	method	involves	using	an	antibody	against	methylated	DNA	to	enrich	
methylated	DNA	fragments.	The	enriched	DNA	is	then	analysed,	often	using	
techniques	like	microarrays	or	sequencing	(Mohn	et	al.,	2009)

DNA	methylation

MSP (Methylation- specific 
PCR)

This	technique	targets	specific	DNA	regions	with	known	CpG	islands	to	determine	
if	they	are	methylated	or	unmethylated.	It	is	often	used	for	analysing	DNA	
methylation patterns in specific candidate genes (Ku et al., 2011)

DNA	methylation

MS-	AFLP	(Methylation	
sensitive amplified 
fragment length 
polymorphism)

DNA	methylation	on	a	genome-	wide	scale	is	detected	thanks	to	a	combination	
of methylation- sensitive restriction enzyme digestion by Not I and the use of 
amplified	fragment	length	polymorphism	(AFLP;	Vos	et	al.,	1995; Yamamoto 
et al., 2001)

DNA	methylation

ChIP-	seq	(Chromatin	
immunoprecipitation 
sequencing)

ChIP-	seq	is	used	to	identify	DNA	regions	that	are	associated	with	specific	proteins,	
such as histones or transcription factors. It helps to understand the interactions 
between	proteins	and	DNA,	which	can	influence	gene	expression	(Park,	2009)

Histone modifications

ATAC-	seq	(Assay	for	
transposase- accessible 
chromatin	sequencing)

ATAC-	seq	is	used	to	map	open	chromatin	regions,	which	indicate	areas	of	the	genome	
that are accessible for transcription and regulatory processes. This method can 
provide insights into gene expression regulation (Buenrostro et al., 2013)

Chromatin accessibility

RNA-	seq	(RNA	
sequencing)

While	primarily	used	to	study	gene	expression	at	the	mRNA	level,	RNA-	seq	can	also	
provide information about epigenetic regulation. Changes in gene expression 
patterns can be indicative of epigenetic modifications affecting transcription 
(Nagalakshmi et al., 2008)

Gene expression

3C (Chromosome 
conformation capture) 
and Hi- C (high- 
resolution 3C)

These methods analyse the three- dimensional spatial organisation of chromosomes 
and help understand how the physical structure of the genome influences gene 
expression and epigenetic interactions (Dekker et al., 2002;	Lieberman-	Aiden	
et al., 2009)

Chromosome 
conformation
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to contemporary selective pressures. For example, in the capelin 
(Mallotus villosus), whether an individual is a demersal or beach- 
spawner correlates with methylation in the dorsal fin and is partly 
independent of the underlying genetics (Venney et al., 2023). In 
killer	 whales,	 amplicon	 bisulfite	 sequencing	 from	 skin	 samples	
obtained using a pneumatic dart system showed that anthropo-
genic stress affects methylation (Crossman et al., 2021).	Skin	DNA	
methylation provides an indication of infection by ectoparasites 
in guppies (Poecilia reticulata) (Hu et al., 2018). In wild baboons 
(Papio cynocephalus),	 food	 availability	 affects	 DNA	 methylation	
in blood samples collected under anaesthesia (Lea et al., 2016). 
Furthermore,	 DNA	 methylation	 in	 the	 coral	 species	 Pocillopora 
damicornis (Putnam et al., 2016) and Stylophora pistillata (Liew 
et al., 2018) is susceptible to pCO2 treatment and could be indica-
tive of ocean acidification effects. Effects of anthropogenic pol-
lution	 are	 also	 traceable	with	DNA	methylation	 levels,	 as	 it	 has	
been shown that the blood of great tits (Parus major) carries meth-
ylation signatures of heavy metal exposure (Mäkinen et al., 2022). 
Importantly, some environmental stressors can correlate with 
DNA	methylation	over	several	generations	as	was	revealed	in	ze-
brafish (Danio rerio, Pierron et al., 2021), where cadmium in the 
mother's gonad influences the sex ratio of offspring.

All	 these	 correlations	 reveal	 ample	 opportunities	 to	 harness	
individual-	level	DNA	methylation	patterns	to	evaluate	stress	lev-
els	in	the	wild	but	also	of	captive	individuals	in	aquaculture,	farms,	
zoos or under- breeding programs designed to repopulate endan-
gered species. Taken together, these epigenetic markers, ideally 
identified from tissue samples that can be minimally invasive to 
collect, allow us to monitor an individual's stress level, or health 
status and thus, assess a population's tolerance to past and pres-
ent stressors.

3  |  FROM INDIVIDUAL S TO 
POPUL ATIONS

Predicting populations' responses to rapidly shifting climatic 
conditions and to other human- mediated disturbances is crucial 
for effective conservation strategies (Eizaguirre & Baltazar- 
Soares, 2014).	While	 DNA	 structural	 variants	 have	 traditionally	
been the focus of molecular approaches to assess the adaptive 
potential of species and populations (Eizaguirre & Baltazar- 
Soares, 2014; Funk et al., 2019; Hoelzel et al., 2019), recent 
studies have highlighted the importance of epigenetic variation, 
particularly in facilitating rapid responses to environmental 
changes (Lamka et al., 2022; Rey et al., 2020). By analysing 
epigenetic	patterns	 across	populations,	 it	 is	 possible	 to	quantify	
the relative contribution of epigenetic mechanisms to the 
adaptive potential in addition to the genetic component. Once 
this is established, we can identify genetic and epigenetic shifts 
of key markers in populations, which enables a more accurate 
approximation of their ability to cope with rapidly occurring 
stressors (parallel to Hoelzel et al., 2024).

3.1  |  Evolutionary dynamics of the epigenome

At	 the	 population	 level,	 most	 studies	 have	 focused	 on	 DNA	
methylation and specifically on CpG sites (Heckwolf et al., 2020; 
Kader & Ghai, 2017; Skvortsova et al., 2018).	Those	types	of	DNA	
marks	 are	 relevant	 because	 changes	 in	 DNA	 methylation,	 also	
known as epimutations, can be up to five orders of magnitude 
more	 frequent	 than	 genetic	 mutations	 (10−4 versus 10−9 per 
base pair and generation, Schmitz et al., 2011). Therefore, 
novel epigenetic variation as a means of phenotypic adaptation 
may provide an accelerated evolutionary pathway (Kronholm 
& Collins, 2016). This might be particularly important for clonal 
species, since the higher epimutation rates could compensate for 
their slower evolutionary rates and lower genetic variation (Lynch 
et al., 1993) and explain why clonal species thrive in temporally and 
spatially diverse environments. The example of invasive Japanese 
Knotweed (Reynoutria japonica) has taught us that epigenetic 
changes can coincide with local microhabitat conditions (Richards 
et al., 2012), which may allow for locally adaptive phenotypes 
despite little genetic variation. Further support for this idea 
comes from a study on a clonal herb (Hydrocotyle vulgaris) with 
low genetic diversity, which found intra-  and inter- population 
epigenetic distance to be the main predictor of phenotypic 
variation in fitness- related traits, such as leaf area and petiole 
length (Wang et al., 2020). While asexually reproducing organisms 
lack recombination to generate novel genetic diversity, they also 
do not undergo major epigenetic erasure and can preserve and 
adjust epigenetic patterns across mitotic reproductive cycles. But 
also in sexually reproducing species, evidence is accumulating that 
at	 least	 some	 DNA	 methylation	 marks	 may	 be	 stably	 inherited	
across generations as suggested in mammals (Li & Zhang, 2014; 
Zhang & Sirard, 2021), birds (reviewed in Guerrero- Bosagna 
et al. (2018), but see Sepers et al. (2023) for the underlying role 
of genetics), fish (Heckwolf et al., 2020; Wellband et al., 2021) 
and even insects (Yagound et al., 2020).	 The	 facts	 that	 DNA	
methylation (i) responds to environmental stress, (ii) is linked to 
fitness- related traits and (iii) can be maintained across generations 
(Jueterbock et al., 2020) highlight the importance of those markers 
for eco- evolutionary dynamics of populations and therefore their 
relevance	 for	 conservation.	 To	 evaluate	 population-	level	 DNA	
methylation, two main approaches exist: methylation comparisons 
across the epigenome, and differential methylation comparing 
specific genomic sites or regions.

3.2  |  Genome- wide methylation variation as an 
analogy to genetic diversity

Epigenetic analyses at the population level offer valuable in-
sights into the adaptive potential and extinction risk of species 
facing	 rapidly	 shifting	 environments.	DNA	methylation	 diversity	
can be measured and, like what would be done with genetic vari-
ation, compared among populations. This includes, for instance, 
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counting the total number of genomic sites that are methylated 
in one population and not methylated in another. Often such 
dichotomic differences do not exist and instead, thresholds are 
defined (e.g. higher than 70% or lower than 30%) and counts of 
sites with methylation values matching these thresholds will be 
summed up per individual (Sagonas et al., 2020). The thresholds 
will be chosen based on the model system as different taxonomic 
groups	 will	 have	 varying	 overall	 levels	 of	 methylation	 (Aliaga	
et al., 2019).	Averages	among	populations	can	then	be	estimated	
and compared. For instance, stickleback infected by the nema-
tode Camallanus lacustris showed a higher number of methylated 
sites than their non- infected counterparts using RRBS (Sagonas 
et al., 2020).	 Another	 approach	 consists	 of	 directly	 comparing	
genome- wide methylation between populations or groups. In a 
field	 experiment	 investigating	 the	 effect	 of	 brood	 size	 on	 DNA	
methylation from RRBS, blood samples of great tits (Parus major) 
showed that nestlings from experimentally enlarged and reduced 
broods had lower genome- wide methylation compared to controls 
(Sepers et al., 2021), matching previous results detected in Zebra 
finches (Taeniopygia guttata, Sheldon et al., 2018).

Similar	to	quantifying	a	species'	population	structure	–	another	
component of a species' adaptive potential – it is possible to esti-
mate the epigenetic structures within populations. To understand 
the role of epigenetics on the population ecology of coastal and off-
shore ecotypes of bottlenose dolphins, Tatsch et al. (2021) used a 
methylation-	sensitive	amplified	polymorphism	technique	on	biopsy	
samples collected from animals of both ecotypes. They found con-
sistent	 differences	 in	 DNA	methylation	 patterns	 between	 coastal	
and offshore individuals, indicating that the divergence between 
ecotypes has some epigenetic components. This is important as 
such studies contribute to the definition of stocks, which may not be 
otherwise clear from a sole genetic perspective.

Analogous	to	genetic	diversity,	genome-	wide	methylation	vari-
ation might play a vital role in predicting populations' adaptability, 
and	ultimately	 species'	 survival.	DNA	methylation	 tools	 can	 guide	
conservation efforts towards retaining epigenetic variation and 
delineating conservation units for more effective biodiversity man-
agement, which ultimately safeguards the functional integrity of 
ecosystems.

3.3  |  Differential methylation among wild 
populations

While informative, global methylation approaches tend to not 
capture the entire correlations between epigenome and changes in 
specific traits or with environmental conditions. Hence, methylation 
ratios are often used to identify sites that are differentially 
methylated among wild populations. For instance, a link between 
reproductive	 traits	 and	DNA	methylation	 variation	 exists	 in	 birds.	
In the cross- fostering experiment of great tits, for which brood 
size	had	been	manipulated,	32	DNA	methylation	sites	were	 found	
to be differentially methylated between siblings from enlarged 

and reduced broods. Those sites were not random regarding their 
genomic position, since they were located in or near genes involved 
in development, growth, metabolism, behaviour, and cognition 
(Sepers et al., 2021). Similar examples are relevant for conservation 
as those associations identify markers linked to specific traits that 
can be monitored even if no genetic changes are visible. Here early 
warning signal of brood size reduction could be captured before 
the mean brood size of the population decreases. The relationship 
between epigenomic marks and various fitness- related traits (e.g. 
body size, seed production, and parasite load) and even fitness 
directly has recently been reviewed along abiotic (e.g. temperature) 
and biotic (e.g. herbivory intensity) gradients (Lamka et al., 2022). 
The authors argue that epigenetic variation can be inferred to play 
a role in adaptation if it affects the fitness- related traits that result 
from environmental differences. They ultimately propose to utilize 
these epigenetic marks to predict evolutionary trajectories and 
inform conservation strategies.

Differential methylation can also capture the effects of envi-
ronmental change on species. Marine species are particularly af-
fected by heat waves during early development and European sea 
bass (Dicentrarchus labrax) are no exception. Simulated heat waves 
of up to 3.5C above ambient water temperatures revealed dif-
ferentially methylated regions (DMRs) around the same genomic 
regions across tissues of the brain, muscle, liver, and testis, show-
ing metastable epialleles	 (Anastasiadi	et	al.,	2020). Epialleles are 
defined	 as	 the	 alternative	 versions	 of	 a	DNA	methylation	mark,	
which can take at least two forms: (i) the presence or absence of 
a methyl group, e.g. on a cytosine in the CpG context, or (ii) dif-
ferences in the methylation ratio as a percentage. Those meta-
stable epialleles could constitute a tool to assess global change 
effects in marine life at a large scale if also conserved across 
species. Similarly, stickleback fish sampled along a salinity cline 
showed	 population-	specific	DNA	methylation	 at	 genes	 enriched	
in osmoregulatory processes (Heckwolf et al., 2020). This pattern 
suggests local adaptation but more importantly here, identifies 
biomarkers for monitoring the effects of desalinisation of oceans 
on marine species.

To understand the effect of epigenomic differences on pheno-
typic traits and thus their relevance for local adaptation, but also 
the link between epigenomic and environmental variation, we can 
apply epigenome-	wide	 association	 studies	 (EWAS).	 Similarly	 to	
genome-	wide	 association	 studies	 (GWAS),	 it	 links	 epigenomic	 re-
gions with environmental variables or traits, whether morphologic 
or physiologic (Hu & Barrett, 2017). The best examples to date come 
from	studies	of	trees.	For	example,	DNA	methylation	of	valley	oak	
(Quercus lobata)	 showed	43	DNA	methylated	sites	associated	with	
climate variables such as mean maximum temperature. Those sites 
were associated with genes involved in plant response to the envi-
ronment (Gugger et al., 2016). By testing the correlation strength be-
tween	DNA	methylation	marks	or	single	nucleotide	polymorphisms	
with climate variables, it is even possible to disentangle the respec-
tive contribution of epigenetic and genetic variation to adaptive 
evolution (Gugger et al., 2016; Hu & Barrett, 2017).	Overall,	EWAS	
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    |  9 of 19BALARD et al.

allows us to delineate epigenetic marks underlying environmental 
adaptation, which is highly relevant to conservation biology.

4  |  ECOLOGIC AL RESTOR ATION AND 
A SSISTED E VOLUTION OF VULNER ABLE 
ECOSYSTEMS

Ecological restoration describes the assisted recovery of degraded or 
destroyed ecosystems (Jackson & Hobbs, 2009). This process aims to 
reduce pressures on ecosystems to enable natural regeneration, but 
also often involves re- planting or re- stocking keystone species. In 
some ecosystems, the mismatch between historical selection pres-
sures and currently changing environmental conditions can make 
the recovery of an ecosystem to a known historical state impossi-
ble (Duarte et al., 2020; Urban, 2015). In such cases, the relocation 
of species or populations to areas better suited to their ecological 
needs, so- called assisted migration, can benefit both the organisms 
and the ecosystems. However, for areas that encounter environmen-
tal extremes, selection for tolerance and resistance might have to be 
conducted in the laboratory – a process known as (human)- assisted 
evolution (van Oppen et al., 2015). Each of these conservation strate-
gies comes with varying levels of human intervention, implying we 
must ensure that we do not (i) introduce maladaptive alleles into 
the recipient populations, or (ii) alter their (epi)genetic diversity, but 
instead aim to (iii) preserve/maximise the adaptive potential of our 
focal populations. The following paragraphs discuss the relevance of 
epigenetic tools in achieving these goals.

4.1  |  Epigenetic tools to improve ecological 
restoration

Re- planting or re- stocking is a commonly used method in ecological 
restoration (Di Sacco et al., 2021; Heffernan & Rushton, 2000; 
Osathanunkul & Suwannapoom, 2023). Hatchery- related examples 
show that rearing conditions affect epigenetic patterns, but 
also that altered epigenetic marks can persist across life stages 
and affect germ- line cells (Koch et al., 2023). Some of the best- 
understood cases are linked to the stocking of, for instance, coho 
salmon (Oncorhynchus kisutch),	 Atlantic	 salmon	 (Salmo salar), and 
steelhead trout (Oncorhynchus mykiss) (Le Luyer et al., 2017; Nilsson 
et al., 2021; Wellband et al., 2021). These studies highlight epigenetic 
modifications induced by captive rearing as a potential explanatory 
mechanism for reduced fitness in hatchery- reared salmonids and 
could explain the high failure rate of reintroduction programmes 
(McMillan et al., 2023). This effect could stem from maladaptive 
phenotypes introduced into the populations, despite all efforts to 
select for adaptive genotypes. Considering the potential heritability 
of epigenetic marks (Feiner et al., 2022; Heckwolf et al., 2020; Miska 
& Ferguson- Smith, 2016; Morgan et al., 1999; Venney et al., 2022; 
Wellband et al., 2021), these management interventions could 
have long term negative effects on the recipient populations (Koch 

et al., 2023).	Therefore,	we	argue	that	DNA	methylation	sequencing	
should be added to the repertoire of management tools for ecological 
restoration. For example, to optimise hatchery rearing, the validation 
of least manipulative breeding conditions through epigenome- wide 
screening	methods	(i.e.,	WGBS,	RRBS,	EM-	seq;	Table 2 and Figure 2) 
should	aim	to	minimise	DNA	methylation	differences	between	wild	
and captive- bred individuals. In addition, biomarker screens for 
adaptive epialleles can set the stage for more successful integration 
of organisms into their local natural habitat. Furthermore, 
epigenome- wide screens of captive individuals can also inform 
about epigenomic diversity, which should be maintained at levels 
observed in wild populations. In the face of novel environmental 
conditions, epigenomic diversity could further be increased through 
diversified	bet-	hedging	(Angers	et	al.,	2020). This mechanism gives 
rise	to	offspring	specialised	for	distinct	environments,	consequently	
elevating the probability that some individuals will possess traits 
suitable for surviving emerging environmental challenges. Ultimately, 
through epigenetic tools, ecological restoration projects can ensure 
to maintenance of natural epigenetic patterns and thus long- term 
adaptability of populations raised in captive breeding programmes.

4.2  |  Enhancing population resilience through 
assisted evolution

Restoration projects have often failed, because the pressures that 
are at the source of increased damage and mortality, such as heat 
waves, hypoxic events or environmental degradation, are recurrent 
(Duarte et al., 2020; Herrick et al., 2006). While we argued to aim 
for the least (epi)genetic divergence introduced by individuals bred 
in captivity, it might be desirable to strategically introduce adap-
tive (epi)alleles into threatened populations with low genetic di-
versity and limited adaptive potential. One method to achieve this 
is through assisted migration, which involves relocating species or 
populations to habitats better suited to their ecological needs. This 
intervention can benefit both the species but also the ecosystem 
it will be relocated into if the species or population fills an ecologi-
cal niche that would otherwise be lost (Sansilvestri et al., 2015). 
Assisted	migration	 has	 been	 successfully	 applied	 to	 increase	 heat	
tolerance, for instance, by translocating warm- adapted Picea glauca 
seeds	500 km	northwards	to	colder	environments	that	face	increas-
ing	 temperatures	 (Sebastian-	Azcona	 et	 al.,	2019). In the long run, 
hybridisation between translocated and native organisms should re-
combine genes considered to be adaptive under future climatic con-
ditions with current locally adapted genes. Similar examples exist, 
crossing corals from at- risk reefs with those that come from the hot-
test reefs in the world. This approach has been shown to increase 
heat survival by up to 84% (Howells et al., 2021). However, depend-
ing on the level of epigenetic and/or genetic divergence between the 
two parent populations, hybridisation can also lead to (epi)genetic 
incompatibilities (Laporte et al., 2019), which is one of the most likely 
problems to occur between populations and species with low levels 
of	divergence.	At	low	prevalence,	the	resulting	fitness	disadvantages	
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of hybrids might not be immediately expressed during development. 
Epigenetic monitoring for aberrant gene silencing or overexpression 
using	RNA	or	DNA	methylation	sequencing	methods	can	save	valu-
able time in assessing the potential success of an assisted migration 
intervention to maintain biodiversity under global warming.

For assisted migration to be applicable, the source ecosystem 
must	 be	 under	 environmental	 pressures	 equivalent	 to	 future	 pre-
dictions of the target ecosystem. If such an ecosystem does not 
exist or has not been described, (human)- assisted evolution, the se-
lection for tolerance and resistance in the laboratory, could be an 
alternative (van Oppen et al., 2015). While humans have modified 
wild animals and plants by domestication (Morrell et al., 2011; Song 
et al., 2022), the manipulation of wild populations in the context of 
conservation, i.e. through selective breeding or acclimatisation, is 
a comparatively novel concept. Only recently, selective breeding 
has successfully been applied to enhance coral bleaching tolerance 
by heat- evolving the microalgal endosymbiont, Symbiodiniaceae 
(Buerger et al., 2020). The coral itself has also been bred for in-
creased heat tolerance resulting in heritable adaptive genetic varia-
tion (Quigley et al., 2020). Similarly, lab acclimatisation and breeding 
can induce the formation of novel epi- alleles and select beneficial 
traits with an epigenetic basis to better withstand environmental 
stress (Pazzaglia et al., 2021).	For	example,	DNA	methylation	might	
play a role in coping with reduced calcification as a response to 
ocean acidification by reducing transcription noise and fine- tuning 
highly expressed genes (Liew et al., 2018). In fish, regardless of 
the offspring's thermal environment, the temperature experienced 
during	parental	 sexual	maturation	explains	offspring	DNA	methyl-
ation variation, offering a potential mechanism to improve popula-
tion resilience to heat waves (Venney et al., 2022). If we can induce 
epigenetic modifications with beneficial phenotypic effects through 
controlled stress exposure, we will increase a population's stress tol-
erance and gain enough time for selection and adaptive responses 
to occur in the wild.

5  |  FUTURE PERSPEC TIVES

5.1  |  To edit or not to edit? State- of- the- art 
epigenetic modification techniques

The risks of species extinction and the loss of crucial ecosystem 
functions have prompted studies to explore even invasive manage-
ment	 tools.	These	cutting-	edge	epigenome	editing	 techniques	use	
various methods like Zinc finger nucleases (ZNFs), Transcription 
activator-	like	 nucleases	 (TALENs),	 or	 modified	 CRISPR-	Cas9	 com-
plexes (Shin et al., 2022; Waryah et al., 2018). Like genetic manipula-
tion	tools,	these	epigenetic	modification	techniques	have	made	their	
way into commercial usage. For instance, different modifications of 
the CRISPR- Cas9 complex have been used to alter nutritional as-
pects and increase yield in tomato breeding (Chaudhuri et al., 2022). 
Interestingly,	 traits	 known	 to	be	 correlated	with	 fitness	−	 such	 as	
flowering	time,	growth	rate,	and	stress	tolerance	−	have	also	been	

shown to be changeable through epigenetic modification tools 
(Jogam et al., 2022; Papikian et al., 2019). Most importantly for the 
successful application of such tools, the induced methylated state 
was shown to be meiotically heritable across multiple generations 
(Papikian et al., 2019). However, targeted epigenetic alterations de-
mand	prior	knowledge	of	the	specific	sequence	to	be	modified.	To	
exploit epigenome editing approaches for conservation, we need a 
new	database	or	populate	existing	ones	(e.g.	OMIA	(Nicholas,	2021); 
Animal	QTLdb	(Hu	et	al.,	2013); MethHC (Huang et al., 2015)) with in-
formation that links epigenetic variations to specific (adaptive) traits. 
Such resources however only exist for a handful of model organisms, 
such as Arabidopsis thaliana, encompassing extensive methylomes 
from diverse ecotypes, mutants, and epigenetic recombinant inbred 
lines	(Agarwal	et	al.,	2020; Jain et al., 2021). Building such a resource 
for non- model organisms will be time and labour- intensive, if it is 
possible at all. The complex interplay of epigenomic and genomic in-
formation might also affect how transferable these results are from 
one species to the next. Since species also differ in their ability to 
inherit epigenetic marks, induced epigenetic modifications will per-
sist in populations with varying success (Carlini et al., 2022; Feiner 
et al., 2022; Kungulovski et al., 2015). However, even if adaptive epi-
alleles would fade over generations, this could just buy enough time 
for genetic adaptation to catch up. Besides these shortcomings, epi-
genetic	editing	techniques	can	generally	represent	an	innovative	and	
potentially powerful future tool in the field of conservation biology, 
as they offer new avenues for preserving endangered species and 
restoring ecosystems on the verge of collapse. However, it is essen-
tial to carefully consider the ethical implications and potential risks 
associated	with	these	techniques,	which	must	be	discussed	with	a	
wide audience of experts (Filbee- Dexter & Smajdor, 2019; Ricciardi 
& Simberloff, 2009).

5.2  |  Beyond DNA methylation − the future of 
epigenetic markers?

Throughout	 this	 review,	 we	 have	 mostly	 referred	 to	 DNA	 meth-
ylation as the 5- methylcytosine (5mC), which is the most studied 
modification,	but	not	 the	only	one.	There	are	other	 types	of	DNA	
methylation, such as 5- hydroxymethylcytosine (5hmC), an interme-
diate step to the demethylation of 5mC. This epigenetic marker is 
stable and used as a biomarker for human cancer (Li et al., 2017). It 
could further be useful for age determination as it accumulates with 
age in mammals (Chouliaras et al., 2012; Hahn et al., 2013).

Other epigenetic markers like histone modifications and non- 
coding	 RNAs	 (ncRNAs) have also been characterised but are cur-
rently	 unused	 resources	 for	 conservation	 efforts.	 As	 of	 today,	
histone	modification	and	ncRNAs	have	proven	their	value	as	diag-
nostic biomarkers in cancer research, with significant therapeutic 
potential (Jung et al., 2020).	Furthermore,	the	abundance	of	ncRNAs	
also changes with age (Kim et al., 2021; Wang et al., 2022). However, 
since	 DNA	 methylation-	based	 age	 biomarkers	 offer	 much	 higher	
prediction	accuracy	 (Zbieć-	Piekarska	et	al.,	2015), they remain the 
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gold	standard.	Similarly,	ubiquitylation	of	long-	lived	histone	2A	pro-
teins shows an evolutionarily conserved, age- related increase in spe-
cies such as Drosophila, mice, monkeys, and humans, making it an 
interesting interspecific age biomarker candidate (Yang et al., 2019). 
Beyond age and cancer, histone modifications are also sensitive to 
diet and can be informative of an individual's health status (Molina- 
Serrano et al., 2019; Upadhyaya et al., 2017). In the field of assisted 
evolution, conceptual papers mention histone modifications and 
ncRNAs	 when	 defining	 the	 set	 of	 existing	 epigenetic	 marks	 (van	
Oppen et al., 2015). However, thus far, examples demonstrating 
potential applicability as tools in restoration ecology or assisted 
evolution are still missing. We advocate that this avenue should be 
explored with a specific focus on evaluating the potential practical-
ity	of	histone	modification	and	ncRNA-	based	tools	for	conservation	
biology, particularly given the current limitation in sample preser-
vation and processing (i.e. samples for histone modification studies 
need to contain large numbers of cells and be handle fresh or flash- 
frozen;	RNA	degrades	quickly;	Ladd-	Acosta,	2015).

5.3  |  Integrating epigenetics with 
ecological modelling

To fully exploit the potential of population- level epigenetic analyses, 
integration with ecological models is essential. Incorporating 
epigenetic data into existing species distribution models or 
population	 viability	 analyses	 (PVA)	 can	 enhance	 predictions	 of	
species' responses to future climate scenarios. Species distribution 
models can be extended to incorporate epigenetic data as additional 
environmental predictors, improving the accuracy of species 
distribution projections. By considering the effects of epigenetic 
factors	 on	 demographic	 processes	 and	 adaptation,	 PVA	 provide	
more	accurate	estimations	of	extinction	 risk.	PVA	can	 incorporate	
epigenetic effects on fitness and examples found that including 
epigenetic factors improved predictions of population persistence. 
In this context, Baltazar- Soares et al. (2023) proposed a framework 
to integrate genomic information on temporal projections of 
biodiversity distribution computed by Species Distribution Models. 
If dynamic epigenetic marks are used instead of genetic markers, 
then one can simultaneously conduct monitoring and run models at 
regular intervals to dynamically manage fish stocks. This approaches 
the digital twin philosophy where dynamic epigenetic marks can 
reveal	 quick	 spatial	 and/or	 temporal	 changes	 due	 to	 changing	
selection pressures.

5.4  |  Epi- environmental DNA

Environmental	 DNA	 (eDNA) is a monitoring tool that relies on 
capturing	and	sequencing	DNA	molecules	present	in	environmental	
samples, which can be soil, sediment or the air (e.g. Thomsen & 
Willerslev, 2015). Due to its non- invasive nature, sampling does not 
require	the	extraction	of	biological	 tissue	from	 living	organisms.	 It	

is the tool of choice to (i) investigate the occurrence of endangered 
taxa or (ii) obtain presence/absence information on cryptic or 
elusive species (for example, predators) and (iii) characterise entire 
communities.	The	potential	of	eDNA	can	however	be	expanded.

eDNA	monitoring	strategies	have	a	limited	scope	to	investigate	
the adaptive potential and short- term biological responses to envi-
ronmental	disturbance.	Since	epigenetic	information	identifies	quick	
changes in organismal regulatory pathways – as expected under 
stress	 conditions	 –	 expanding	 established	 eDNA	 assays	 to	 epi- 
eDNA is an expected upgrade to molecular- based monitoring activ-
ities. Screening for markers associated with gene regulation is not 
necessarily novel: Cristescu (2019)	 proposed	RNA	 as	 a	 regulatory	
environmental biomarker. The major setback of the molecule how-
ever is its short- lived nature in the environment (Yates et al., 2021). 
Contrary	 to	 RNA	 transcripts,	 DNA	 methylation	 marks	 are	 stable	
and as such, could still be detected when shed from the organism 
(Sigsgaard et al., 2020).

The technological leap necessary to cover the gap between 
traditional	 eDNA	analysis	 and	 epi-	eDNA	analysis	 has	 recently	 ad-
vanced. However, it has been largely applied to human medical re-
search. Perhaps the most known strategy is methylation- sensitive 
qPCR	 (MS-	qPCR)	 used	 in	 the	 detection	 of	 5mC	 patterns	 of	 the	
promoter regions	of	key	tumour-	related	genes	from	liquid	biopsies,	
blood samples, or formalin- preserved tissue (Beikircher et al., 2018; 
Bendixen et al., 2023; De Chiara et al., 2020; Munson et al., 2007; 
Wiencke et al., 2014). To the best of our knowledge, it has not yet 
been published for screening environmental samples. Similar to MS- 
qPCR,	 droplet	 digital	 PCR	 (ddPCR)	 has	 been	 routinely	 utilised	 in	
medical research. However, Zhao et al. (2023) showed its potential 
to	measure	methylation	in	an	eDNA	context	focusing	on	four	differ-
ent life stages of the great pond snail (Lymnaea stagnalis) as exam-
ples.	DNA	shed	from	the	organism	and	tissue	(skin)	were	screened	
with RRBS for methylation marks, which enabled cross- validation. 
Results	showed	that	epi-	eDNA	characterised	life	stages	(as	methyl-
ated	DNA	patterns	change	with	age).	If	environmental	samples	can	
retain information related to species, monitoring expands from iden-
tifying cryptic species to gaining individual information.

The	decision-	making	process	before	engaging	in	epi-	eDNA	anal-
yses	will	likely	be	dominated	by	the	following	questions:	(a)	Do	we	
want to monitor signs of individual and population health in addi-
tion to diversity? (b) Shall we focus on specific genes or the overall 
methylome? The challenge is linked to targeting conserved regions 
with adaptive value, for instance, epialleles being sensitive to envi-
ronmental change. The most plausible targets are promoter regions 
of genes known to be sensitive to the stressor. For example, envi-
ronmental	pollution	 triggers	a	 series	of	DNA	methylation	changes	
both at global and gene- specific scales in invertebrates (Šrut, 2021). 
These could be suitable starting points to develop species or taxo-
nomic	group-	specific	epi-	eDNA	tools	for	common	stressors.	On	the	
other hand, monitoring entire communities in an epi- metabarcoding 
effort	would	require	regulatory	non-	coding	regions	to	be	taxonom-
ically	conserved.	There	exist	databases,	such	as	UCNEbase,	Ancora,	
dbCNS,	 and	 VISTA,	 compiling	 knowledge	 on	 ultra-	conserved	

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 of 19  |     BALARD et al.

non- coding elements from various species that can form a starting 
point	 to	mine	 for	 putative	 epi-	eDNA	 target	molecules	 (Dimitrieva	
& Bucher, 2013; Engström et al., 2008; Inoue & Saitou, 2021; Visel 
et al., 2007).

Though	promising,	epi-	eDNA	comes	with	 limitations,	similar	to	
eDNA:	false	positives	and	false	negatives.	How	to	deal	with	these	
specific	 issues	 in	 eDNA	 research	 has	 been	 elaborated	 upon	 (see	
Sigsgaard et al., 2020; Skelton et al., 2022; Yao et al., 2022 to name 
a	few).	Yet,	for	epi-	eDNA,	traditional	challenges	might	be	multifold.	
This is because epigenetic marks in general (methylation included) 
are not only tissue- , age- , and condition- specific, but also species-  
and even population- specific. Therefore, it might not be possible 
to	track	from	which	organ	DNA	originated	and	what	signals	are	de-
tected, or they might not be detected across conspecifics, if they are 
from different life stages, age cohorts, etc. There is also the issue of 
deamination or the degradation of methylated cytosines into thy-
mine	 due	 to	 the	 harsh	 extracellular	 environment	 −	 expectedly	 bi-
assing rates of false- negatives. Proposed risk mitigation strategies 
range from having good reference genomes, and assisting in true- 
base calling, to the construction of methylation maps (for various 
species and tissues, Blake et al., 2020;	Schadewell	&	Adams,	2021; 
Sigsgaard et al., 2020).

6  |  CONCLUSIONS

Exploring beyond the traditional genetic landscape for novel ways to 
understand organismal adaptation is critical in the current context 
of biodiversity loss and fast- paced shifting climatic conditions. Here, 
we have outlined how technological advances in the identification 
of epigenetic marks allied with developed know- how on physiology 
and functionality of molecular pathways beyond traditional model 
organisms have the potential to be efficiently implemented in 
biodiversity monitoring strategies. Though we discussed readily 
available epigenetic tools, which can be integrated into conservation 
projects, we acknowledge that many research avenues remain 
to	 be	 explored.	 For	 example,	 the	 major	 focus	 on	 5mC	 DNA	
methylation simply implies that more empirical evidence is needed 
to know whether other types of epigenetic marks can become viable 
markers. We argue that only when the functionality of epigenetic 
marks is well- understood, it becomes appropriate (and safe) to apply 
them. Lastly, we peeked into the future to spike interest among 
conservation- driven researchers interested in paving the way for the 
growing field of conservation epigenetics.

ACKNOWLEDG MENTS
The authors would like to thank the editor and reviewer for their 
insightful	 thoughts	on	a	previous	version	of	 the	manuscript.	AB	 is	
supported by the European Union's Horizon 2020 research and 
innovation	 programme	 under	 the	 Marie	 Skłodowska-	Curie	 grant	
agreement No. 101026703, and MJH is funded by the German 
Research Foundation (DFG, HE 8763/1- 1 and 8763/2- 1). CE is 
supported by UKRI grants (NE/L002485/1, NE/V001469/1).

FUNDING INFORMATION
A.B	 is	 funded	 by	 European	 Union's	 Horizon	 2020	 research	 and	
innovation	 programme	 under	 the	 Marie	 Skłodowska-	Curie	 grant	
agreement	 No.	 101026703.	 M.B.S.	 is	 funded	 by	 the	 Academy	 of	
Finland (Funding decision 321471). C.E is supported by UK Research 
and Innovation (NERC, NE/V001469/1, NE/X012077/1). MJH is 
funded by the German Research Foundation through their Walter 
Benjamin programme (HE 8763/1- 1 and 8763/2- 1).

CONFLIC T OF INTERE S T S TATEMENT
Alice	 Balard,	 Miguel	 Baltazar-	Soares,	 and	 Melanie	 Heckwolf	 are	
Editorial	 Board	 members	 of	 Evolutionary	 Applications	 and	 co-	
authors of this article. To minimize bias, they were excluded from 
all editorial decision- making related to the acceptance of this article 
for publication.

DATA AVAIL ABILIT Y S TATEMENT
The data that supports the findings of this study are available in the 
supplementary material of this article.

ORCID
Alice Balard  https://orcid.org/0000-0002-0942-7479 
Miguel Baltazar- Soares  https://orcid.org/0000-0002-5919-6197 
Christophe Eizaguirre  https://orcid.org/0000-0002-8673-7649 
Melanie J. Heckwolf  https://orcid.org/0000-0002-7507-8895 

R E FE R E N C E S
Agarwal,	 G.,	 Kudapa,	 H.,	 Ramalingam,	 A.,	 Choudhary,	 D.,	 Sinha,	 P.,	

Garg, V., Singh, V. K., Patil, G. B., Pandey, M. K., Nguyen, H. T., 
Guo, B., Sunkar, R., Niederhuth, C. E., & Varshney, R. K. (2020). 
Epigenetics and epigenomics: Underlying mechanisms, relevance, 
and implications in crop improvement. Functional & Integrative 
Genomics, 20(6), 739–761. https:// doi. org/ 10. 1007/ s1014 2-  020-  
00756 -  7

Aguilera,	 O.,	 Fernández,	 A.	 F.,	 Muñoz,	 A.,	 &	 Fraga,	 M.	 F.	 (2010).	
Epigenetics	 and	 environment:	 A	 complex	 relationship.	 Journal of 
Applied Physiology (Bethesda, MD: 1985), 109(1), 243–251. https:// 
doi. org/ 10. 1152/ jappl physi ol. 00068. 2010

Aliaga,	 B.,	 Bulla,	 I.,	 Mouahid,	 G.,	 Duval,	 D.,	 &	 Grunau,	 C.	 (2019).	
Universality	of	the	DNA	methylation	codes	in	Eucaryotes.	Scientific 
reports, 9(1), 173. https:// doi. org/ 10. 1038/ s41598- 018- 37407- 8

Anastasiadi,	D.,	 Shao,	 C.,	 Chen,	 S.,	 &	 Piferrer,	 F.	 (2020).	 Footprints	 of	
global change in marine life: Inferring past environment based on 
DNA	methylation	 and	 gene	 expression	marks.	Molecular Ecology, 
30(3), 747–760. https:// doi. org/ 10. 1111/ mec. 15764 

Anastasiadi,	D.,	Vandeputte,	M.,	Sánchez-	Baizán,	N.,	Allal,	F.,	&	Piferrer,	
F. (2018). Dynamic epimarks in sex- related genes predict gonad 
phenotype in the European sea bass, a fish with mixed genetic and 
environmental sex determination. Epigenetics, 13(9), 988–1011. 
https:// doi. org/ 10. 1080/ 15592 294. 2018. 1529504

Anastasiadi,	D.,	Venney,	C.	J.,	Bernatchez,	L.,	&	Wellenreuther,	M.	(2021).	
Epigenetic inheritance and reproductive mode in plants and ani-
mals. Trends in Ecology & Evolution, 36(12), 1124–1140. https:// doi. 
org/ 10. 1016/j. tree. 2021. 08. 006

Anderson,	J.	A.,	Johnston,	R.	A.,	Lea,	A.	J.,	Campos,	F.	A.,	Voyles,	T.	N.,	
Akinyi,	M.	Y.,	Alberts,	S.	C.,	Archie,	E.	A.,	&	Tung,	 J.	 (2021).	High	
social status males experience accelerated epigenetic aging in wild 
baboons. eLife, 10, e66128. https:// doi. org/ 10. 7554/ eLife. 66128 

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-0942-7479
https://orcid.org/0000-0002-0942-7479
https://orcid.org/0000-0002-5919-6197
https://orcid.org/0000-0002-5919-6197
https://orcid.org/0000-0002-8673-7649
https://orcid.org/0000-0002-8673-7649
https://orcid.org/0000-0002-7507-8895
https://orcid.org/0000-0002-7507-8895
https://doi.org/10.1007/s10142-020-00756-7
https://doi.org/10.1007/s10142-020-00756-7
https://doi.org/10.1152/japplphysiol.00068.2010
https://doi.org/10.1152/japplphysiol.00068.2010
https://doi.org/10.1038/s41598-018-37407-8
https://doi.org/10.1111/mec.15764
https://doi.org/10.1080/15592294.2018.1529504
https://doi.org/10.1016/j.tree.2021.08.006
https://doi.org/10.1016/j.tree.2021.08.006
https://doi.org/10.7554/eLife.66128


    |  13 of 19BALARD et al.

Angers,	B.,	Perez,	M.,	Menicucci,	T.,	&	Leung,	C.	(2020).	Sources	of	epi-
genetic variation and their applications in natural populations. 
Evolutionary Applications, 13(6), 1262–1278.

Arneson,	A.,	Haghani,	A.,	Thompson,	M.	 J.,	Pellegrini,	M.,	Kwon,	S.	B.,	
Vu,	H.,	Maciejewski,	 E.,	 Yao,	M.,	 Li,	 C.	 Z.,	 Lu,	 A.	 T.,	Morselli,	M.,	
Rubbi, L., Barnes, B., Hansen, K. D., Zhou, W., Breeze, C. E., Ernst, J., 
&	Horvath,	S.	(2022).	A	mammalian	methylation	array	for	profiling	
methylation	levels	at	conserved	sequences.	Nature Communications, 
13(1), 1. https:// doi. org/ 10. 1038/ s4146 7-  022-  28355 -  z

Baltazar-	Soares,	M.,	Lima,	A.	R.	A.,	Silva,	G.,	&	Gaget,	E.	(2023).	Towards	
a unified eco- evolutionary framework for fisheries management: 
Coupling	advances	in	next-	generation	sequencing	with	species	dis-
tribution modelling. Frontiers in Marine Science, 9, 1014361. https:// 
doi. org/ 10. 3389/ fmars. 2022. 1014361

Beikircher, G., Pulverer, W., Hofner, M., Noehammer, C., & Weinhaeusel, 
A.	(2018).	Multiplexed	and	sensitive	dna	methylation	testing	using	
methylation-	sensitive	 restriction	enzymes	 ‘MSRE-	qPCR’.	Methods 
in Molecular Biology (Clifton, N.J.), 1708, 407–424. https:// doi. org/ 
10. 1007/ 978-  1-  4939-  7481-  8_ 21

Bendixen, K. K., Mindegaard, M., Epistolio, S., Dazio, G., Marchi, F., 
Spina,	 P.,	 Arnspang,	 E.	 C.,	 Soerensen,	 M.,	 Christensen,	 U.	 B.,	
Frattini,	 M.,	 &	 Petersen,	 R.	 K.	 (2023).	 A	 qPCR	 technology	 for	
direct	 quantification	 of	 methylation	 in	 untreated	 DNA.	 Nature 
Communications, 14(1), 5153. https:// doi. org/ 10. 1038/ s4146 7-  
023-  40873 -  y

Blake, L. E., Roux, J., Hernando- Herraez, I., Banovich, N. E., Perez, R. 
G.,	Hsiao,	C.	J.,	Eres,	I.,	Cuevas,	C.,	Marques-	Bonet,	T.,	&	Gilad,	Y.	
(2020).	 A	 comparison	 of	 gene	 expression	 and	 DNA	 methylation	
patterns across tissues and species. Genome Research, 30(2), 250–
262. https:// doi. org/ 10. 1101/ gr. 254904. 119

Bock,	S.	L.,	Smaga,	C.	R.,	McCoy,	J.	A.,	&	Parrott,	B.	B.	(2022).	Genome-	
wide	DNA	methylation	patterns	harbour	signatures	of	hatchling	sex	
and past incubation temperature in a species with environmental 
sex determination. Molecular Ecology, 31(21), 5487–5505. https:// 
doi. org/ 10. 1111/ mec. 16670 

Bocklandt, S., Lin, W., Sehl, M. E., Sánchez, F. J., Sinsheimer, J. S., 
Horvath, S., & Vilain, E. (2011). Epigenetic predictor of age. 
PLoS One, 6(6), e14821. https:// doi. org/ 10. 1371/ journ al. pone. 
0014821

Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y., & Greenleaf, W. 
J. (2013). Transposition of native chromatin for fast and sensitive 
epigenomic	profiling	of	open	chromatin,	DNA-	binding	proteins	and	
nucleosome position. Nature Methods, 10(12), 12. https:// doi. org/ 
10. 1038/ nmeth. 2688

Buerger,	P.,	Alvarez-	Roa,	C.,	Coppin,	C.	W.,	Pearce,	S.	L.,	Chakravarti,	L.	
J., Oakeshott, J. G., Edwards, O. R., & van Oppen, M. J. H. (2020). 
Heat- evolved microalgal symbionts increase coral bleaching toler-
ance. Science Advances, 6(20), eaba2498. https:// doi. org/ 10. 1126/ 
sciadv. aba2498

Campana,	 S.	 E.	 (2001).	 Accuracy,	 precision	 and	 quality	 control	 in	 age	
determination, including a review of the use and abuse of age vali-
dation methods. Journal of Fish Biology, 59(2), 197–242. https:// doi. 
org/ 10. 1111/j. 1095-  8649. 2001. tb001 27. x

Capel, B. (2017). Vertebrate sex determination: Evolutionary plasticity of 
a fundamental switch. Nature Reviews Genetics, 18(11), 11. https:// 
doi. org/ 10. 1038/ nrg. 2017. 60

Carlini,	V.,	Policarpi,	C.,	&	Hackett,	J.	A.	(2022).	Epigenetic	inheritance	is	
gated by naïve pluripotency and Dppa2. The EMBO Journal, 41(7), 
e108677. https:// doi. org/ 10. 15252/  embj. 20211 08677 

Cavalli,	G.,	&	Heard,	E.	(2019).	Advances	in	epigenetics	link	genetics	to	
the environment and disease. Nature, 571(7766), 489–499. https:// 
doi. org/ 10. 1038/ s4158 6-  019-  1411-  0

Chang, Y.- N., Zhu, C., Jiang, J., Zhang, H., Zhu, J.- K., & Duan, C.- G. (2020). 
Epigenetic regulation in plant abiotic stress responses. Journal of 
Integrative Plant Biology, 62(5), 563–580. https:// doi. org/ 10. 1111/ 
jipb. 12901 

Chapelle, V., & Silvestre, F. (2022). Population epigenetics: The extent of 
DNA	methylation	variation	in	wild	animal	populations.	Epigenomes, 
6(4), 31. https:// doi. org/ 10. 3390/ epige nomes 6040031

Chaudhuri,	A.,	Halder,	K.,	&	Datta,	A.	(2022).	Classification	of	CRISPR/
Cas system and its application in tomato breeding. TAG. Theoretical 
and Applied Genetics. Theoretische Und Angewandte Genetik, 135(2), 
367–387. https:// doi. org/ 10. 1007/ s0012 2-  021-  03984 -  y

Chouliaras,	 L.,	 van	 den	Hove,	D.	 L.	 A.,	 Kenis,	 G.,	 Keitel,	 S.,	Hof,	 P.	 R.,	
van Os, J., Steinbusch, H. W. M., Schmitz, C., & Rutten, B. P. F. 
(2012).	Age-	related	increase	in	levels	of	5-	hydroxymethylcytosine	
in mouse hippocampus is prevented by caloric restriction. Current 
Alzheimer Research, 9(5), 536–544.

Clutton- Brock, T., & Sheldon, B. C. (2010). Individuals and populations: 
The role of long- term, individual- based studies of animals in ecol-
ogy and evolutionary biology. Trends in Ecology & Evolution, 25(10), 
562–573. https:// doi. org/ 10. 1016/j. tree. 2010. 08. 002

Cokus, S. J., Feng, S., Zhang, X., Chen, Z., Merriman, B., Haudenschild, C. 
D., Pradhan, S., Nelson, S. F., Pellegrini, M., & Jacobsen, S. E. (2008). 
Shotgun	 bisulfite	 sequencing	 of	 the	 Arabidopsis	 genome	 reveals	
DNA	methylation	patterning.	Nature, 452(7184), 215–219. https:// 
doi. org/ 10. 1038/ natur e06745

Cristescu,	M.	E.	(2019).	Can	environmental	RNA	revolutionize	biodiver-
sity science? Trends in Ecology & Evolution, 34(8), 694–697. https:// 
doi. org/ 10. 1016/j. tree. 2019. 05. 003

Crooks, K. R., Burdett, C. L., Theobald, D. M., King, S. R. B., Di Marco, 
M., Rondinini, C., & Boitani, L. (2017). Quantification of habi-
tat fragmentation reveals extinction risk in terrestrial mammals. 
Proceedings of the National Academy of Sciences, 114(29), 7635–
7640. https:// doi. org/ 10. 1073/ pnas. 17057 69114 

Crossman,	C.	A.,	Barrett-	Lennard,	L.	G.,	&	Frasier,	T.	R.	 (2021).	An	ex-
ample	of	DNA	methylation	as	a	means	to	quantify	stress	in	wildlife	
using killer whales. Scientific Reports, 11(1), 1. https:// doi. org/ 10. 
1038/ s4159 8-  021-  96255 -  1

Dai, Q., Ye, C., Irkliyenko, I., Wang, Y., Sun, H.- L., Gao, Y., Liu, Y., Beadell, 
A.,	Perea,	J.,	Goel,	A.,	&	He,	C.	(2024).	Ultrafast	bisulfite	sequenc-
ing	 detection	 of	 5-	methylcytosine	 in	 DNA	 and	 RNA.	 Nature 
Biotechnology, 1–12. https:// doi. org/ 10. 1038/ s4158 7-  023-  02034 
-  w

De Chiara, L., Leiro- Fernandez, V., Rodríguez- Girondo, M., Valverde, D., 
Botana-	Rial,	M.	I.,	&	Fernández-	Villar,	A.	(2020).	Comparison	of	bi-
sulfite	pyrosequencing	and	methylation-	specific	qPCR	for	methyl-
ation assessment. International Journal of Molecular Sciences, 21(23), 
9242. https:// doi. org/ 10. 3390/ ijms2 1239242

De	 Paoli-	Iseppi,	 R.,	 Deagle,	 B.	 E.,	 McMahon,	 C.	 R.,	 Hindell,	 M.	 A.,	
Dickinson, J. L., & Jarman, S. N. (2017). Measuring animal age 
with	DNA	methylation:	From	humans	to	wild	animals.	Frontiers in 
Genetics, 8, 106. https:// doi. org/ 10. 3389/ fgene. 2017. 00106 

De	Paoli-	Iseppi,	R.,	Deagle,	B.	 E.,	 Polanowski,	A.	M.,	McMahon,	C.	R.,	
Dickinson,	 J.	 L.,	Hindell,	M.	A.,	&	 Jarman,	 S.	N.	 (2019).	Age	 esti-
mation in a long- lived seabird (Ardenna tenuirostris)	 using	 DNA	
methylation- based biomarkers. Molecular Ecology Resources, 19(2), 
411–425. https:// doi. org/ 10. 1111/ 1755-  0998. 12981 

Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Capturing chro-
mosome conformation. Science, 295(5558), 1306–1311. https:// doi. 
org/ 10. 1126/ scien ce. 1067799

Di	Sacco,	A.,	Hardwick,	K.	A.,	Blakesley,	D.,	Brancalion,	P.	H.	S.,	Breman,	
E., Cecilio Rebola, L., Chomba, S., Dixon, K., Elliott, S., Ruyonga, G., 
Shaw,	K.,	Smith,	P.,	Smith,	R.	J.,	&	Antonelli,	A.	(2021).	Ten	golden	
rules	for	reforestation	to	optimize	carbon	sequestration,	biodiver-
sity recovery and livelihood benefits. Global Change Biology, 27(7), 
1328–1348. https:// doi. org/ 10. 1111/ gcb. 15498 

Díaz,	 S.,	 Settele,	 J.,	 Brondízio,	 E.	 S.,	 Ngo,	 H.	 T.,	 Agard,	 J.,	 Arneth,	 A.,	
Balvanera,	P.,	Brauman,	K.	A.,	Butchart,	S.	H.	M.,	Chan,	K.	M.	A.,	
Garibaldi,	L.	A.,	Ichii,	K.,	Liu,	J.,	Subramanian,	S.	M.,	Midgley,	G.	F.,	
Miloslavich,	P.,	Molnár,	Z.,	Obura,	D.,	Pfaff,	A.,	…	Zayas,	C.	N.	(2019).	
Pervasive human- driven decline of life on earth points to the need 

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41467-022-28355-z
https://doi.org/10.3389/fmars.2022.1014361
https://doi.org/10.3389/fmars.2022.1014361
https://doi.org/10.1007/978-1-4939-7481-8_21
https://doi.org/10.1007/978-1-4939-7481-8_21
https://doi.org/10.1038/s41467-023-40873-y
https://doi.org/10.1038/s41467-023-40873-y
https://doi.org/10.1101/gr.254904.119
https://doi.org/10.1111/mec.16670
https://doi.org/10.1111/mec.16670
https://doi.org/10.1371/journal.pone.0014821
https://doi.org/10.1371/journal.pone.0014821
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1126/sciadv.aba2498
https://doi.org/10.1126/sciadv.aba2498
https://doi.org/10.1111/j.1095-8649.2001.tb00127.x
https://doi.org/10.1111/j.1095-8649.2001.tb00127.x
https://doi.org/10.1038/nrg.2017.60
https://doi.org/10.1038/nrg.2017.60
https://doi.org/10.15252/embj.2021108677
https://doi.org/10.1038/s41586-019-1411-0
https://doi.org/10.1038/s41586-019-1411-0
https://doi.org/10.1111/jipb.12901
https://doi.org/10.1111/jipb.12901
https://doi.org/10.3390/epigenomes6040031
https://doi.org/10.1007/s00122-021-03984-y
https://doi.org/10.1016/j.tree.2010.08.002
https://doi.org/10.1038/nature06745
https://doi.org/10.1038/nature06745
https://doi.org/10.1016/j.tree.2019.05.003
https://doi.org/10.1016/j.tree.2019.05.003
https://doi.org/10.1073/pnas.1705769114
https://doi.org/10.1038/s41598-021-96255-1
https://doi.org/10.1038/s41598-021-96255-1
https://doi.org/10.1038/s41587-023-02034-w
https://doi.org/10.1038/s41587-023-02034-w
https://doi.org/10.3390/ijms21239242
https://doi.org/10.3389/fgene.2017.00106
https://doi.org/10.1111/1755-0998.12981
https://doi.org/10.1126/science.1067799
https://doi.org/10.1126/science.1067799
https://doi.org/10.1111/gcb.15498


14 of 19  |     BALARD et al.

for transformative change. Science (New York, N.Y.), 366(6471), 
eaax3100. https:// doi. org/ 10. 1126/ scien ce. aax3100

Dimitrieva,	 S.,	 &	 Bucher,	 P.	 (2013).	 UCNEbase—A	 database	 of	 ultra-
conserved non- coding elements and genomic regulatory blocks. 
Nucleic Acids Research, 41(D1), D101–D109. https:// doi. org/ 10. 
1093/ nar/ gks1092

Duarte,	C.	M.,	Agusti,	S.,	Barbier,	E.,	Britten,	G.	L.,	Castilla,	J.	C.,	Gattuso,	
J.- P., Fulweiler, R. W., Hughes, T. P., Knowlton, N., Lovelock, C. E., 
Lotze, H. K., Predragovic, M., Poloczanska, E., Roberts, C., & Worm, 
B. (2020). Rebuilding marine life. Nature, 580(7801), 39–51. https:// 
doi. org/ 10. 1038/ s4158 6-  020-  2146-  7

Eizaguirre, C., & Baltazar- Soares, M. (2014). Evolutionary conserva-
tion—Evaluating the adaptive potential of species. Evolutionary 
Applications, 7(9), 963–967. https:// doi. org/ 10. 1111/ eva. 12227 

Engström,	P.	G.,	Fredman,	D.,	&	Lenhard,	B.	 (2008).	Ancora:	A	web	re-
source for exploring highly conserved noncoding elements and 
their association with developmental regulatory genes. Genome 
Biology, 9(2), R34. https:// doi. org/ 10. 1186/ gb-  2008-  9-  2-  r34

Feiner,	 N.,	 Radersma,	 R.,	 Vasquez,	 L.,	 Ringnér,	M.,	 Nystedt,	 B.,	 Raine,	
A.,	Tobi,	E.	W.,	Heijmans,	B.	T.,	&	Uller,	T.	(2022).	Environmentally	
induced	 DNA	 methylation	 is	 inherited	 across	 generations	 in	 an	
aquatic	keystone	species.	 iScience, 25(5), 104303. https:// doi. org/ 
10. 1016/j. isci. 2022. 104303

Field,	A.	E.,	Robertson,	N.	A.,	Wang,	T.,	Havas,	A.,	 Ideker,	T.,	&	Adams,	
P.	D.	(2018).	DNA	methylation	clocks	in	aging:	Categories,	causes,	
and	consequences.	Molecular Cell, 71(6), 882–895. https:// doi. org/ 
10. 1016/j. molcel. 2018. 08. 008

Filbee-	Dexter,	K.,	&	Smajdor,	A.	 (2019).	Ethics	of	assisted	evolution	 in	
marine conservation. Frontiers in Marine Science, 6, 20. https:// doi. 
org/ 10. 3389/ fmars. 2019. 00020 

Formenti,	 G.,	 Theissinger,	 K.,	 Fernandes,	 C.,	 Bista,	 I.,	 Bombarely,	 A.,	
Bleidorn,	 C.,	 Ciofi,	 C.,	 Crottini,	 A.,	 Godoy,	 J.	 A.,	 Höglund,	 J.,	
Malukiewicz,	J.,	Mouton,	A.,	Oomen,	R.	A.,	Paez,	S.,	Palsbøll,	P.	J.,	
Pampoulie, C., Ruiz- López, M. J., Svardal, H., Theofanopoulou, C., 
…	European	Reference	Genome	Atlas	(ERGA)	Consortium.	(2022).	
The era of reference genomes in conservation genomics. Trends in 
Ecology & Evolution, 37(3), 197–202. https:// doi. org/ 10. 1016/j. tree. 
2021. 11. 008

Frommer, M., McDonald, L. E., Millar, D. S., Collis, C. M., Watt, F., Grigg, 
G.	W.,	Molloy,	P.	L.,	&	Paul,	C.	L.	(1992).	A	genomic	sequencing	pro-
tocol that yields a positive display of 5- methylcytosine residues 
in	 individual	DNA	strands.	Proceedings of the National Academy of 
Sciences of the United States of America, 89(5), 1827–1831. https:// 
doi. org/ 10. 1073/ pnas. 89.5. 1827

Funk, W. C., Forester, B. R., Converse, S. J., Darst, C., & Morey, S. (2019). 
Improving	conservation	policy	with	genomics:	A	guide	to	integrat-
ing adaptive potential into U.S. endangered species act decisions for 
conservation practitioners and geneticists. Conservation Genetics, 
20(1), 115–134. https:// doi. org/ 10. 1007/ s1059 2-  018-  1096-  1

Gardner,	 S.	 T.,	 Bertucci,	 E.	 M.,	 Sutton,	 R.,	 Horcher,	 A.,	 Aubrey,	 D.,	 &	
Parrott,	 B.	 B.	 (2023).	 Development	 of	 DNA	 methylation-	based	
epigenetic age predictors in loblolly pine (Pinus taeda). Molecular 
Ecology Resources, 23(1), 131–144. https:// doi. org/ 10. 1111/ 1755-  
0998. 13698 

Ge, C., Ye, J., Weber, C., Sun, W., Zhang, H., Zhou, Y., Cai, C., Qian, G., 
& Capel, B. (2018). The histone demethylase KDM6B regulates 
temperature- dependent sex determination in a turtle species. 
Science (New York, N.Y.), 360(6389), 645–648. https:// doi. org/ 10. 
1126/ scien ce. aap8328

Goldberg,	A.	D.,	Allis,	C.	D.,	&	Bernstein,	E.	(2007).	Epigenetics:	A	land-
scape takes shape. Cell, 128(4), 635–638. https:// doi. org/ 10. 
1016/j. cell. 2007. 02. 006

Grunau,	 C.,	 Clark,	 S.	 J.,	 &	 Rosenthal,	 A.	 (2001).	 Bisulfite	 genomic	 se-
quencing:	Systematic	investigation	of	critical	experimental	param-
eters. Nucleic Acids Research, 29(13), E65. https:// doi. org/ 10. 1093/ 
nar/ 29. 13. e65

Guerrero- Bosagna, C., Morisson, M., Liaubet, L., Rodenburg, T. B., de 
Haas,	E.	N.,	Košťál,	Ľ.,	&	Pitel,	F.	(2018).	Transgenerational	epigen-
etic inheritance in birds. Environmental Epigenetics, 4(2), dvy008. 
https:// doi. org/ 10. 1093/ eep/ dvy008

Gugger, P. F., Fitz- Gibbon, S., PellEgrini, M., & Sork, V. L. (2016). Species- 
wide	patterns	of	DNA	methylation	variation	in	Quercus	lobata	and	
their association with climate gradients. Molecular Ecology, 25(8), 
1665–1680. https:// doi. org/ 10. 1111/ mec. 13563 

Haddad,	N.	M.,	 Brudvig,	 L.	 A.,	 Clobert,	 J.,	 Davies,	 K.	 F.,	 Gonzalez,	 A.,	
Holt,	R.	D.,	Lovejoy,	T.	E.,	Sexton,	J.	O.,	Austin,	M.	P.,	Collins,	C.	D.,	
Cook, W. M., Damschen, E. I., Ewers, R. M., Foster, B. L., Jenkins, 
C.	N.,	King,	A.	J.,	Laurance,	W.	F.,	Levey,	D.	J.,	Margules,	C.	R.,	…	
Townshend, J. R. (2015). Habitat fragmentation and its lasting 
impact on Earth's ecosystems. Science Advances, 1(2), e1500052. 
https:// doi. org/ 10. 1126/ sciadv. 1500052

Hahn,	M.	A.,	Qiu,	R.,	Wu,	X.,	 Li,	A.	X.,	Zhang,	H.,	Wang,	 J.,	 Jui,	 J.,	 Jin,	
S.- G., Jiang, Y., Pfeifer, G. P., & Lu, Q. (2013). Dynamics of 
5- hydroxymethylcytosine and chromatin marks in mammalian neu-
rogenesis. Cell Reports, 3(2), 291–300. https:// doi. org/ 10. 1016/j. 
celrep. 2013. 01. 011

Hannum, G., Guinney, J., Zhao, L., Zhang, L., Hughes, G., Sadda, S., 
Klotzle, B., Bibikova, M., Fan, J.- B., Gao, Y., Deconde, R., Chen, M., 
Rajapakse, I., Friend, S., Ideker, T., & Zhang, K. (2013). Genome- 
wide	methylation	profiles	reveal	quantitative	views	of	human	aging	
rates. Molecular Cell, 49(2), 359–367. https:// doi. org/ 10. 1016/j. mol-
cel. 2012. 10. 016

Harrisson,	K.	A.,	 Pavlova,	A.,	 Telonis-	Scott,	M.,	&	Sunnucks,	P.	 (2014).	
Using genomics to characterize evolutionary potential for conser-
vation of wild populations. Evolutionary Applications, 7(9), 1008–
1025. https:// doi. org/ 10. 1111/ eva. 12149 

Hayes, B. J., Nguyen, L. T., Forutan, M., Engle, B. N., Lamb, H. J., Copley, 
J.	P.,	Randhawa,	I.	A.	S.,	&	Ross,	E.	M.	(2021).	An	epigenetic	aging	
clock	for	cattle	using	portable	sequencing	technology.	Frontiers in 
Genetics, 12, 760450. https:// doi. org/ 10. 3389/ fgene. 2021. 760450

Heckwolf, M. J., Meyer, B. S., Häsler, R., Höppner, M. P., Eizaguirre, C., & 
Reusch, T. B. (2020). Two different epigenetic information channels 
in wild three- spined sticklebacks are involved in salinity adaptation. 
Science Advances, 6(12), eaaz1138.

Heffernan,	 C.,	 &	 Rushton,	 J.	 (2000).	 Restocking:	 A	 critical	 evaluation.	
Nomadic Peoples, 4(1), 110–124.

Herrick,	J.	E.,	Schuman,	G.	E.,	&	Rango,	A.	(2006).	Monitoring	ecological	
processes for restoration projects. Journal for Nature Conservation, 
14(3–4), 161–171.

Hoelzel,	A.	R.,	Bruford,	M.	W.,	&	Fleischer,	R.	C.	(2019).	Conservation	of	
adaptive potential and functional diversity. Conservation Genetics, 
20(1), 1–5. https:// doi. org/ 10. 1007/ s1059 2-  019-  01151 -  x

Hoelzel,	A.	R.,	Gkafas,	G.	A.,	Kang,	H.,	Sarigol,	F.,	Le	Boeuf,	B.,	Costa,	D.	
P., Beltran, R. S., Reiter, J., Robinson, P. W., McInerney, N., Seim, 
I., Sun, S., Fan, G., & Li, S. (2024). Genomics of post- bottleneck re-
covery in the northern elephant seal. Nature Ecology & Evolution, 8, 
686–694. https:// doi. org/ 10. 1038/ s4155 9-  024-  02337 -  4

Horvath,	 S.	 (2013).	 DNA	 methylation	 age	 of	 human	 tissues	 and	 cell	
types. Genome Biology, 14(10), 3156. https:// doi. org/ 10. 1186/ 
gb-  2013-  14-  10-  r115

Horvath,	S.,	&	Raj,	K.	(2018).	DNA	methylation-	based	biomarkers	and	the	
epigenetic clock theory of ageing. Nature Reviews Genetics, 19(6), 6. 
https:// doi. org/ 10. 1038/ s4157 6-  018-  0004-  3

Howells,	E.	J.,	Abrego,	D.,	Liew,	Y.	J.,	Burt,	J.	A.,	Meyer,	E.,	&	Aranda,	M.	
(2021). Enhancing the heat tolerance of reef- building corals to fu-
ture warming. Science Advances, 7(34), eabg6070. https:// doi. org/ 
10. 1126/ sciadv. abg6070

Hu, J., & Barrett, R. D. H. (2017). Epigenetics in natural animal popula-
tions. Journal of Evolutionary Biology, 30(9), 1612–1632. https:// doi. 
org/ 10. 1111/ jeb. 13130 

Hu,	J.,	Pérez-	Jvostov,	F.,	Blondel,	L.,	&	Barrett,	R.	D.	H.	(2018).	Genome-	
wide	DNA	methylation	signatures	of	infection	status	in	Trinidadian	

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1126/science.aax3100
https://doi.org/10.1093/nar/gks1092
https://doi.org/10.1093/nar/gks1092
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1111/eva.12227
https://doi.org/10.1186/gb-2008-9-2-r34
https://doi.org/10.1016/j.isci.2022.104303
https://doi.org/10.1016/j.isci.2022.104303
https://doi.org/10.1016/j.molcel.2018.08.008
https://doi.org/10.1016/j.molcel.2018.08.008
https://doi.org/10.3389/fmars.2019.00020
https://doi.org/10.3389/fmars.2019.00020
https://doi.org/10.1016/j.tree.2021.11.008
https://doi.org/10.1016/j.tree.2021.11.008
https://doi.org/10.1073/pnas.89.5.1827
https://doi.org/10.1073/pnas.89.5.1827
https://doi.org/10.1007/s10592-018-1096-1
https://doi.org/10.1111/1755-0998.13698
https://doi.org/10.1111/1755-0998.13698
https://doi.org/10.1126/science.aap8328
https://doi.org/10.1126/science.aap8328
https://doi.org/10.1016/j.cell.2007.02.006
https://doi.org/10.1016/j.cell.2007.02.006
https://doi.org/10.1093/nar/29.13.e65
https://doi.org/10.1093/nar/29.13.e65
https://doi.org/10.1093/eep/dvy008
https://doi.org/10.1111/mec.13563
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1016/j.celrep.2013.01.011
https://doi.org/10.1016/j.celrep.2013.01.011
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1111/eva.12149
https://doi.org/10.3389/fgene.2021.760450
https://doi.org/10.1007/s10592-019-01151-x
https://doi.org/10.1038/s41559-024-02337-4
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.1126/sciadv.abg6070
https://doi.org/10.1126/sciadv.abg6070
https://doi.org/10.1111/jeb.13130
https://doi.org/10.1111/jeb.13130


    |  15 of 19BALARD et al.

guppies (Poecilia reticulata). Molecular Ecology, 27(15), 3087–3102. 
https:// doi. org/ 10. 1111/ mec. 14771 

Hu,	Z.-	L.,	Park,	C.	A.,	Wu,	X.-	L.,	&	Reecy,	 J.	M.	 (2013).	Animal	QTLdb:	
An	 improved	 database	 tool	 for	 livestock	 animal	 QTL/association	
data dissemination in the post- genome era. Nucleic Acids Research, 
41(D1), D871–D879. https:// doi. org/ 10. 1093/ nar/ gks1150

Huang, W.- Y., Hsu, S.- D., Huang, H.- Y., Sun, Y.- M., Chou, C.- H., Weng, 
S.-	L.,	&	Huang,	H.-	D.	(2015).	MethHC:	A	database	of	DNA	methyl-
ation and gene expression in human cancer. Nucleic Acids Research, 
43(D1), D856–D861. https:// doi. org/ 10. 1093/ nar/ gku1151

Husby,	A.	(2022).	Wild	epigenetics:	Insights	from	epigenetic	studies	on	
natural populations. Proceedings. Biological Sciences, 289(1968), 
20211633. https:// doi. org/ 10. 1098/ rspb. 2021. 1633

Inoue,	 J.,	 &	 Saitou,	 N.	 (2021).	 dbCNS:	 A	 new	 database	 for	 conserved	
noncoding	sequences.	Molecular Biology and Evolution, 38(4), 1665–
1676. https:// doi. org/ 10. 1093/ molbev/ msaa296

Ito, H., Udono, T., Hirata, S., & Inoue- Murayama, M. (2018). Estimation of 
chimpanzee	age	based	on	DNA	methylation.	Scientific Reports, 8(1), 
1. https:// doi. org/ 10. 1038/ s4159 8-  018-  28318 -  9

IUCN. (2022). The IUCN red list of threatened species. https:// www. iucnr 
edlist. org

Jackson, J., Mar, K. U., Htut, W., Childs, D. Z., & Lummaa, V. (2020). 
Changes in age- structure over four decades were a key determi-
nant of population growth rate in a long- lived mammal. The Journal 
of Animal Ecology, 89(10), 2268–2278. https:// doi. org/ 10. 1111/ 
1365-  2656. 13290 

Jackson, S. T., & Hobbs, R. J. (2009). Ecological restoration in the light 
of ecological history. Science (New York, N.Y.), 325(5940), 567–569. 
https:// doi. org/ 10. 1126/ scien ce. 1172977

Jain, N., Taak, Y., Choudhary, R., Yadav, S., Saini, N., Vasudev, S., & Yadava, 
D.	 (2021).	Chapter	19—Advances	and	prospects	of	epigenetics	 in	
plants.	 In	P.	K.	Agrawala	&	P.	Rana	(Eds.),	Epigenetics and metabo-
lomics (Vol. 28,	pp.	421–444).	Academic	Press.	https:// doi. org/ 10. 
1016/ B978-  0-  323-  85652 -  2. 00013 -  0

Janzen, F. J., & Phillips, P. C. (2006). Exploring the evolution of envi-
ronmental sex determination, especially in reptiles. Journal of 
Evolutionary Biology, 19(6), 1775–1784. https:// doi. org/ 10. 1111/j. 
1420-  9101. 2006. 01138. x

Jarman,	S.	N.,	Polanowski,	A.	M.,	Faux,	C.	E.,	Robbins,	J.,	De	Paoli-	Iseppi,	
R., Bravington, M., & Deagle, B. E. (2015). Molecular biomarkers 
for chronological age in animal ecology. Molecular Ecology, 24(19), 
4826–4847. https:// doi. org/ 10. 1111/ mec. 13357 

Jogam,	P.,	Sandhya,	D.,	Alok,	A.,	Peddaboina,	V.,	Allini,	V.	R.,	&	Zhang,	
B.	(2022).	A	review	on	CRISPR/Cas-	based	epigenetic	regulation	in	
plants. International Journal of Biological Macromolecules, 219, 1261–
1271. https:// doi. org/ 10. 1016/j. ijbio mac. 2022. 08. 182

Jueterbock,	A.,	Boström,	C.,	Coyer,	J.	A.,	Olsen,	J.	L.,	Kopp,	M.,	Dhanasiri,	
A.	K.	S.,	Smolina,	I.,	Arnaud-	Haond,	S.,	Van	de	Peer,	Y.,	&	Hoarau,	
G. (2020). The seagrass methylome is associated with variation in 
photosynthetic performance among clonal shoots. Frontiers in Plant 
Science, 11, 571646. https:// doi. org/ 10. 3389/ fpls. 2020. 571646

Jung,	G.,	Hernández-	Illán,	E.,	Moreira,	L.,	Balaguer,	F.,	&	Goel,	A.	(2020).	
Epigenetics of colorectal cancer: Biomarker and therapeutic poten-
tial. Nature Reviews. Gastroenterology & Hepatology, 17(2), 111–130. 
https:// doi. org/ 10. 1038/ s4157 5-  019-  0230-  y

Jylhävä, J., Pedersen, N. L., & Hägg, S. (2017). Biological age predictors. 
eBioMedicine, 21, 29–36. https:// doi. org/ 10. 1016/j. ebiom. 2017. 03. 
046

Kader,	F.,	&	Ghai,	M.	(2017).	DNA	methylation-	based	variation	between	
human populations. Molecular Genetics and Genomics, 292(1), 5–35. 
https:// doi. org/ 10. 1007/ s0043 8-  016-  1264-  2

Kim, E., Kim, Y. K., & Lee, S.- J. V. (2021). Emerging functions of circular 
RNA	 in	aging.	Trends in Genetics: TIG, 37(9), 819–829. https:// doi. 
org/ 10. 1016/j. tig. 2021. 04. 014

Klughammer,	 J.,	 Romanovskaia,	 D.,	 Nemc,	 A.,	 Posautz,	 A.,	 Seid,	 C.	
A.,	 Schuster,	 L.	 C.,	 Keinath,	M.	C.,	 Lugo	Ramos,	 J.	 S.,	 Kosack,	 L.,	

Evankow,	A.,	 Printz,	D.,	Kirchberger,	 S.,	 Ergüner,	B.,	Datlinger,	 P.,	
Fortelny,	 N.,	 Schmidl,	 C.,	 Farlik,	M.,	 Skjærven,	 K.,	 Bergthaler,	 A.,	
…	 Bock,	 C.	 (2023).	 Comparative	 analysis	 of	 genome-	scale,	 base-	
resolution	 DNA	 methylation	 profiles	 across	 580	 animal	 species.	
Nature Communications, 14(1), 1. https:// doi. org/ 10. 1038/ s4146 7-  
022-  34828 -  y

Koch, I. J., Nuetzel, H. M., & Narum, S. R. (2023). Epigenetic effects 
associated with salmonid supplementation and domestication. 
Environmental Biology of Fishes, 106(5), 1093–1111. https:// doi. org/ 
10. 1007/ s1064 1-  022-  01278 -  w

Kronholm, I., & Collins, S. (2016). Epigenetic mutations can both help and 
hinder adaptive evolution. Molecular Ecology, 25(8), 1856–1868. 
https:// doi. org/ 10. 1111/ mec. 13296 

Krueger,	F.,	Kreck,	B.,	Franke,	A.,	&	Andrews,	S.	R.	(2012).	DNA	methy-
lome	analysis	using	short	bisulfite	sequencing	data.	Nature Methods, 
9(2), 145–151. https:// doi. org/ 10. 1038/ nmeth. 1828

Ku, J.- L., Jeon, Y.- K., & Park, J.- G. (2011). Methylation- specific PCR. 
Methods in Molecular Biology (Clifton, N.J.), 791, 23–32. https:// doi. 
org/ 10. 1007/ 978-  1-  61779 -  316-  5_ 3

Kungulovski, G., Nunna, S., Thomas, M., Zanger, U. M., Reinhardt, R., & 
Jeltsch,	A.	 (2015).	Targeted	epigenome	editing	of	an	endogenous	
locus with chromatin modifiers is not stably maintained. Epigenetics 
& Chromatin, 8, 12. https:// doi. org/ 10. 1186/ s1307 2-  015-  0002-  z

Ladd-	Acosta,	C.	(2015).	Epigenetic	signatures	as	biomarkers	of	exposure.	
Current Environmental Health Reports, 2, 117–125. https:// doi. org/ 
10. 1007/ s4057 2-  015-  0051-  2

Laloë,	 J.-	O.,	Cozens,	 J.,	Renom,	B.,	Taxonera,	A.,	&	Hays,	G.	C.	 (2014).	
Effects of rising temperature on the viability of an important sea 
turtle rookery. Nature Climate Change, 4(6), 6. https:// doi. org/ 10. 
1038/ nclim ate2236

Lamka,	G.	F.,	Harder,	A.	M.,	Sundaram,	M.,	Schwartz,	T.	S.,	Christie,	M.	R.,	
DeWoody,	J.	A.,	&	Willoughby,	J.	R.	(2022).	Epigenetics	in	ecology,	
evolution, and conservation. Frontiers in Ecology and Evolution, 10, 
871791. https:// doi. org/ 10. 3389/ fevo. 2022. 871791

Laporte,	 M.,	 Le	 Luyer,	 J.,	 Rougeux,	 C.,	 Dion-	Côté,	 A.-	M.,	 Krick,	 M.,	
&	 Bernatchez,	 L.	 (2019).	 DNA	 methylation	 reprogramming,	 TE	
derepression, and postzygotic isolation of nascent animal spe-
cies. Science Advances, 5(10), eaaw1644. https:// doi. org/ 10. 1126/ 
sciadv. aaw1644

Laszlo,	A.	H.,	Derrington,	 I.	M.,	Brinkerhoff,	H.,	Langford,	K.	W.,	Nova,	
I. C., Samson, J. M., Bartlett, J. J., Pavlenok, M., & Gundlach, 
J. H. (2013). Detection and mapping of 5- methylcytosine and 
5-	hydroxymethylcytosine	 with	 nanopore	 MspA.	 Proceedings of 
the National Academy of Sciences of the United States of America, 
110(47), 18904–18909. https:// doi. org/ 10. 1073/ pnas. 13102 40110 

Le Luyer, J., Laporte, M., Beacham, T. D., Kaukinen, K. H., Withler, R. E., 
Leong, J. S., Rondeau, E. B., Koop, B. F., & Bernatchez, L. (2017). 
Parallel epigenetic modifications induced by hatchery rearing in a 
Pacific salmon. Proceedings of the National Academy of Sciences of 
the United States of America, 114(49), 12964–12969. https:// doi. org/ 
10. 1073/ pnas. 17112 29114 

Lea,	A.	 J.,	Altmann,	 J.,	Alberts,	 S.	C.,	&	Tung,	 J.	 (2016).	Resource	base	
influences	genome-	wide	DNA	methylation	 levels	 in	wild	baboons	
(Papio cynocephalus). Molecular Ecology, 25(8), 1681–1696. https:// 
doi. org/ 10. 1111/ mec. 13436 

Levine,	M.	E.,	Lu,	A.	T.,	Quach,	A.,	Chen,	B.	H.,	Assimes,	T.	L.,	Bandinelli,	
S.,	 Hou,	 L.,	 Baccarelli,	 A.	 A.,	 Stewart,	 J.	 D.,	 Li,	 Y.,	Whitsel,	 E.	 A.,	
Wilson,	J.	G.,	Reiner,	A.	P.,	Aviv,	A.,	Lohman,	K.,	Liu,	Y.,	Ferrucci,	L.,	
&	Horvath,	S.	(2018).	An	epigenetic	biomarker	of	aging	for	lifespan	
and healthspan. Aging, 10(4), 573–591. https:// doi. org/ 10. 18632/  
aging. 101414

Li,	 E.,	 &	 Zhang,	 Y.	 (2014).	 DNA	 methylation	 in	 mammals.	 Cold Spring 
Harbor Perspectives in Biology, 6(5), a019133. https:// doi. org/ 10. 
1101/ cshpe rspect. a019133

Li, W., Zhang, X., Lu, X., You, L., Song, Y., Luo, Z., Zhang, J., Nie, J., Zheng, 
W., Xu, D., Wang, Y., Dong, Y., Yu, S., Hong, J., Shi, J., Hao, H., Luo, 

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/mec.14771
https://doi.org/10.1093/nar/gks1150
https://doi.org/10.1093/nar/gku1151
https://doi.org/10.1098/rspb.2021.1633
https://doi.org/10.1093/molbev/msaa296
https://doi.org/10.1038/s41598-018-28318-9
https://www.iucnredlist.org
https://www.iucnredlist.org
https://doi.org/10.1111/1365-2656.13290
https://doi.org/10.1111/1365-2656.13290
https://doi.org/10.1126/science.1172977
https://doi.org/10.1016/B978-0-323-85652-2.00013-0
https://doi.org/10.1016/B978-0-323-85652-2.00013-0
https://doi.org/10.1111/j.1420-9101.2006.01138.x
https://doi.org/10.1111/j.1420-9101.2006.01138.x
https://doi.org/10.1111/mec.13357
https://doi.org/10.1016/j.ijbiomac.2022.08.182
https://doi.org/10.3389/fpls.2020.571646
https://doi.org/10.1038/s41575-019-0230-y
https://doi.org/10.1016/j.ebiom.2017.03.046
https://doi.org/10.1016/j.ebiom.2017.03.046
https://doi.org/10.1007/s00438-016-1264-2
https://doi.org/10.1016/j.tig.2021.04.014
https://doi.org/10.1016/j.tig.2021.04.014
https://doi.org/10.1038/s41467-022-34828-y
https://doi.org/10.1038/s41467-022-34828-y
https://doi.org/10.1007/s10641-022-01278-w
https://doi.org/10.1007/s10641-022-01278-w
https://doi.org/10.1111/mec.13296
https://doi.org/10.1038/nmeth.1828
https://doi.org/10.1007/978-1-61779-316-5_3
https://doi.org/10.1007/978-1-61779-316-5_3
https://doi.org/10.1186/s13072-015-0002-z
https://doi.org/10.1007/s40572-015-0051-2
https://doi.org/10.1007/s40572-015-0051-2
https://doi.org/10.1038/nclimate2236
https://doi.org/10.1038/nclimate2236
https://doi.org/10.3389/fevo.2022.871791
https://doi.org/10.1126/sciadv.aaw1644
https://doi.org/10.1126/sciadv.aaw1644
https://doi.org/10.1073/pnas.1310240110
https://doi.org/10.1073/pnas.1711229114
https://doi.org/10.1073/pnas.1711229114
https://doi.org/10.1111/mec.13436
https://doi.org/10.1111/mec.13436
https://doi.org/10.18632/aging.101414
https://doi.org/10.18632/aging.101414
https://doi.org/10.1101/cshperspect.a019133
https://doi.org/10.1101/cshperspect.a019133


16 of 19  |     BALARD et al.

F.,	Hua,	L.,	Wang,	P.,	…	Liu,	J.	(2017).	5-	Hydroxymethylcytosine	sig-
natures	 in	 circulating	 cell-	free	DNA	 as	 diagnostic	 biomarkers	 for	
human cancers. Cell Research, 27(10), 1243–1257. https:// doi. org/ 
10. 1038/ cr. 2017. 121

Lieberman-	Aiden,	 E.,	 van	 Berkum,	 N.	 L.,	 Williams,	 L.,	 Imakaev,	 M.,	
Ragoczy,	T.,	Telling,	A.,	Amit,	I.,	Lajoie,	B.	R.,	Sabo,	P.	J.,	Dorschner,	
M.	O.,	Sandstrom,	R.,	Bernstein,	B.,	Bender,	M.	A.,	Groudine,	M.,	
Gnirke,	 A.,	 Stamatoyannopoulos,	 J.,	Mirny,	 L.	 A.,	 Lander,	 E.	 S.,	 &	
Dekker, J. (2009). Comprehensive mapping of long- range inter-
actions reveals folding principles of the human genome. Science, 
326(5950), 289–293. https:// doi. org/ 10. 1126/ scien ce. 1181369

Liew,	Y.	 J.,	Zoccola,	D.,	 Li,	Y.,	Tambutté,	E.,	Venn,	A.	A.,	Michell,	C.	T.,	
Cui,	 G.,	 Deutekom,	 E.	 S.,	 Kaandorp,	 J.	 A.,	 Voolstra,	 C.	 R.,	 Forêt,	
S.,	 Allemand,	D.,	 Tambutté,	 S.,	 &	Aranda,	M.	 (2018).	 Epigenome-	
associated phenotypic acclimatization to ocean acidification in a 
reef- building coral. Science Advances, 4(6), eaar8028. https:// doi. 
org/ 10. 1126/ sciadv. aar8028

Lockley, E. C., & Eizaguirre, C. (2021). Effects of global warming on spe-
cies with temperature- dependent sex determination: Bridging the 
gap between empirical research and management. Evolutionary 
Applications, 14(10), 2361–2377. https:// doi. org/ 10. 1111/ eva. 
13226 

Lokk, K., Modhukur, V., Rajashekar, B., Märtens, K., Mägi, R., Kolde, R., 
Koltšina,	M.,	 Nilsson,	 T.	 K.,	 Vilo,	 J.,	 Salumets,	 A.,	 &	 Tõnisson,	N.	
(2014).	DNA	methylome	profiling	of	human	tissues	identifies	global	
and tissue- specific methylation patterns. Genome Biology, 15(4), 
3248. https:// doi. org/ 10. 1186/ gb-  2014-  15-  4-  r54

Lu,	A.	T.,	Fei,	Z.,	Haghani,	A.,	Robeck,	T.	R.,	Zoller,	J.	A.,	Li,	C.	Z.,	Lowe,	
R.,	Yan,	Q.,	Zhang,	J.,	Vu,	H.,	Ablaeva,	J.,	Acosta-	Rodriguez,	V.	A.,	
Adams,	D.	M.,	Almunia,	 J.,	Aloysius,	A.,	Ardehali,	R.,	Arneson,	A.,	
Baker,	C.	S.,	Banks,	G.,	…	Horvath,	S.	(2023).	Universal	DNA	methyl-
ation age across mammalian tissues. Nature Aging, 3(9), 1144–1166. 
https:// doi. org/ 10. 1038/ s4358 7-  023-  00462 -  6

Lynch,	M.,	Bürger,	R.,	Butcher,	D.,	&	Gabriel,	W.	(1993).	The	mutational	
meltdown in asexual populations. The Journal of Heredity, 84(5), 
339–344. https:// doi. org/ 10. 1093/ oxfor djour nals. jhered. a111354

Mäkinen, H., van Oers, K., Eeva, T., & Ruuskanen, S. (2022). The effect 
of	experimental	 lead	pollution	on	DNA	methylation	 in	a	wild	bird	
population. Epigenetics, 17(6), 625–641. https:// doi. org/ 10. 1080/ 
15592 294. 2021. 1943863

Martin, E. M., & Fry, R. C. (2018). Environmental influences on the epig-
enome:	Exposure-		associated	DNA	methylation	in	human	popula-
tions. Annual Review of Public Health, 39, 309–333. https:// doi. org/ 
10. 1146/ annur ev-  publh ealth -  04061 7-  014629

Masser,	D.	R.,	Stanford,	D.	R.,	&	Freeman,	W.	M.	(2015).	Ttargeted	DNA	
methylation	 analysis	 by	 next-	generation	 sequencing.	 Journal of 
Visualized Experiments: JoVE, 96, 52488. https:// doi. org/ 10. 3791/ 
52488 

Matsumoto, Y., Hannigan, B., & Crews, D. (2016). Temperature shift al-
ters dna methylation and histone modification patterns in gonadal 
aromatase (cyp19a1) gene in species with temperature- dependent 
sex determination. PLoS One, 11(11), e0167362. https:// doi. org/ 10. 
1371/ journ al. pone. 0167362

McMillan, J. R., Morrison, B., Chambers, N., Ruggerone, G., Bernatchez, 
L.,	 Stanford,	 J.,	 &	 Neville,	 H.	 (2023).	 A	 global	 synthesis	 of	 peer-	
reviewed research on the effects of hatchery salmonids on wild 
salmonids. Fisheries Management and Ecology, 30(5), 446–463.

Meissner,	 A.,	 Gnirke,	 A.,	 Bell,	 G.	W.,	 Ramsahoye,	 B.,	 Lander,	 E.	 S.,	 &	
Jaenisch,	 R.	 (2005).	 Reduced	 representation	 bisulfite	 sequencing	
for	comparative	high-	resolution	DNA	methylation	analysis.	Nucleic 
Acids Research, 33(18), 5868–5877. https:// doi. org/ 10. 1093/ nar/ 
gki901

Miska,	 E.	A.,	&	Ferguson-	Smith,	A.	C.	 (2016).	 Transgenerational	 inher-
itance:	Models	and	mechanisms	of	non-	DNA	sequence-	based	 in-
heritance. Science (New York, N.Y.), 354(6308), 59–63. https:// doi. 
org/ 10. 1126/ scien ce. aaf4945

Mitchell, N. J., & Janzen, F. J. (2010). Temperature- dependent sex de-
termination and contemporary climate change. Sexual Development: 
Genetics, Molecular Biology, Evolution, Endocrinology, Embryology, 
and Pathology of Sex Determination and Differentiation, 4(1–2), 129–
140. https:// doi. org/ 10. 1159/ 00028 2494

Mohn,	F.,	Weber,	M.,	Schübeler,	D.,	&	Roloff,	T.-	C.	 (2009).	Methylated	
DNA	 immunoprecipitation	 (MeDIP).	Methods in Molecular Biology 
(Clifton, N.J.), 507, 55–64. https:// doi. org/ 10. 1007/ 978-  1-  59745 
-  522-  0_ 5

Molina-	Serrano,	D.,	Kyriakou,	D.,	&	Kirmizis,	A.	 (2019).	Histone	modifi-
cations as an intersection between diet and longevity. Frontiers in 
Genetics, 10, 192. https:// doi. org/ 10. 3389/ fgene. 2019. 00192 

Morgan, H. D., Sutherland, H. G., Martin, D. I., & Whitelaw, E. (1999). 
Epigenetic inheritance at the agouti locus in the mouse. Nature 
Genetics, 23(3), 314–318. https:// doi. org/ 10. 1038/ 15490 

Morrell, P. L., Buckler, E. S., & Ross- Ibarra, J. (2011). Crop genomics: 
Advances	and	applications.	Nature Reviews. Genetics, 13(2), 85–96. 
https:// doi. org/ 10. 1038/ nrg3097

Munson, K., Clark, J., Lamparska- Kupsik, K., & Smith, S. S. (2007). 
Recovery	 of	 bisulfite-	converted	 genomic	 sequences	 in	 the	
methylation- sensitive QPCR. Nucleic Acids Research, 35(9), 2893–
2903. https:// doi. org/ 10. 1093/ nar/ gkm055

Nagalakshmi, U., Wang, Z., Waern, K., Shou, C., Raha, D., Gerstein, M., 
& Snyder, M. (2008). The transcriptional landscape of the yeast 
genome	 defined	 by	 RNA	 sequencing.	 Science (New York, N.Y.), 
320(5881), 1344–1349. https:// doi. org/ 10. 1126/ scien ce. 1158441

Navarro-	Martín,	L.,	Viñas,	J.,	Ribas,	L.,	Díaz,	N.,	Gutiérrez,	A.,	Di	Croce,	
L.,	&	Piferrer,	F.	(2011).	DNA	methylation	of	the	gonadal	aromatase	
(cyp19a) promoter is involved in temperature- dependent sex ratio 
shifts in the European sea bass. PLoS Genetics, 7(12), e1002447. 
https:// doi. org/ 10. 1371/ journ al. pgen. 1002447

Nicholas,	F.	W.	(2021).	Online	Mendelian	inheritance	in	animals	(OMIA):	
A	record	of	advances	in	animal	genetics,	freely	available	on	the	in-
ternet	for	25 years.	Animal Genetics, 52(1), 3–9. https:// doi. org/ 10. 
1111/ age. 13010 

Nilsson, E., Sadler- Riggleman, I., Beck, D., & Skinner, M. K. (2021). 
Differential	 DNA	 methylation	 in	 somatic	 and	 sperm	 cells	 of	
hatchery vs wild (natural- origin) steelhead trout populations. 
Environmental Epigenetics, 7(1), dvab002.

Olova,	N.,	Krueger,	F.,	Andrews,	S.,	Oxley,	D.,	Berrens,	R.	V.,	Branco,	M.	
R., & Reik, W. (2018). Comparison of whole- genome bisulfite se-
quencing	library	preparation	strategies	identifies	sources	of	biases	
affecting	DNA	methylation	data.	Genome Biology, 19(1), 33. https:// 
doi. org/ 10. 1186/ s1305 9-  018-  1408-  2

Osathanunkul, M., & Suwannapoom, C. (2023). Sustainable fisheries 
management through reliable restocking and stock enhancement 
evaluation	with	environmental	DNA.	Scientific Reports, 13, 11297. 
https:// doi. org/ 10. 1038/ s4159 8-  023-  38218 -  2

Panella, G. (1971). Fish otoliths: Daily growth layers and periodical pat-
terns. Science (New York, N.Y.), 173(4002), 1124–1127. https:// doi. 
org/ 10. 1126/ scien ce. 173. 4002. 1124

Papikian,	 A.,	 Liu,	W.,	 Gallego-	Bartolomé,	 J.,	 &	 Jacobsen,	 S.	 E.	 (2019).	
Site-	specific	manipulation	of	Arabidopsis	 loci	 using	CRISPR-	Cas9	
SunTag systems. Nature Communications, 10(1), 1. https:// doi. org/ 
10. 1038/ s4146 7-  019-  08736 -  7

Park,	P.	 J.	 (2009).	ChIP–seq:	Advantages	and	challenges	of	 a	maturing	
technology. Nature Reviews Genetics, 10(10), 10. https:// doi. org/ 10. 
1038/ nrg2641

Parrott,	 B.	 B.,	 Kohno,	 S.,	 Cloy-	McCoy,	 J.	 A.,	 &	 Guillette,	 L.	 J.	 (2014).	
Differential	 incubation	 temperatures	 result	 in	 dimorphic	 DNA	
methylation patterning of the SOX9 and aromatase promoters in 
gonads of alligator (Alligator mississippiensis) embryos. Biology of 
Reproduction, 90(1), 2. https:// doi. org/ 10. 1095/ biolr eprod. 113. 
111468

Parsons,	K.	M.,	Haghani,	A.,	Zoller,	J.	A.,	Lu,	A.	T.,	Fei,	Z.,	Ferguson,	S.	
H., Garde, E., Hanson, M. B., Emmons, C. K., Matkin, C. O., Young, 

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/cr.2017.121
https://doi.org/10.1038/cr.2017.121
https://doi.org/10.1126/science.1181369
https://doi.org/10.1126/sciadv.aar8028
https://doi.org/10.1126/sciadv.aar8028
https://doi.org/10.1111/eva.13226
https://doi.org/10.1111/eva.13226
https://doi.org/10.1186/gb-2014-15-4-r54
https://doi.org/10.1038/s43587-023-00462-6
https://doi.org/10.1093/oxfordjournals.jhered.a111354
https://doi.org/10.1080/15592294.2021.1943863
https://doi.org/10.1080/15592294.2021.1943863
https://doi.org/10.1146/annurev-publhealth-040617-014629
https://doi.org/10.1146/annurev-publhealth-040617-014629
https://doi.org/10.3791/52488
https://doi.org/10.3791/52488
https://doi.org/10.1371/journal.pone.0167362
https://doi.org/10.1371/journal.pone.0167362
https://doi.org/10.1093/nar/gki901
https://doi.org/10.1093/nar/gki901
https://doi.org/10.1126/science.aaf4945
https://doi.org/10.1126/science.aaf4945
https://doi.org/10.1159/000282494
https://doi.org/10.1007/978-1-59745-522-0_5
https://doi.org/10.1007/978-1-59745-522-0_5
https://doi.org/10.3389/fgene.2019.00192
https://doi.org/10.1038/15490
https://doi.org/10.1038/nrg3097
https://doi.org/10.1093/nar/gkm055
https://doi.org/10.1126/science.1158441
https://doi.org/10.1371/journal.pgen.1002447
https://doi.org/10.1111/age.13010
https://doi.org/10.1111/age.13010
https://doi.org/10.1186/s13059-018-1408-2
https://doi.org/10.1186/s13059-018-1408-2
https://doi.org/10.1038/s41598-023-38218-2
https://doi.org/10.1126/science.173.4002.1124
https://doi.org/10.1126/science.173.4002.1124
https://doi.org/10.1038/s41467-019-08736-7
https://doi.org/10.1038/s41467-019-08736-7
https://doi.org/10.1038/nrg2641
https://doi.org/10.1038/nrg2641
https://doi.org/10.1095/biolreprod.113.111468
https://doi.org/10.1095/biolreprod.113.111468


    |  17 of 19BALARD et al.

B.	G.,	Koski,	W.	R.,	&	Horvath,	S.	 (2023).	DNA	methylation-	based	
biomarkers for ageing long- lived cetaceans. Molecular Ecology 
Resources, 23(6), 1241–1256. https:// doi. org/ 10. 1111/ 1755-  0998. 
13791 

Pazzaglia,	J.,	Reusch,	T.	B.	H.,	Terlizzi,	A.,	Marín-	Guirao,	L.,	&	Procaccini,	
G. (2021). Phenotypic plasticity under rapid global changes: The in-
trinsic force for future seagrasses survival. Evolutionary Applications, 
14(5), 1181–1201. https:// doi. org/ 10. 1111/ eva. 13212 

Pierron,	F.,	Lorioux,	S.,	Héroin,	D.,	Daffe,	G.,	Etcheverria,	B.,	Cachot,	J.,	
Morin, B., Dufour, S., & Gonzalez, P. (2021). Transgenerational epi-
genetic sex determination: Environment experienced by female fish 
affects offspring sex ratio. Environmental Pollution, 277, 116864. 
https:// doi. org/ 10. 1016/j. envpol. 2021. 116864

Polanowski,	 A.	 M.,	 Robbins,	 J.,	 Chandler,	 D.,	 &	 Jarman,	 S.	 N.	 (2014).	
Epigenetic estimation of age in humpback whales. Molecular 
Ecology Resources, 14(5), 976–987. https:// doi. org/ 10. 1111/ 1755-  
0998. 12247 

Putnam, H. M., Davidson, J. M., & Gates, R. D. (2016). Ocean acidifica-
tion	influences	host	DNA	methylation	and	phenotypic	plasticity	in	
environmentally susceptible corals. Evolutionary Applications, 9(9), 
1165–1178. https:// doi. org/ 10. 1111/ eva. 12408 

Quigley, K. M., Bay, L. K., & van Oppen, M. J. H. (2020). Genome- wide 
SNP analysis reveals an increase in adaptive genetic variation 
through selective breeding of coral. Molecular Ecology, 29(12), 
2176–2188. https:// doi. org/ 10. 1111/ mec. 15482 

Reddon,	A.	R.,	&	Hurd,	P.	L.	(2013).	Water	pH	during	early	development	
influences	sex	ratio	and	male	morph	in	a	west	African	cichlid	fish,	
Pelvicachromis pulcher. Zoology, 116(3), 139–143. https:// doi. org/ 10. 
1016/j. zool. 2012. 11. 001

Rey,	 O.,	 Eizaguirre,	 C.,	 Angers,	 B.,	 Baltazar-	Soares,	 M.,	 Sagonas,	 K.,	
Prunier, J. G., & Blanchet, S. (2020). Linking epigenetics and biolog-
ical conservation: Towards a conservation epigenetics perspective. 
Functional Ecology, 34(2), 414–427. https:// doi. org/ 10. 1111/ 1365-  
2435. 13429 

Ricciardi,	A.,	&	Simberloff,	D.	(2009).	Assisted	colonization	is	not	a	viable	
conservation strategy. Trends in Ecology & Evolution, 24(5), 248–253. 
https:// doi. org/ 10. 1016/j. tree. 2008. 12. 006

Richards,	C.	L.,	Schrey,	A.	W.,	&	Pigliucci,	M.	(2012).	Invasion	of	diverse	
habitats by few Japanese knotweed genotypes is correlated with 
epigenetic differentiation. Ecology Letters, 15(9), 1016–1025. 
https:// doi. org/ 10. 1111/j. 1461-  0248. 2012. 01824. x

Román- Palacios, C., & Wiens, J. J. (2020). Recent responses to cli-
mate change reveal the drivers of species extinction and survival. 
Proceedings of the National Academy of Sciences of the United States 
of America, 117(8), 4211–4217. https:// doi. org/ 10. 1073/ pnas. 
19130 07117 

Rosenberg,	 K.	 V.,	Dokter,	 A.	M.,	 Blancher,	 P.	 J.,	 Sauer,	 J.	 R.,	 Smith,	 A.	
C.,	 Smith,	 P.	 A.,	 Stanton,	 J.	 C.,	 Panjabi,	 A.,	 Helft,	 L.,	 Parr,	 M.,	 &	
Marra,	P.	P.	(2019).	Decline	of	the	north	American	avifauna.	Science, 
366(6461), 120–124. https:// doi. org/ 10. 1126/ scien ce. aaw1313

Sagonas, K., Meyer, B. S., Kaufmann, J., Lenz, T. L., Häsler, R., & Eizaguirre, 
C. (2020). Experimental parasite infection causes genome- wide 
changes	in	DNA	methylation.	Molecular Biology and Evolution, 37(8), 
2287–2299. https:// doi. org/ 10. 1093/ molbev/ msaa084

Sansilvestri,	 R.,	 Frascaria-	Lacoste,	 N.,	 &	 Fernández-	Manjarrés,	 J.	 F.	
(2015). Reconstructing a deconstructed concept: Policy tools for 
implementing assisted migration for species and ecosystem man-
agement. Environmental Science & Policy, 51, 192–201. https:// doi. 
org/ 10. 1016/j. envsci. 2015. 04. 005

Schadewell,	 Y.,	 &	 Adams,	 C.	 I.	 M.	 (2021).	 Forensics	 meets	 ecology	 –	
Environmental	 DNA	 offers	 new	 capabilities	 for	 marine	 ecosys-
tem and fisheries research. Frontiers in Marine Science, 8, 668822. 
https:// doi. org/ 10. 3389/ fmars. 2021. 668822

Scheele,	B.	C.,	Pasmans,	F.,	Skerratt,	L.	F.,	Berger,	L.,	Martel,	A.,	Beukema,	
W.,	Acevedo,	A.	A.,	Burrowes,	P.	A.,	Carvalho,	T.,	Catenazzi,	A.,	De	
la Riva, I., Fisher, M. C., Flechas, S. V., Foster, C. N., Frías- Álvarez, 

P., Garner, T. W. J., Gratwicke, B., Guayasamin, J. M., Hirschfeld, 
M.,	…	Canessa,	S.	 (2019).	Amphibian	fungal	panzootic	causes	cat-
astrophic and ongoing loss of biodiversity. Science (New York, N.Y.), 
363(6434), 1459–1463. https:// doi. org/ 10. 1126/ scien ce. aav0379

Schmitz, R. J., Schultz, M. D., Lewsey, M. G., O'Malley, R. C., Urich, M. 
A.,	Libiger,	O.,	Schork,	N.	J.,	&	Ecker,	J.	R.	(2011).	Transgenerational	
epigenetic instability is a source of novel methylation variants. 
Science (New York, N.Y.), 334(6054), 369–373. https:// doi. org/ 10. 
1126/ scien ce. 1212959

Sebastian-	Azcona,	 J.,	 Hamann,	 A.,	 Hacke,	 U.	 G.,	 &	 Rweyongeza,	 D.	
(2019). Survival, growth and cold hardiness tradeoffs in white 
spruce populations: Implications for assisted migration. Forest 
Ecology and Management, 433, 544–552. https:// doi. org/ 10. 1016/j. 
foreco. 2018. 10. 046

Sepers, B., Chen, R. S., Memelink, M., Verhoeven, K. J. F., & van Oers, K. 
(2023).	Variation	 in	DNA	methylation	 in	avian	nestlings	 is	 largely	
determined by genetic effects. Molecular Biology and Evolution, 
40(4), msad086. https:// doi. org/ 10. 1093/ molbev/ msad086

Sepers,	B.,	Erven,	J.	A.	M.,	Gawehns,	F.,	Laine,	V.	N.,	&	van	Oers,	K.	(2021).	
Epigenetics and early life stress: Experimental brood size affects 
DNA	methylation	in	great	tits	(Parus major). Frontiers in Ecology and 
Evolution, 9, 609061. https:// doi. org/ 10. 3389/ fevo. 2021. 609061

Sheldon,	 E.	 L.,	 Schrey,	 A.	W.,	 Ragsdale,	 A.	 K.,	 &	Griffith,	 S.	 C.	 (2018).	
Brood	size	 influences	patterns	of	DNA	methylation	 in	wild	 zebra	
finches (Taeniopygia guttata). The Auk, 135, 1113–1122. https:// doi. 
org/	10.	1642/	AUK-		18-		61.	1

Shin, H., Choi, W. L., Lim, J. Y., & Huh, J. H. (2022). Epigenome editing: 
Targeted manipulation of epigenetic modifications in plants. Genes 
& Genomics, 44(3), 307–315. https:// doi. org/ 10. 1007/ s1325 8-  021-  
01199 -  5

Sigsgaard,	E.	E.,	Jensen,	M.	R.,	Winkelmann,	I.	E.,	Møller,	P.	R.,	Hansen,	
M. M., & Thomsen, P. F. (2020). Population- level inferences from 
environmental	 DNA-	current	 status	 and	 future	 perspectives.	
Evolutionary Applications, 13(2), 245–262. https:// doi. org/ 10. 1111/ 
eva. 12882 

Simpson, J. T., Workman, R. E., Zuzarte, P. C., David, M., Dursi, L. J., 
&	 Timp,	 W.	 (2017).	 Detecting	 DNA	 cytosine	 methylation	 using	
nanopore	sequencing.	Nature Methods, 14(4), 4. https:// doi. org/ 10. 
1038/ nmeth. 4184

Skelton,	J.,	Cauvin,	A.,	&	Hunter,	M.	E.	(2022).	Environmental	DNA	me-
tabarcoding read numbers and their variability predict species 
abundance, but weakly in non- dominant species. Environmental 
DNA, 5, 1092–1104. https:// doi. org/ 10. 1002/ edn3. 355

Skvortsova,	 K.,	 Iovino,	 N.,	 &	 Bogdanović,	 O.	 (2018).	 Functions	 and	
mechanisms of epigenetic inheritance in animals. Nature Reviews. 
Molecular Cell Biology, 19(12), 774–790. https:// doi. org/ 10. 1038/ 
s4158 0-  018-  0074-  2

Song, J.- M., Zhang, Y., Zhou, Z.- W., Lu, S., Ma, W., Lu, C., Chen, L.- L., 
& Guo, L. (2022). Oil plant genomes: Current state of the science. 
Journal of Experimental Botany, 73(9), 2859–2874. https:// doi. org/ 
10. 1093/ jxb/ erab472

Šrut, M. (2021). Ecotoxicological epigenetics in invertebrates: Emerging 
tool for the evaluation of present and past pollution burden. 
Chemosphere, 282, 131026. https:// doi. org/ 10. 1016/j. chemo 
sphere. 2021. 131026

Stange,	M.,	Barrett,	R.	D.	H.,	&	Hendry,	A.	P.	(2021).	The	importance	of	
genomic variation for biodiversity, ecosystems and people. Nature 
Reviews. Genetics, 22(2), 89–105. https:// doi. org/ 10. 1038/ s4157 6-  
020-  00288 -  7

Tatsch,	A.	C.	C.,	 Proietti,	M.	C.,	 Zanini,	 R.,	 Fruet,	 P.	 F.,	&	Secchi,	 E.	R.	
(2021). Beyond genetic differences: Epigenetic variation in com-
mon bottlenose dolphins Tursiops truncatus from contrasting 
marine ecosystems. Marine Ecology- Progress Series, 671, 219–233. 
https:// doi. org/ 10. 3354/ meps1 3761

Theissinger, K., Fernandes, C., Formenti, G., Bista, I., Berg, P. R., Bleidorn, 
C.,	Bombarely,	A.,	Crottini,	A.,	Gallo,	G.	R.,	Godoy,	 J.	A.,	 Jentoft,	

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/1755-0998.13791
https://doi.org/10.1111/1755-0998.13791
https://doi.org/10.1111/eva.13212
https://doi.org/10.1016/j.envpol.2021.116864
https://doi.org/10.1111/1755-0998.12247
https://doi.org/10.1111/1755-0998.12247
https://doi.org/10.1111/eva.12408
https://doi.org/10.1111/mec.15482
https://doi.org/10.1016/j.zool.2012.11.001
https://doi.org/10.1016/j.zool.2012.11.001
https://doi.org/10.1111/1365-2435.13429
https://doi.org/10.1111/1365-2435.13429
https://doi.org/10.1016/j.tree.2008.12.006
https://doi.org/10.1111/j.1461-0248.2012.01824.x
https://doi.org/10.1073/pnas.1913007117
https://doi.org/10.1073/pnas.1913007117
https://doi.org/10.1126/science.aaw1313
https://doi.org/10.1093/molbev/msaa084
https://doi.org/10.1016/j.envsci.2015.04.005
https://doi.org/10.1016/j.envsci.2015.04.005
https://doi.org/10.3389/fmars.2021.668822
https://doi.org/10.1126/science.aav0379
https://doi.org/10.1126/science.1212959
https://doi.org/10.1126/science.1212959
https://doi.org/10.1016/j.foreco.2018.10.046
https://doi.org/10.1016/j.foreco.2018.10.046
https://doi.org/10.1093/molbev/msad086
https://doi.org/10.3389/fevo.2021.609061
https://doi.org/10.1642/AUK-18-61.1
https://doi.org/10.1642/AUK-18-61.1
https://doi.org/10.1007/s13258-021-01199-5
https://doi.org/10.1007/s13258-021-01199-5
https://doi.org/10.1111/eva.12882
https://doi.org/10.1111/eva.12882
https://doi.org/10.1038/nmeth.4184
https://doi.org/10.1038/nmeth.4184
https://doi.org/10.1002/edn3.355
https://doi.org/10.1038/s41580-018-0074-2
https://doi.org/10.1038/s41580-018-0074-2
https://doi.org/10.1093/jxb/erab472
https://doi.org/10.1093/jxb/erab472
https://doi.org/10.1016/j.chemosphere.2021.131026
https://doi.org/10.1016/j.chemosphere.2021.131026
https://doi.org/10.1038/s41576-020-00288-7
https://doi.org/10.1038/s41576-020-00288-7
https://doi.org/10.3354/meps13761


18 of 19  |     BALARD et al.

S.,	Malukiewicz,	 J.,	Mouton,	 A.,	 Oomen,	 R.	 A.,	 Paez,	 S.,	 Palsbøll,	
P.	J.,	Pampoulie,	C.,	Ruiz-	López,	M.	J.,	Secomandi,	S.,	…	European	
Reference	Genome	Atlas	Consortium.	 (2023).	How	genomics	can	
help biodiversity conservation. Trends in Genetics: TIG, 39(7), 545–
559. https:// doi. org/ 10. 1016/j. tig. 2023. 01. 005

Thomsen,	P.	F.,	&	Willerslev,	E.	(2015).	Environmental	DNA	–	An	emerg-
ing tool in conservation for monitoring past and present biodiver-
sity. Biological Conservation, 183, 4–18. https:// doi. org/ 10. 1016/j. 
biocon. 2014. 11. 019

Upadhyaya, B., Larsen, T., Barwari, S., Louwagie, E. J., Baack, M. L., & 
Dey, M. (2017). Prenatal exposure to a maternal high- fat diet af-
fects histone modification of cardiometabolic genes in newborn 
rats. Nutrients, 9(4), 407. https:// doi. org/ 10. 3390/ nu904 0407

Urban,	M.	C.	 (2015).	Accelerating	extinction	 risk	 from	climate	change.	
Science, 348(6234), 571–573. https:// doi. org/ 10. 1126/ scien ce. 
aaa4984

Vaisvila, R., Ponnaluri, V. K. C., Sun, Z., Langhorst, B. W., Saleh, L., Guan, 
S.,	Dai,	N.,	Campbell,	M.	A.,	Sexton,	B.	S.,	Marks,	K.,	Samaranayake,	
M.,	 Samuelson,	 J.	 C.,	 Church,	 H.	 E.,	 Tamanaha,	 E.,	 Corrêa,	 I.	 R.,	
Pradhan, S., Dimalanta, E. T., Evans, T. C., Williams, L., & Davis, T. B. 
(2021).	Enzymatic	methyl	sequencing	detects	DNA	methylation	at	
single-	base	resolution	from	picograms	of	DNA.	Genome Research, 
31(7), 1280–1289. https:// doi. org/ 10. 1101/ gr. 266551. 120

Valdivieso,	A.,	Anastasiadi,	D.,	Ribas,	L.,	&	Piferrer,	F.	(2023).	Development	
of epigenetic biomarkers for the identification of sex and thermal 
stress	in	fish	using	DNA	methylation	analysis	and	machine	learning	
procedures. Molecular Ecology Resources, 23(2), 453–470. https:// 
doi. org/ 10. 1111/ 1755-  0998. 13725 

van Oppen, M. J. H., Oliver, J. K., Putnam, H. M., & Gates, R. D. (2015). 
Building coral reef resilience through assisted evolution. Proceedings 
of the National Academy of Sciences of the United States of America, 
112(8), 2307–2313. https:// doi. org/ 10. 1073/ pnas. 14223 01112 

Venney,	 C.	 J.,	 Cayuela,	 H.,	 Rougeux,	 C.,	 Laporte,	 M.,	 Mérot,	 C.,	
Normandeau, E., Leitwein, M., Dorant, Y., Præbel, K., Kenchington, 
E.,	Clément,	M.,	Sirois,	P.,	&	Bernatchez,	L.	 (2023).	Genome-	wide	
DNA	methylation	predicts	environmentally	driven	life	history	vari-
ation in a marine fish. Evolution, 77(1), 186–198. https:// doi. org/ 10. 
1093/	evolut/	qpac028

Venney, C. J., Wellband, K. W., Normandeau, E., Houle, C., Garant, D., 
Audet,	C.,	&	Bernatchez,	L.	 (2022).	Thermal	regime	during	paren-
tal sexual maturation, but not during offspring rearing, modulates 
DNA	methylation	 in	brook	charr	 (Salvelinus fontinalis). Proceedings 
of the Royal Society B: Biological Sciences, 289(1974), 20220670. 
https:// doi. org/ 10. 1098/ rspb. 2022. 0670

Visel,	A.,	Minovitsky,	S.,	Dubchak,	I.,	&	Pennacchio,	L.	A.	(2007).	VISTA	
enhancer	browser—A	database	of	tissue-	specific	human	enhancers.	
Nucleic Acids Research, 35, D88–D92. https:// doi. org/ 10. 1093/ nar/ 
gkl822

Vos, P., Hogers, R., Bleeker, M., Reijans, M., van de Lee, T., Hornes, M., 
Frijters,	A.,	Pot,	J.,	Peleman,	J.,	&	Kuiper,	M.	 (1995).	AFLP:	A	new	
technique	 for	DNA	 fingerprinting.	Nucleic Acids Research, 23(21), 
4407–4414. https:// doi. org/ 10. 1093/ nar/ 23. 21. 4407

Wang, J., Wang, C., Wei, Y., Zhao, Y., Wang, C., Lu, C., Feng, J., Li, S., & 
Cong,	B.	(2022).	Circular	RNA	as	a	potential	biomarker	for	forensic	
age prediction. Frontiers in Genetics, 13, 825443. https:// doi. org/ 
10. 3389/ fgene. 2022. 825443

Wang, M.- Z., Li, H.- L., Li, J.- M., & Yu, F.- H. (2020). Correlations between 
genetic, epigenetic and phenotypic variation of an introduced 
clonal herb. Heredity, 124(1), 146–155. https:// doi. org/ 10. 1038/ 
s4143 7-  019-  0261-  8

Waryah,	C.	B.,	Moses,	C.,	Arooj,	M.,	&	Blancafort,	P.	(2018).	Zinc	fingers,	
TALEs,	and	CRISPR	systems:	A	comparison	of	tools	for	epigenome	
editing. Methods in Molecular Biology (Clifton, N.J.), 1767, 19–63. 
https:// doi. org/ 10. 1007/ 978-  1-  4939-  7774-  1_ 2

Weber, C., & Capel, B. (2021). Sex determination without sex chromo-
somes. Philosophical Transactions of the Royal Society, B: Biological 
Sciences, 376(1832), 20200109. https:// doi. org/ 10. 1098/ rstb. 2020. 
0109

Wellband,	 K.,	 Roth,	 D.,	 Linnansaari,	 T.,	 Curry,	 R.	 A.,	 &	 Bernatchez,	 L.	
(2021).	Environment-	driven	reprogramming	of	gamete	DNA	meth-
ylation occurs during maturation and is transmitted intergenera-
tionally	 in	Atlantic	 Salmon.	G3: Genes, Genomes, Genetics, 11(12), 
jkab353. https:// doi. org/ 10. 1093/ g3jou rnal/ jkab353

Whiteley,	A.	R.,	Fitzpatrick,	S.	W.,	Funk,	W.	C.,	&	Tallmon,	D.	A.	(2015).	
Genetic rescue to the rescue. Trends in Ecology & Evolution, 30(1), 
42–49. https:// doi. org/ 10. 1016/j. tree. 2014. 10. 009

Wiencke, J. K., Bracci, P. M., Hsuang, G., Zheng, S., Hansen, H., Wrensch, 
M.	R.,	 Rice,	 T.,	 Eliot,	M.,	&	Kelsey,	 K.	 T.	 (2014).	 A	 comparison	 of	
DNA	methylation	specific	droplet	digital	PCR	(ddPCR)	and	real	time	
qPCR	with	 flow	cytometry	 in	characterizing	human	T	cells	 in	pe-
ripheral blood. Epigenetics, 9(10), 1360–1365. https:// doi. org/ 10. 
4161/ 15592 294. 2014. 967589

Wright, P. G. R., Mathews, F., Schofield, H., Morris, C., Burrage, J., 
Smith,	A.,	Dempster,	E.	L.,	&	Hamilton,	P.	B.	(2018).	Application	of	
a novel molecular method to age free- living wild Bechstein's bats. 
Molecular Ecology Resources, 18(6), 1374–1380. https:// doi. org/ 10. 
1111/ 1755-  0998. 12925 

Yagound, B., Remnant, E. J., Buchmann, G., & Oldroyd, B. P. (2020). 
Intergenerational	transfer	of	DNA	methylation	marks	in	the	honey	
bee. Proceedings of the National Academy of Sciences of the United 
States of America, 117(51), 32519–32527. https:// doi. org/ 10. 1073/ 
pnas. 20170 94117 

Yamamoto, F., Yamamoto, M., Soto, J. L., Kojima, E., Wang, E. N., Perucho, 
M., Sekiya, T., & Yamanaka, H. (2001). NotI- MseI methylation- 
sensitive	amplified	fragment	length	polymorphism	for	DNA	meth-
ylation analysis of human cancers. Electrophoresis, 22(10), 1946–
1956. https:// doi. org/ 10. 1002/ 1522-  2683(200106) 22: 10< 1946:: 
AID-		ELPS1	946> 3.0. CO; 2-  Y

Yang, L., Ma, Z., Wang, H., Niu, K., Cao, Y., Sun, L., Geng, Y., Yang, B., 
Gao, F., Chen, Z., Wu, Z., Li, Q., Shen, Y., Zhang, X., Jiang, H., Chen, 
Y.,	Liu,	R.,	Liu,	N.,	&	Zhang,	Y.	(2019).	Ubiquitylome	study	identifies	
increased	histone	2A	ubiquitylation	as	an	evolutionarily	conserved	
aging biomarker. Nature Communications, 10(1), 2191. https:// doi. 
org/ 10. 1038/ s4146 7-  019-  10136 -  w

Yao, M., Zhang, S., Lu, Q., Chen, X., Zhang, S.- Y., Kong, Y., & Zhao, J. 
(2022).	 Fishing	 for	 fish	 environmental	 DNA:	 Ecological	 applica-
tions, methodological considerations, surveying designs, and ways 
forward. Molecular Ecology, 31(20), 5132–5164. https:// doi. org/ 10. 
1111/ mec. 16659 

Yao, N., Zhang, Z., Yu, L., Hazarika, R., Yu, C., Jang, H., Smith, L. M., 
Ton, J., Liu, L., Stachowicz, J., Reusch, T. B. H., Schmitz, R. J., & 
Johannes,	 F.	 (2023).	 An	 evolutionary	 epigenetic	 clock	 in	 plants.	
Science, 381(6665), 1440–1445. https:// doi. org/ 10. 1101/ 2023. 03. 
15. 532766

Yates,	M.	C.,	Derry,	A.	M.,	&	Cristescu,	M.	E.	(2021).	Environmental	RNA:	
A	revolution	in	ecological	resolution?	Trends in Ecology & Evolution, 
36(7), 601–609. https:// doi. org/ 10. 1016/j. tree. 2021. 03. 001

Zbieć-	Piekarska,	 R.,	 Spólnicka,	 M.,	 Kupiec,	 T.,	 Parys-	Proszek,	 A.,	
Makowska,	Ż.,	Pałeczka,	A.,	Kucharczyk,	K.,	Płoski,	R.,	&	Branicki,	
W. (2015). Development of a forensically useful age prediction 
method	 based	 on	 DNA	 methylation	 analysis.	 Forensic Science 
International. Genetics, 17, 173–179. https:// doi. org/ 10. 1016/j. fsi-
gen. 2015. 05. 001

Zhang,	Y.,	&	Sirard,	M.-	A.	(2021).	Epigenetic	inheritance	of	acquired	traits	
through	DNA	methylation.	Animal Frontiers, 11(6), 19–27. https:// 
doi. org/ 10. 1093/ af/ vfab052

Zhao, B., van Bodegom, P. M., & Trimbos, K. B. (2023). Environmental 
DNA	 methylation	 of	 Lymnaea	 stagnalis	 varies	 with	 age	 and	 is	

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.tig.2023.01.005
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.3390/nu9040407
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1101/gr.266551.120
https://doi.org/10.1111/1755-0998.13725
https://doi.org/10.1111/1755-0998.13725
https://doi.org/10.1073/pnas.1422301112
https://doi.org/10.1093/evolut/qpac028
https://doi.org/10.1093/evolut/qpac028
https://doi.org/10.1098/rspb.2022.0670
https://doi.org/10.1093/nar/gkl822
https://doi.org/10.1093/nar/gkl822
https://doi.org/10.1093/nar/23.21.4407
https://doi.org/10.3389/fgene.2022.825443
https://doi.org/10.3389/fgene.2022.825443
https://doi.org/10.1038/s41437-019-0261-8
https://doi.org/10.1038/s41437-019-0261-8
https://doi.org/10.1007/978-1-4939-7774-1_2
https://doi.org/10.1098/rstb.2020.0109
https://doi.org/10.1098/rstb.2020.0109
https://doi.org/10.1093/g3journal/jkab353
https://doi.org/10.1016/j.tree.2014.10.009
https://doi.org/10.4161/15592294.2014.967589
https://doi.org/10.4161/15592294.2014.967589
https://doi.org/10.1111/1755-0998.12925
https://doi.org/10.1111/1755-0998.12925
https://doi.org/10.1073/pnas.2017094117
https://doi.org/10.1073/pnas.2017094117
https://doi.org/10.1002/1522-2683(200106)22:10%3C1946::AID-ELPS1946%3E3.0.CO;2-Y
https://doi.org/10.1002/1522-2683(200106)22:10%3C1946::AID-ELPS1946%3E3.0.CO;2-Y
https://doi.org/10.1038/s41467-019-10136-w
https://doi.org/10.1038/s41467-019-10136-w
https://doi.org/10.1111/mec.16659
https://doi.org/10.1111/mec.16659
https://doi.org/10.1101/2023.03.15.532766
https://doi.org/10.1101/2023.03.15.532766
https://doi.org/10.1016/j.tree.2021.03.001
https://doi.org/10.1016/j.fsigen.2015.05.001
https://doi.org/10.1016/j.fsigen.2015.05.001
https://doi.org/10.1093/af/vfab052
https://doi.org/10.1093/af/vfab052


    |  19 of 19BALARD et al.

hypermethylated	 compared	 to	 tissue	 DNA.	 Molecular Ecology 
Resources, 23(1), 81–91. https:// doi. org/ 10. 1111/ 1755-  0998. 
13691 

Zhou, J., Sears, R. L., Xing, X., Zhang, B., Li, D., Rockweiler, N. B., Jang, H. 
S.,	Choudhary,	M.	N.	K.,	Lee,	H.	J.,	Lowdon,	R.	F.,	Arand,	J.,	Tabers,	
B.,	Gu,	C.	C.,	Cicero,	T.	J.,	&	Wang,	T.	(2017).	Tissue-	specific	DNA	
methylation is conserved across human, mouse, and rat, and driven 
by	 primary	 sequence	 conservation.	 BMC Genomics, 18(1), 724. 
https:// doi. org/ 10. 1186/ s1286 4-  017-  4115-  6

Zhu, T., Liu, J., Beck, S., Pan, S., Capper, D., Lechner, M., Thirlwell, C., 
Breeze,	 C.	 E.,	 &	 Teschendorff,	 A.	 E.	 (2022).	 A	 pan-	tissue	 DNA	
methylation atlas enables in silico decomposition of human tissue 
methylomes at cell- type resolution. Nature Methods, 19(3), 96–306. 
https:// doi. org/ 10. 1038/ s4159 2-  022-  01412 -  7

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting Information section at the end of this article.

How to cite this article: Balard,	A.,	Baltazar-	Soares,	M.,	
Eizaguirre,	C.,	&	Heckwolf,	M.	J.	(2024).	An	epigenetic	
toolbox for conservation biologists. Evolutionary Applications, 
17, e13699. https://doi.org/10.1111/eva.13699

 17524571, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13699 by L

eibniz-Z
entrum

 Fuer M
arine T

ropenforschung (Z
m

t) G
m

bh, W
iley O

nline L
ibrary on [04/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/1755-0998.13691
https://doi.org/10.1111/1755-0998.13691
https://doi.org/10.1186/s12864-017-4115-6
https://doi.org/10.1038/s41592-022-01412-7
https://doi.org/10.1111/eva.13699

	An epigenetic toolbox for conservation biologists
	Abstract
	1|INTRODUCTION
	2|INDIVIDUAL-BASED DNA METHYLATION INFORMATION
	2.1|Assessing individual age in the wild with epigenetic clocks
	2.2|Assessing individual sex in the case of environmental-dependent sex determination
	2.3|Assessing individual traits and responses to environmental conditions

	3|FROM INDIVIDUALS TO POPULATIONS
	3.1|Evolutionary dynamics of the epigenome
	3.2|Genome-wide methylation variation as an analogy to genetic diversity
	3.3|Differential methylation among wild populations

	4|ECOLOGICAL RESTORATION AND ASSISTED EVOLUTION OF VULNERABLE ECOSYSTEMS
	4.1|Epigenetic tools to improve ecological restoration
	4.2|Enhancing population resilience through assisted evolution

	5|FUTURE PERSPECTIVES
	5.1|To edit or not to edit? State-of-the-art epigenetic modification techniques
	5.2|Beyond DNA methylation − the future of epigenetic markers?
	5.3|Integrating epigenetics with ecological modelling
	5.4|Epi-environmental DNA

	6|CONCLUSIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


