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Abstract
Epigenetic mechanisms can alter gene expression without a change in the nucleotide sequence and are increasingly recognized 
as important mechanisms that can generate phenotypic diversity. Most of our current knowledge regarding the origin and 
role of epigenetic variation comes from research on plants or mammals, often in controlled rearing conditions. Epigenetic 
research on birds in their natural habitats is still in its infancy, but is needed to answer questions regarding the origin of 
epigenetic marks and their role in phenotypic variation and evolution. Here we review the potential for studying epigenetic 
variation in natural bird systems. We aim to provide insights into (1) the origin of epigenetic variation, (2) the relationship 
between epigenetic variation and trait variation, and (3) the possible role of epigenetic variation in adaptation to changing 
environments. As there is currently little research on epigenetics in wild birds, we examine how findings on other taxa such 
as plants and mammals relate to birds. We also examine some of the pros and cons of the most commonly used methods to 
study patterns of DNA methylation in birds, and suggest some topics we believe need to be addressed to develop the field 
of wild avian epigenetics further.
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Zusammenfassung
Anwendung von Epigenetik an freilebenden Vögeln
Epigenetische Mechanismen sind in der Lage die Aktivität eines Gens zu beeinflussen ohne die DNA-Sequenz zu veränderen 
und werden zunehmend als wichtige Mechanismen erkannt um phänotypische Diversität generieren zu können. Der größte 
Teil unseres derzeitigen Wissens über den Ursprung und die Rolle epigenetischer Variationen stammt aus der Erforschung 
von Pflanzen oder Säugetieren, oft unter kontrollierten Aufzuchtbedingungen. Die epigenetische Forschung an Vögeln in 
ihren natürlichen Lebensräumen steckt noch in den Kinderschuhen, ist jedoch erforderlich, um Fragen zur Herkunft der 
epigenetischen Merkmale und ihrer Rolle bei der Variation und Evolution des Phänotyps zu beantworten. Hier untersuchen wir 
das Potenzial zur Untersuchung der epigenetischen Variation in natürlichen Vogelsystemen. Wir möchten Einblicke geben in 
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(1) den Ursprung der epigenetischen Variation, (2) die Beziehung zwischen epigenetischer Variation und Merkmalsvariation 
und (3) die mögliche Rolle der epigenetischen Variation bei der Anpassung an eine sich verändernde Umgebungen. Da derzeit 
nur wenig über die Epigenetik von Wildvögeln geforscht wird, untersuchen wir, inwiefern sich die Befunde bei anderen Taxa 
wie Pflanzen und Säugetieren auf Vögel auswirken. Wir untersuchen auch einige der Vor- und Nachteile der am häufigsten 
verwendeten Methoden zur Untersuchung von DNA-Methylierungsmustern bei Vögeln und schlagen einige Themen vor, die 
unserer Ansicht nach behandelt werden müssen, um das Gebiet der Epigenetik wilder Vögel weiterzuentwickeln.

Introduction

Epigenetics has traditionally been narrowly defined as the 
causal analysis of developmental processes (Waddington 
1952). In recent years, the term epigenetics has been used 
more loosely to describe non-genetic processes affecting 
intergenerational phenotypic variation (e.g. Groothuis and 
Carere 2005) or all processes related to gene expression 
(Ledford et al. 2008). Epigenetics is currently often defined 
as the study of biochemical mechanisms that stably alter 
gene expression by affecting either transcription or trans-
lation without a single change in the primary nucleotide 
sequence of the genome (Richards 2006). Such biochemi-
cal mechanisms include molecular mechanisms like DNA 
methylation (Korochkin 2006), histone modification (Jae-
nisch and Bird 2003) and the involvement of microRNAs 
(Bossdorf et al. 2008), all processes known to affect gene 
expression (Law and Jacobsen 2010).

Since changes in gene expression are precursors or direct 
causes of changes in phenotypes, it is generally accepted 
that changes in epigenetic mechanisms alter phenotypic 
characteristics (Law and Jacobsen 2010). Most studies on 
epigenetic mechanisms investigate DNA methylation—the 
addition of a methyl group (–CH3) to a nucleotide, usually a 
cytosine (C), as the epigenetic mark. In mammals, methyla-
tion of cytosine mostly occurs in a CpG dinucleotide con-
text, i.e. when a cytosine (C) in a nucleotide is followed 
by a guanine (G) separated by only a phosphate (p) group. 
The functionality of DNA methylation is particularly known 
within CpG islands (CGI), predominantly in the promoter 
region of genes, where methylation can interfere with the 
binding of proteins required for transcription initiation 
and can therefore negatively affect gene expression (Bird 
2002). However, the functionality of DNA methylation is not 
always clear, for example, the function of gene body meth-
ylation is still under discussion (Bewick et al. 2016). It is 
also known that epigenetic factors are able to target specific 
cells or tissues or are only active during certain develop-
mental stages (Christensen et al. 2009; Hoivik et al. 2011). 
However, general tissue processes have also been described, 
and cell, tissue and development specificity is therefore still 
under discussion (Anastasiadi et al. 2018). Besides changes 
in DNA methylation, the availability of DNA for transcrip-
tion via states of chromatin condensation (Jaenisch and Bird 
2003), chemical modification of histone and interference by 

microRNAs (Bossdorf et al. 2008) are also epigenetic modi-
fications. Studies on histone modification and microRNAs 
are very rare in wild birds and we therefore mostly focus this 
review on DNA methylation.

Many studies have shown that epigenetic mechanisms 
can explain the causes and mechanisms of human diseases 
(Portela and Esteller 2010), and cell and organism develop-
ment (Sasaki and Matsui 2008). More recently, a number of 
excellent reviews have reviewed the value of epigenetics to 
ecology and evolution (Bossdorf et al. 2008; Ledon-Rettig 
et al. 2013; Verhoeven et al. 2016), but what is the potential 
for epigenetic study from an ecological and evolutionary 
perspective? There are two main reasons why epigenetic 
mechanisms could be relevant to our understanding of eco-
logical processes and evolution.

Firstly, when epigenetic changes can be induced as a 
response to the current local environment (Richards 2006), 
epigenetic mechanisms may provide an organism with the 
opportunity for an adaptive response to a change in the envi-
ronment via phenotypic plasticity (Bossdorf et al. 2008; 
Jablonka and Lamb 2006; Verhoeven et al. 2016). Pheno-
typic plasticity is ‘the ability of a genotype to produce dis-
tinct phenotypes when exposed to different environments 
throughout its ontogeny’ (Pigliucci 2001, 2005). In this 
sense, epigenetic marks can be viewed as the mechanisms 
underlying phenotypic plasticity. If indeed it turns out that 
such environmentally induced epigenetic change can be 
inherited from cell to cell, this epigenetic response to eco-
logical circumstances may affect an individual’s phenotype 
throughout its lifetime (Verhoeven et al. 2016). This may be 
specifically relevant for enduring or lasting environmental 
changes, such as climate change (Rey et al. 2016). The main 
promise for many researchers, however, lies in the possibil-
ity that such marks have the potential to be stably inherited 
across multiple generations. If such environmentally induced 
epigenetic changes can be transgenerationally inherited, this 
gives rise to the possibility that epigenetics can change the 
evolutionary potential of phenotypic traits (Bossdorf et al. 
2008; Jablonka and Raz 2009; Laland et al. 2014), which is 
an on-going subject of discussion (Wray et al. 2014). We 
would like to state, however, that transgenerational inherit-
ance has not been unequivocally shown in vertebrates.

Secondly, the functionality and significance of epige-
netic processes are likely context specific. Epigenetic pro-
cesses measured in captive settings might be valuable for 
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unravelling the genomic mechanisms underlying them, 
but have limited power for predicting epigenetic processes 
in natural populations, since natural environments can be 
much more complex and variable than captive environments. 
Furthermore, once an epigenetically mediated phenotypic 
change has been discovered under controlled circumstances 
in captivity, it is impossible to mimic every aspect of a nat-
ural environment, predict what course the environment is 
going to take throughout time, and predict an organism’s 
response and fitness (Boffelli and Martin 2012; Bossdorf 
et al. 2008; Schrey et al. 2012). This impedes our knowledge 
of how the natural environment shapes epigenetic variation 
and how epigenetics potentially contributes to local adapta-
tion and the evolution of phenotypic traits. Thus, although 
studies on captive animals can further our knowledge of the 
relevance of epigenetic mechanisms in wild species and give 
invaluable insights for a detailed mechanistic understanding 
of epigenetic processes, the only way to confirm findings 
is by assessing epigenetic mechanisms in wild populations.

Why study epigenetic effects in birds?

Most of our current knowledge on ecological epigenetics 
stems from plant studies (Bossdorf et al. 2008; Verhoeven 
et al. 2016) or research on humans or captive rodents (e.g. 
Jones and Takai 2001). These studies have demonstrated 
that although there certainly are similarities between taxa 
in their epigenetic mechanisms and the epigenetic land-
scape (Law and Jacobsen 2010) there can also be substan-
tial differences (Hunt et al. 2013; Kvist et al. 2018; Waters 
et al. 2018), even within vertebrates (Jabbari et al. 1997). 
For example, while functional DNA methylation in plants 
is low throughout the genome and predominantly exists in 
relation to transposable element (TE) activity (Hollister and 
Gaut 2009; Zhang 2008), most mammal DNA methylation 
levels are high and variation seems to be present in promoter 
regions of genes and TEs, directly affecting gene expression 
(Suzuki and Bird 2008). Moreover, epigenetic reprogram-
ming of DNA methylation is more drastic in vertebrates than 
in plants (Feng et al. 2010b; Morgan et al. 2005; Reik et al. 
2001; Sasaki and Matsui 2008). In addition, for most ani-
mals, germ line segregation occurs relatively early during 
development, leaving fewer opportunities for environmental 
modification to be passed through the germ line (Jablonka 
and Raz 2009; Ledon-Rettig et al. 2013). Another difference 
between animals and plants is that, in many of the former, 
parents provide their offspring with an environment that is 
determined by their behaviour (e.g. parental care), which 
gives scope for a system where environments experienced by 
the parents affect their behaviour, thereby creating a similar 

environment for their offspring via parental effects (Cham-
pagne 2008). Although rarely studied, such parental effects 
might form the basis for a behavioural inheritance system 
that might not be present in plants (Jensen 2013).

There are several reasons why birds are well suited to the 
study of ecological epigenetics on wild animals. Many bird 
species have been studied to such an extent that they are 
model organisms for many ecological and evolutionary ques-
tions (Both et al. 2006; Charmantier et al. 2006; Grant and 
Grant 1996; van Oers and Mueller 2010). They are generally 
conspicuous, easy to observe and distributed throughout the 
world, experience variable natural environmental conditions, 
often have large broods and, since early embryogenesis and 
development happens outside the mother, their early rearing 
environment can be easily manipulated at various stages. 
This in combination with the fact that individual birds can 
be studied throughout their lives has resulted in several long-
term population studies with pedigrees spanning multiple 
generations (see e.g. Araya-Ajoy and Dingemanse 2017; 
Backström et al. 2008; Bosse et al. 2017; Duckworth and 
Kruuk 2009; Jaari et al. 2009; Quinn et al. 2009), allowing 
the study of the transgenerational inheritance of epigenetic 
marks. The potential for transgenerational inheritance of 
epigenetic marks was illustrated in birds in a recent review 
by Guerrero-Bosagna et al. (2018), which focused on the 
knowledge gained from poultry, mainly Chickens. Their 
conclusion was that well-defined experimental design and 
molecular genetic analyses are needed to enhance our under-
standing of the function of epigenetics in birds. Moreover, 
their review showed that we lack an overview of how wild 
bird species can be used as model organisms to answer ques-
tions related to the functional role of epigenetic variation in 
natural situations. Such a functional approach would shed 
more light on the ecological role of epigenetic variation and 
to what extent it may contribute to local adaptation to chang-
ing environments. Moreover, while the genomic mechanisms 
related to how epigenetic marks may be inherited over gen-
erations can be studied under controlled circumstances, 
the evolutionary significance of transgenerational inherit-
ance can only be tested in natural populations. Several bird 
genomes (Elgvin et al. 2017; Ellegren et al. 2012; Jarvis 
et al. 2014; Laine et al. 2016; Qu et al. 2013; Warren et al. 
2010) have now been sequenced and sometimes even anno-
tated to such a high degree that molecular resources have 
become available that allow for the functional analyses of 
epigenetic marks in wild bird species. In this review, we 
therefore aim not only to provide insight into the relationship 
between epigenetic variation and phenotypic variation, but 
also to assess the role of epigenetic variation in adaptation 
to changing environments.
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Avian epigenetics

Epigenetic marks in birds

The two major questions regarding epigenetic mechanisms 
are: what is the origin of this variation, and what are the 
consequences of this for selection? Currently, epigenetic 
changes are believed to originate from three distinct sources 
and, depending on whether they are inherited across genera-
tions, may affect selection (Fig. 1).

First, epigenetic variation might originate from environ-
mental induction. This can either be dependent on stochastic 
events (such as random error) or environmental cues. This 
type of epigenetic variation plays a key role in phenotypic 
plasticity, which might enable an organism to develop an 
adaptive phenotype in response to environmental change 
(Bossdorf et al. 2008; Jablonka and Lamb 2007). Environ-
mentally induced epigenetic variation is therefore of particu-
lar interest to avian ecologists. To what extent this induced 
variation (1) stably inherits via mitosis from cell to cell, or 
may even be inherited across multiple generations, or (2) 
whether it is completely erased after meiosis, still needs 
to be investigated in birds. There are currently few stud-
ies that have found inherited patterns of environmentally 
induced variation in wild animals (Feil and Fraga 2012). 
This is particularly the case in birds, where imprinting, a 
phenomenon where the expression of genes is dependent 

on the parent from whom the allele originates, seems to be 
absent, and therefore a so-called memory function may not 
be expected (Reik et al. 2001). While induced transgenera-
tional epigenetic variation is typically seen as an alterna-
tive to genetic inheritance, we should also keep in mind that 
this source of environmental variation is not automatically 
independent of genetic variation (Fig. 1). For example, in 
the case of (3) genotype by environment interactions, the 
epigenetic response to environmental effects will be geno-
type dependent. (4)  This epigenetic variation could then 
potentially be either inherited over one or more generations 
or, when it is not inherited, may contribute to natural selec-
tion within that generation, but will not affect the evolution 
of the expressed phenotype. More speculative is the idea 
that (5) such environmentally induced changes eventually 
become heritable (Richards 2006) via transgenerationally 
stable genomic reprogramming (Rapp and Wendel 2005), or 
(6) that they may facilitate the fixation of genetic variants via 
‘genetic accommodation’ (West-Eberhard 2003). Individual 
introduced House Sparrows (Passer domesticus) populations 
were found to harbour more unmodified CpGs (no SNPs in 
the CpG context) and overall fewer SNPs than individuals 
from native populations (Hanson et al. 2018). Furthermore, 
the variation in the number of SNPs among CpG sites was 
greater in native populations. The SNP variants within or 
near CpG sites may indicate the genetic assimilation of ini-
tially environmentally induced epigenetic effects, although 

Fig. 1   Origins of epigenetic variation that are heritable (passed on 
to future generations) and non-heritable. In blue, epigenetic varia-
tion that is under genetic control; in green, epigenetic variation that 
arises spontaneously as epimutations. In red, epigenetic variation that 

is environmentally induced. Solid lines indicate known paths in avian 
ecological epigenetics; dashed lines indicate hypothesized paths. 
Numbers in circles refer to explanations in the text (in parentheses) 
below. Adjusted from EpiDiverse (2018) (colour figure online)
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no direct evidence for this has been found. Alternatively, 
this might be explained by selection against certain SNPs in 
introduced populations (Hanson et al. 2018).

The second source of epigenetic variation lies in epi-
genetic mutations. Epimutations are generally expected to 
arise spontaneously and may inherit stably over generations 
(Becker et al. 2011), but can also arise as random muta-
tions, without being heritable. To our knowledge, only one 
study has so far investigated epimutations in bird species 
in the wild by comparing differentially methylated regions 
between five Darwin’s finch species (Skinner et al. 2014). 
The authors found that epimutations were more common 
found than genetic mutations, confirming the hypothesis that 
epigenetic marks are less stable compared to DNA. The term 
epimutation, however, was very loosely defined in this study 
as regions that were differentially methylated among the spe-
cies. Whether these epigenetic differences between the five 
species resemble stably inherited epigenetic changes (i.e. 
epimutations in the narrow sense) needs further investiga-
tion. Many of these epigenetic differences between species 
are likely related to habitat differences due to, for exam-
ple, niche differentiation since, in general, epimutations are 
expected to be as frequent as DNA mutations (Becker et al. 
2011). Potentially, epigenetic mutations may also arise ran-
domly in the genome without being inherited by the next 
generation. These may affect the phenotype in this way, pos-
sibly throughout its lifetime when inherited from cell to cell, 
but will not affect the phenotypes of future generations.

The third origin of epigenetic variation is when changes 
in methylation completely depend on some underlying 
genetic variation, which is termed ‘obligatory epigenetic 
variation’ (Richards 2006). Genetic polymorphisms either 
within the region of variation in methylation (cis-regula-
tion) or at distant sites (trans-regulation) are stably inherited 
over generations, generating stable epigenetic variation. In 
this case, variation in methylation can undergo selection 
indirectly via the genomic polymorphism underlying this 
variation. In plants, studies have shown that most epigenetic 
variation can be directly explained by genetic variation in 
combination with genotype-by-environment effects, suggest-
ing that genetic variation is the main factor explaining at 
least inter-accession variation (Dubin et al. 2015). Deter-
mining the proportion of epigenetic variation that can be 
explained by these different underlying mechanisms should 
be an important focus of avian research.

Efforts to map DNA methylation throughout the genome 
in birds are generally aimed at targeting methylated cytosine, 
as is the case for most other organisms (Derks et al. 2016; 
Laine et al. 2016; Li et al. 2011, 2015; Skinner et al. 2014). 
Cytosine methylation in birds can occur in three different 
sequences: CpG, CHG or CHH (where H is A, T or C), with 
almost all of the methylation occurring in a CpG context 
(Derks et al. 2016). Non-CpG methylation (CHG or CHH 

cytosine methylation) also occurs in brain cells (Derks et al. 
2016; Laine et al. 2016), but not in red blood cells, although 
it is unknown whether non-CpG methylation is brain specific 
or whether it also occurs in other tissues.

Genome-wide studies show that cytosine methylation in 
birds is not randomly distributed across the genome. Meth-
ylation levels are relatively high throughout the genome in 
both Chicken (Gallus gallus) (David et al. 2017; Li et al. 
2011) and Great Tit (Parus major) (Derks et al. 2016), with 
about 70% of all CpG sites methylated at a mean level of ca. 
50%, with a sharp decrease around the transcription start site 
(TSS) in gene promoters (Derks et al. 2016). This pattern is 
similar to that observed in other vertebrates (Gardiner-Gar-
den and Frommer 1987). A whole genome DNA methylation 
sequence assembly for both brain and blood tissue in the 
Great Tit in combination with RNAseq gene expression data 
(Laine et al. 2016) showed that DNA methylation around a 
gene’s transcription start site negatively correlates with gene 
expression, whereas genes with promoters that were highly 
methylated showed lower expression levels. This pattern is 
also seen in other vertebrate epigenomes (Li et al. 2011). 
Interestingly, methylation levels within TEs in both brain 
and blood were also associated with RNA expression lev-
els, which points to another function of DNA methylation 
(Derks et al. 2016). TE methylation has been found to be 
responsible for defending genes against TE activity by TE 
silencing both in plants (Hollister and Gaut 2009) and mam-
mals (Whitelaw and Martin 2001). However, TE methylation 
differs between tissues and according to the methods used, 
and more research is required to make an accurate general 
statement on how and why TEs are hyper- or hypomethyl-
ated (Derks et al. 2016; Yi 2017). We would like to point 
out that these associations are present at the among-gene 
level, but whether this also holds for relationship between 
among-individual variation in gene expression and DNA 
methylation needs to be verified.

Birds have heteromorphic sex chromosomes and, like all 
organisms that have these, are confronted with the prob-
lem of gene dosage expression. For example, mammalian 
females have two X chromosomes (XX) while males only 
have one (XY). The problem of double gene expression is 
overcome by silencing one female X chromosome, which, 
in mice, is most likely done by epigenetic mechanisms 
such as histone modification and DNA methylation (Lyon 
1961). Interestingly, this type of system has not been found 
in birds [where males are the homogametic sex (ZZ) and 
females heterogametic (ZW)], and a recent study found 
sex differences in gene expression and DNA methylation 
in both the domestic White Leghorn and the Red Jungle 
fowl (Natt et al. 2014). A male hypermethylated region on 
the Z chromosome and the zinc finger RNA binding protein 
gene promoter on chromosome 1 appeared to be differently 
expressed and methylated in the hypothalamus and thalamus 
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between the sexes. However, there were more differences 
in gene expression than cytosine methylation alone could 
explain. This suggests that other epigenetic mechanisms may 
be involved in causing sex differences in gene expression 
(Natt et al. 2014).

Different techniques for measuring DNA 
methylation

As described before, we mostly focus on DNA methyla-
tion in our review. DNA methylation can be assessed using 
several methods that have been described in detail in other 
reviews (Couldrey and Cave 2014; Kurdyukov and Bullock 
2016) and we will therefore not go into much detail on these 
in this review. The most important point for the reader is that 
the assumptions inherent to these methods determine the 
inferences that can be drawn from studies using them. We 
will briefly describe the most commonly used techniques 
that have been used to measure DNA methylation in birds, 
together with their pros and cons (Table 1).

Bisulphite sequencing

To date, the gold standard for assessing DNA methylation 
is still bisulphite sequencing. A bisulphite treatment affects 

only cytosine that is not methylated, and by using high-
throughput sequencing techniques this method allows the 
estimation of methylation levels at the individual cytosine 
level (Frommer et al. 1992; Harris et al. 2010; Krueger et al. 
2012). This method, however, greatly relies on prior knowl-
edge of the genome of the species under study. A whole-
genome bisulphite sequencing (WGBS) approach thereby 
gives the most complete and unbiased view of the methyla-
tion landscape throughout the whole genome, but although 
the cost of sequencing has decreased, it is still rather expen-
sive (Suzuki et al. 2018).

Several techniques have been developed that make use 
of restriction enzymes to produce a reduced representa-
tion of the whole genome that can be further developed for 
bisulphite sequencing. Reduced representation bisulphite 
sequencing (RRBS) is a method whereby the restriction 
enzyme MspI cuts at (CCGG) sites, and typically regions 
that are CG rich are targeted. This enables one to aim for 
a higher proportion of sequenced CpG sites in CGIs, such 
as promoter regions. Size selection steps via either cutting 
of gels (Meissner et al. 2005) or the use of beads (Boyle 
et al. 2012) means that generating large fragments without 
CpGs can be avoided, after which bisulphite conversion 
takes place. RRBS has been validated for use in birds, and 

Table 1   Overview of popular methods for measuring DNA methylation in birds

WGBS Whole-genome bisulphite sequencing, RRBS Reduced representation bisulphite sequencing, GBS genotyping-by-sequencing, MeDIP 
methyl-DNA immunoprecipitation, MS–AFLP methylation-sensitive amplification length polymorphism

Sequencing 
method

Requires anno-
tated reference 
genome

Cost per 
sample 
(Euros)

Requires prior 
knowledge of 
target sequence

CpG 
site-based 
method

Number of CpG 
sites/sequence 
lane/sample

Pros Cons

Bisulphite sequencing
 WGBS Yes 1000 Yes Yes 1 × 107 Genome-wide 

coverage, 
unbiased, high 
quality

Expensive, untar-
geted

 RRBS Yes 175 Yes Yes 2 × 105 Genome-wide, 
targets promot-
ers in birds, 
high quality

Biased, library 
expensive

 epiGBS No 50 No Yes 3 × 104 Cost-effective, 
multiplexing, 
non-model 
species

Biased, bioinfor-
matics pipeline 
under develop-
ment

 Pyrosequencing No 20 Yes Yes 5–10/assay Targeted, high 
quality, cost per 
sample, high 
accuracy

Assay develop-
ment, cost per 
nucleotide

Other methods
 MeDIP No 100 No No NA Cost per sample Low resolution
 MS-AFLP No 10 No No NA Cost per sample, 

simple assay
Problematic 

analysis, low 
accuracy
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has already been used in several studies (Derks et al. 2016; 
Mäkinen et al. 2019).

Epigenotyping-by-sequencing (epiGBS) can poten-
tially be used for a variety of species, but has been devel-
oped predominantly for non-model plant species (van 
Gurp et al. 2016). This reference-free RRBS approach 
cost-effectively and efficiently characterizes a reduced 
representation of the DNA both genetically and epige-
netically. Part of the epiGBS protocol allows for de novo 
reference creation from the sequenced data, thus allow-
ing for the use of non-model species without a reference 
genome. Furthermore, the price per sample is low, since 
there is the possibility of pooling samples after digestion 
and adapter ligation into one sequence library. With new 
adapter design (pairwise combinations of barcodes differ 
by a minimum of three mutational steps and length) it is 
possible to achieve 96 samples per sequence library. This 
type of low-cost reduced representation approach has the 
advantage of sequencing larger numbers of individuals at 
low cost without the need for a reference genome. How-
ever, there are limitations to this method in that it only 
targets a small fraction of the genome, and prior knowl-
edge of the functionality of the targeted fragments is a 
great advantage.

Methyl‑DNA immunoprecipitation assay

A methyl-DNA immunoprecipitation (MeDIP) assay can 
identify methylated CpG-rich sequences. DNA is sheared 
into random fragments and methylated fragments are sub-
sequently isolated via an antibody raised against methyl-
ated cytosine (Weber et al. 2005). In other words, a ran-
dom fragment of methylated cytosine can be estimated. In 
comparison to RRBS, this method is less biased regards 
CGIs and has higher coverage of non-CGI and non-genic 
regions (Harris et al. 2010). Moreover, sequencing is lim-
ited to the targeted methylated areas, reducing the number 
of false positives. Disadvantages of the method include the 
fact that the resolution of the outcome is on a fraction not 
base pair basis and regions are often quite large. A detailed 
functional approach is therefore needed when regions of 
interest have been detected.

Methylation‑sensitive amplification length polymorphism

Methylation-sensitive amplification length polymorphism 
(MS-AFLP) is a very common method for the study of 
genome-wide methylation patterns in non-model species. 
By using this cost-efficient technique, it is possible to 
screen many samples at multiple loci (cytogenetic bands or 
regions on the chromosome) at the same time. When using 
MS-AFLP, a large number of random sites throughout the 

genome are screened, but the adjacent sequence to each site 
is unknown. Therefore, the screened loci are anonymous and 
the region or the gene influenced by methylation cannot be 
specified. This technique provides information on the meth-
ylation of a single cytosine per fragment. Furthermore, this 
technique can be used to resolve a dominant banding pattern. 
A band is either present or absent at each position, which 
makes it impossible to distinguish heterozygote epigeno-
types (Schrey et al. 2013). Moreover, methylation does not 
follow a bimodal pattern (on or off), since it is a quantitative 
trait. Despite these shortcomings for bird studies, the method 
may prove very useful when combined with validation meth-
ods (Schrey et al. 2013).

Pyrosequencing

Pyrosequencing uses bisulphite conversion in combination 
with a methylation-specific polymerase chain reaction, using 
a forward and a reverse biotinylated primer to target a spe-
cific sequence. Pyrosequencing can be used to quantify DNA 
methylation at specific CpG sites based on a sequencing-by-
synthesis method (Tost and Gut 2007), and is used in cases 
where information on a limited number of sites is needed. 
Targeted sites are often in the close vicinity of, or within, 
a candidate gene. Prior knowledge of the functionality of 
the gene, its exact genome sequence and the presence and 
functionality of CpG sites that have the potential to causally 
affect gene expression is a must.

Studies on avian ecological epigenetics: 
present and future

Environmental causes of variation in DNA 
methylation

Phenotypic variation is shaped by sequence variation 
in interaction with the environment in which genes are 
expressed (Feinberg 2007). We now know that epigenetic 
mechanisms contribute to phenotypic variation, and that 
these mechanisms are often active during development and 
can be altered in response to different environmental fac-
tors (Richards 2006), making them good candidates for the 
study of the mechanisms behind phenotypic plasticity. These 
environmental effects include chemicals that are present in 
the environment, like methyl donors (Weaver 2005), toxic 
substances (Romano et al. 2017; Wallace et al. 2018), or 
external factors such as incubation temperature (Vinoth 
et al. 2018; Yan et al. 2015) or maternal effects (Bentz et al. 
2016). Here, we discuss the role of epigenetic mechanisms in 
plastic changes within the concept of developmental plastic-
ity, and refer to developmental plasticity as (an) irreversible 
change(s) in the phenotype resulting from environmentally 
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introduced alterations of development, like early environ-
mental effects (Forsman 2015), parasite load and anthropo-
genic effects.

Early developmental effects

Some mechanisms behind environmentally induced epige-
netic changes have been shown using captive rodent species 
(Meaney and Szyf 2005; Weaver et al. 2004). Studies in sev-
eral economically important avian species have shown that 
maternal exposure to stressors can impact offspring methyla-
tion (Liu et al. 2018; Zimmer et al. 2017), perhaps through 
the deposition of steroid hormones in the yolk (Ahmed et al. 
2014; Zimmer et al. 2017). These findings are supported by 
a study on wild Eastern Bluebirds (Sialia sialis), in which 
yolk testosterone concentration appeared to be positively 
correlated with density, nestling growth rate and nestling 
DNA methylation of the diencephalon estrogen receptor 
alpha promoter (Bentz et al. 2016). Since nestling growth 
rate also increased with percentage DNA methylation (Bentz 
et al. 2016), and avian aggression is typically affected by 
yolk testosterone level (Eising et al. 2006; Muller et al. 2009; 
Partecke and Schwabl 2008; Strasser and Schwabl 2004), it 
is possible that the females “prepared” their chicks for high-
density conditions (high competition) through testosterone 
allocation, which instigated changes in DNA methylation. 
Unfortunately, behaviour and fitness of these individuals 
were not assessed, since the nestlings were sacrificed.

Postnatal behaviour in relation to DNA methylation 
was assessed in a study on Superb Starling (Lamprotornis 
superbus) chicks, in which the DNA methylation levels of 
the glucocorticoid receptor gene were found to correlate 
with among-year variation in rainfall during pre-breeding 
periods and with male breeding behaviour in adulthood 
(Rubenstein et al. 2016). These results suggest that DNA 
methylation marks established early in life may still influ-
ence adult behaviour (Rubenstein et al. 2016). However, it is 
not known if these effects were maternally induced through, 
for example, altered hormone deposition in the yolk, or if 
the effects were postnatal, environmental conditions expe-
rienced right after hatching. In this specific case, a postnatal 
effect could have been affected by food availability due to 
earlier rainfall. Another postnatal effect could be parental 
care, which, in relation to DNA methylation, has been espe-
cially well studied in rodents (St-Cyr and McGowan 2015; 
Weaver 2005; Weaver et al. 2004), but not in birds. This is 
particularly surprising since there is a long history of stud-
ies on parental care in ornithology (Cockburn 2006; Farmer 
2000; Liker and Szekely 2005) and there are examples of 
the involvement of parental care in several aspects of early 
development (Hinde et al. 2009) that potentially affect DNA 
methylation in multiple ways.

Another possible postnatal factor affecting DNA meth-
ylation levels of juvenile birds is brood size. In Zebra Finch 
(Taeniopygia guttata) nestlings, brood size correlated posi-
tively with the level of DNA methylation in several MS-
AFLP loci (Sheldon et al. 2018b). A direct cause of this 
could be sibling competition for food (Carere et al. 2005). As 
yet, it is unknown if nutritional status during early develop-
ment affects DNA methylation in wild birds. Juvenile birds 
may also be confronted with higher parasite load when 
broods are large (Cantarero et al. 2013; Wenzel and Piert-
ney 2014); this has been shown to affect DNA methylation in 
adult Red Grouse (Lagopus lagopus scotica). Gastrointesti-
nal parasite load (the caecal nematode Trichostrongylus ten-
uis) was associated with DNA methylation at 25 MS-AFLP 
loci in Red Grouse populations in Scotland (Wenzel and 
Piertney 2014), which indicates that host-parasite interac-
tions may at least be partly regulated at the epigenetic level 
(Wenzel and Piertney 2014).

Despite possible causes for this brood size effect, a differ-
ence in DNA methylation was not detected in experimentally 
enlarged and reduced broods (Sheldon et al. 2018b). This 
might be explained by a loss of variation, which is associ-
ated with the chosen approach in MS-AFLP studies. Sheldon 
et al. (2018b) analysed the binary haplotype-binding pat-
tern, which shows that methylation is either present or absent 
in a certain fragment. In this method, slight differences in 
methylation remain undetected. Another explanation could 
be that this was not a true postnatal effect, but a prenatal 
effect. It could be that Zebra Finches that raise large broods 
have different hormone concentrations in the yolk than Zebra 
Finches that raise small broods, which might affect DNA 
methylation levels. When brood size is manipulated, this 
effect could remain undetected, since the hormone concen-
tration and methylation level do not match in the manipu-
lated brood. Interestingly, individuals that were transferred 
from their original brood to manipulated ones showed more 
hypomethylation compared to unmanipulated individuals 
that remained in their brood of origin, suggesting an asso-
ciation between manipulation and DNA methylation.

Human‑induced epigenetic changes

While we often think about natural causes when discussing 
environmental origins of epigenetic variation, there are sev-
eral examples in the literature on birds showing that human-
induced changes to the environment, such as urbanization, 
pollution and also domestication, can directly or indirectly 
alter the epigenetic states of individuals or even species. In 
an urban Great Tit population, bolder individuals tended to 
have higher levels of methylation at a serotonin transporter 
CpG site, measured using pyrosequencing, than more timid 
individuals (Riyahi et al. 2015). This difference in methyla-
tion between bold and shy types was not found in a forest 
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population (Riyahi et al. 2015). A later study found differ-
ences in DNA methylation levels and morphological features 
between rural and urban populations of Darwin’s finches 
(Geospiza fortis and Geospiza fuliginosa) (McNew et al. 
2017). In contrast to genetic variation (Bonduriansky and 
Day 2009; Ledon-Rettig et al. 2013; Price et al. 2003), epi-
genetic variation may enable organisms to adjust their phe-
notype to match novel environments, or provide them with 
the ability to quickly respond to a changing environment 
(Jablonka and Lamb 2007; Tammen et al. 2013). Therefore, 
in urban environments, epigenetic mechanisms might be 
involved in how conditions affect the phenotypes of bird spe-
cies. However, it remains to be determined if these changes 
are adaptive and which specific factors of the urban envi-
ronment induce epigenetic changes. Also, these differences 
in DNA methylation could have arisen in response to the 
environment that the birds experienced when they were sam-
pled, or, since they were not exposed to each environment 
separately, could be inherent differences between the birds.

One of the factors that has the potential to explain meth-
ylation levels between urban and rural populations is pol-
lution. The effect of pollution was experimentally studied 
in wild-living Double-crested Cormorants (Phalacrocorax 
auritus), where they were exposed to polycyclic aromatic 
compounds (PACs). However, no significant difference in 
DNA methylation levels were found between exposed and 
non-exposed individuals, even though PAC levels in the liver 
increased with PAC exposure (Wallace et al. 2018). Never-
theless, it is possible but that differences were undetected 
because global DNA methylation was estimated. DNA meth-
ylation was determined by immunostaining, which compares 
the staining intensity of the samples to those of fully meth-
ylated and fully unmethylated DNA (Wallace et al. 2018). 
This method reveals a global difference in DNA methylation, 
but site-specific differences remain undetected. Significant 
differences in the effects of pollution have been found while 
studying circadian locomotor output cycles kaput (CLOCK) 
gene DNA methylation in Barn Swallow nestlings (Hirundo 
rustica). DNA methylation appeared to increase with indi-
vidual and maternal exposure to free air particulate mat-
ter levels (Romano et al. 2017). Since the CLOCK gene is 
important for maintaining circadian rhythms and circannual 
life cycles, its methylation could severely impact fitness 
(Romano et al. 2017).

Environmental causes of epigenetics: future directions

The studies discussed above give very promising insights 
into the possible importance of methylation for individ-
ual adaption. As a next step towards understanding the 
ecological and adaptive relevance of DNA methylation in 
natural systems, variation in individual phenotypes should 
be linked to variation in functional DNA methylation. We 

thus suggest combining data on individual behavioural 
phenotypes and fitness with DNA methylation levels of 
individuals of a bird species from a natural population. 
Good model species for this are the Great Tit, House Spar-
row and several flycatcher species, since there are numer-
ous natural populations of these species that have been 
studied for years (Backström et al. 2008; Ellegren et al. 
2012; Kawakami et al. 2017; Laine et al. 2016; Riyahi 
et al. 2017; Schrey et al. 2011, 2012; Sheldon et al. 2018a). 
Consequently, there are ample available data and DNA 
methylation can thus be associated with gene function and 
age (Sutherland et al. 2013), and also with variables which 
fluctuate annually such as climate variables and food avail-
ability. Moreover, variation in DNA methylation may be 
associated with important fitness components such as 
fledging, offspring recruitment rate, adult survival, timing 
of breeding and reproductive success (Gruebler and Naef-
Daenzer 2008; Naef-Daenzer and Gruebler 2008, 2016; 
Visser and Verboven 1999). Methods that allow one to 
determine relationshiips between genome-wide methyla-
tion levels in functional gene regions with fitness meas-
ures such as EpiGBS or RRBS (Table 1) are preferable. 
Furthermore, we advise focusing on adaptive phenotypic 
traits that vary between individuals of the same species 
where expression is known to be affected by environmen-
tal factor(s). A good example of such traits is exploratory 
behaviour (Dingemanse et al. 2004; Naguib et al. 2011; 
Tinbergen and Sanz 2004; van Oers et al. 2015).

The studies described above also show that it is very 
hard to differentiate between correlation and causation, and 
to disentangle prenatal from postnatal effects when study-
ing the causes of epigenetic marks. In order to separate the 
causes and effects of changes in methylation, it is essential 
to evaluate the consequences of methylation through careful 
experimental manipulation of environmental factors during 
early development. A split-brood cross-foster experiment is 
an example of one such type of experiment, in which addi-
tional factors such as food availability or brood size can be 
manipulated. Food availability and brood size are two natu-
rally occurring ecologically relevant parameters during early 
avian development. Using a split-brood cross-foster com-
ponent, the effects of different environmental factors (e.g. 
food deprived versus not food deprived) can be compared 
between siblings while also disentangling these effects from 
genetic effects and/or parental care.

In conclusion, (early) environmental conditions can influ-
ence (offspring) DNA methylation and this might affect 
the phenotype. These altered phenotypes can be adaptive 
changes to the environmental conditions under which they 
were induced. However, this can only be verified by studying 
the complete cascade within an individual’s lifetime.
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Regulation of temporal plastic changes

Here, we consider plastic changes within the context of phe-
notypic flexibility defined as intra-individual and reversible 
changes in a phenotype that underlie seasonally expressed 
life history traits. Many species orchestrate their timing of 
life history events in circannual cycles that depend on envi-
ronmental cues such as photoperiod or temperature (Dawson 
et al. 2001; Kumar et al. 2010; Rowan 1925; Sharp 2005). 
Seasonal events require an individual to undergo a com-
bination of morphological, physiological and behavioural 
changes and hence the seasonal regulation of gene expres-
sion in various tissues (Stevenson 2018; Wingfield 2005). 
Recent studies in species of plants (Lai et al. 2018; Law and 
Jacobsen 2010; Shi et al. 2015; Wilschut et al. 2016), insects 
(Hatakeyama and Mueller 2008; Pegoraro et al. 2016), and 
rodents (Alvarado et al. 2015; Lynch et al. 2017; Steven-
son and Prendergast 2013) show evidence for reversible 
epigenetic modifications, especially DNA methylation, to 
be involved in this. How reversible DNA methylation can 
shape seasonally stimulated life history events in an ani-
mal species is best studied and understood in the Siberian 
Hamster (Phodopus sungorus), in which short day length 
inhibits hypothalamic DNA methyltransferase 3a (DNMT3a) 
expression causing reduced promoter methylation in type 
III deiodinase, a gene involved in the photoperiodic regula-
tion of reproduction (Lynch et al. 2016; Stevenson 2017; 
Stevenson and Prendergast 2013). Such studies in birds are 
currently limited. Redheaded Buntings (Emberiza bruni-
ceps) in a migratory and non-migratory state differ in their 
expression level of hypothalamic DNMT3a (Sharma et al. 
2018), but it remains to be established whether differen-
tial expression of DNMT3a promotes reversible methyla-
tion marks between the migratory states. In Barn Swallows 
increased methylation at a CpG site within the CLOCK gene 
is associated with earlier spring departure from the winter-
ing area, earlier arrival at the breeding site, earlier breed-
ing, and higher reproductive success (Saino et al. 2017). 
The latter study therefore provides some support that vari-
ation in DNA methylation may be of relevance for deter-
mining temporally plastic life history trait variation such 
as the timing of breeding in a wild bird population. Indeed, 
DNA methylation can show changes over short timescales, 
i.e. throughout the breeding season (Viitaniemi et al. 2019), 
and therefore facilitate phenotypic flexibility, as described 
above. This offers opportunities for the study of many other 
temporarily changing traits, such as migratory phenotypes 
(Merlin and Liedvogel 2019).

Role of epigenetics in regulating the timing of reproduction

The timing of reproduction is an important fitness trait in 
seasonally breeding birds (Catry et al. 2017; Daan et al. 

1990; Perrins 1970; Thomas et al. 2001; Verhulst et al. 1995; 
Visser et al. 1998) and is a phenotypically plastic trait (Char-
mantier et al. 2008; Husby et al. 2010). Phenotypic plasticity 
in the timing of reproduction allows a female to seasonally 
express reproductive morphology and behaviour in response 
to changes in environmental cues such as photoperiod and 
temperature. While the underlying genetic basis (Gienapp 
et al. 2017) and regulatory mechanisms for the timing of 
reproduction and plasticity in the timing of reproduction 
are currently unknown in birds, several studies in plants 
and rodents suggest that epigenetic processes, such as DNA 
methylation, are involved. For example, in clonally reproduc-
ing dandelion, treatment with a cytosine demethylating agent 
altered the clonally inherited pattern of the timing of flower-
ing (Wilschut et al. 2016). Similar findings were reported 
when inducing DNA methylation differences between iso-
genic Arabidopsis lines (Law and Jacobsen 2010); treatment 
resulted in differences in flowering time between the differ-
ent lines. The only animal studied so far for the experimental 
testing of effects of DNA methylation on the timing of repro-
duction is the Siberian Hamster, as described by Stevenson 
and Prendergast (2013). Females of Nasonia vitripennis, a 
parasitic wasp, that were exposed to short or long day light 
cycles showed differences in their methylation pattern and 
diapause response that disappeared when DNA methylation 
was experimentally altered (Pegoraro et al. 2016). Although 
DNA methylation in insects is different from that in verte-
brates (Keller et al. 2016), this result nevertheless shows the 
potential of DNA methylation as a mechanism effecting a 
photoperiodic response. The studies referred to above sug-
gest that DNA methylation can play a role in the timing of 
reproduction in many different species, although this has so 
far been poorly explored in birds. This has been supported 
by temporally varying DNA methylation patterns in Great 
Tit individuals (Viitaniemi et al. 2019), and ongoing work 
indicates a correlation between DNA methylation level and 
a female’s reproductive stage in this species (Lindner et al., 
unpublished data).

Unfortunately, studies such as those described above are 
limited by the number of measurements required per female 
or by the type of tissue which needs to be collected, and this 
hampers our ability to simultaneously examine how changes 
in methylation might lead to changes in gene expression and 
hence a phenotypic response. Females cannot be sampled 
repeatedly to collect inaccessible tissues with a clear role 
in the timing of reproduction, i.e. the hypothalamus, liver, 
or gonads), and thus it cannot be determined whether dif-
ferences in methylation levels indicate a flexible change in 
methylation marks or permanently established differences 
in them.

To increase the number of measurements per female a 
more accessible tissue, like blood, should be sampled. Sam-
pling blood allows for repeated measurements of the same 
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individual across the breeding season, but it is not yet clear 
to what extent observed DNA methylation patterns in blood 
correlate with methylation patterns in other (reproductive) 
tissues. Thus, future work needs to establish how changes 
in red blood cell methylation patterns over the breeding sea-
son are related to changes in DNA methylation and gene 
expression changes in other tissues to better understand the 
functional role of blood DNA methylation variation on phe-
notypes such as the timing of reproduction.

The role of DNA and histone modifications 
in the brain and cognition

There is a specific research interest in defining the role 
of natural selection in shaping cognitive abilities (Rowe 
and Healy 2014). We have to understand the causes and 
consequences of intra-individual variation in cognitive 
performance to understand how natural selection shapes 
cognition (Boogert et al. 2018). A recent study found that 
cognitive ability is heritable in mice, but also highly malle-
able according to environmental effects (Sauce et al. 2018). 
Intra-individual variation in cognitive performance is thus 
possibly the result of constant interaction between genes 
and experience that may be mediated by epigenetic mech-
anisms (Sweatt 2019). Recent developments in the study 
of mammals have demonstrated that experience can lead 
to epigenetic alterations in the brain, altering gene expres-
sion and consequently leading to changes in behaviour and 
memory formation (Halder et al. 2016; Miller et al. 2008). 
For example, inhibition of DNMT results in learning and 
memory deficits and a change in the DNA methylation of 
several other neural plasticity genes, including the brain-
derived neurotrophic factor gene (BDNF) (Feng et al. 2010a; 
Levenson et al. 2006).

Avian learning and memory

The results of several studies also indicate that epigenetic 
processes play roles in avian learning and memory. Using 
DNMT expression as a proxy for epigenetic potential within 
the hippocampus, it was found that House Sparrows with 
intermediate corticosterone levels had higher BDNF expres-
sion in the hippocampus than individuals with low or high 
levels of corticosterone (Kilvitis et al. 2018). In addition, 
corticosterone positively covaried with DNMT1 expression 
in a more recently established population, while the reverse 
was true in the oldest population. It was hypothesized that 
certain environmental conditions could induce high DNMT 
expression in the hippocampus facilitating neural plasticity 
(Kilvitis et al. 2018). Furthermore, demethylation of non-
neuronal tumour cells of Zebra Finches resulted in upreg-
ulation of genes that were neurobiologically relevant and 

under the putative control of DNA methylation (Steyaert 
et al. 2016).

The role of histone modifications has also been studied in 
this context. Pharmacological inhibition of histone deacety-
lases (HDAC) in Zebra Finches contributed to the memori-
zation of conspecific vocalizations (Phan et al. 2017). The 
fact that HDAC can be recruited by DNA methylation, which 
leads to the removal of acetyl groups resulting in constricted 
access to chromatin and transcriptional silencing (Day and 
Sweatt 2011), might indicate that DNA methylation regu-
lates song memory formation in birds through the modula-
tion of the structure of chromatin. This is supported by a 
study in rats, where inhibiting HDAC with sodium butyrate 
lead to the repair of impaired memory formation induced 
by a DNMT inhibitor (Miller et al. 2008). In addition to his-
tone acetylation, histone methylation is also associated with 
learning and memory. In Zebra Finches it was shown that 
tutor experience, which induces the closing of the ‘critical 
period’ of learning, leads to differentially modified genes 
that are associated with histone methylation. This indicates 
that tutor experience causes a decreased probability of tran-
scription by altering the epigenetic profile through post-
translational modifications of histone (Kelly et al. 2018).

Natural selection and cognition

If intra-individual variations in cognitive performance are 
mediated by epigenetic mechanisms (Sweatt 2019), then 
they may play an important role in the evolution of cog-
nition. Indeed, genes in regions of past selection showed 
increased CpG methylation in Great Tits, and were biased 
towards those involved in learning, cognition and neuronal 
functions in the this species (Laine et al. 2016). In addition, 
neuronal non-CpG methylation patterns were correlated with 
rates of molecular evolution (Laine et al. 2016). Assessing 
whether epigenetic marks underlie intra-individual variation 
in cognitive performance can help us to understand the role 
of epigenetic mechanisms in the evolution of learning and 
memory. By artificially selecting for cognitive performance 
and studying epigenetic marks in the parental generation, as 
well as changes in selected generations, one can assess not 
only the nature of these marks but also whether they have 
the potential to be selected upon. If bi-directional selection 
for cognitive performance leads to divergent epigenetic pat-
terns, this would indicate that there is heritable variation for 
cognition-related epigenetic variation, most likely linked to 
other genetic variants.

The causes of differential cognitive performance can be 
studied by manipulating the early environment. Social expe-
riences, such as maternal care and social isolation, have been 
linked to epigenetic changes in the brain leading to altered 
cognitive performance (Li et al. 2016; Roth et al. 2009). 
Nutritional factors can also cause epigenetic alterations. 
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Protein deficiency, e.g. as a result of malnutrition, may 
reduce methionine availability and subsequent DNA meth-
ylation. Several studies have indicated the importance of 
methionine conversion for cognitive functioning. For exam-
ple, Saunderson et al. (2016) found that DNA methylation 
and S-adenosylmethionine availability in the hippocam-
pus control stress-induced gene expression and behaviour 
in mice, and that the offspring of mothers that had a diet 
deficient in methyl donors showed increased anxiety and 
decreased learning ability (Konycheva et al. 2011). Future 
studies on methylation variation in relation to cognitive per-
formance should focus on whether genes and environment 
interact to influence cognitive variation, and whether this 
occurs through epigenetic mechanisms. This can be achieved 
by, for example, manipulating the environment during early 
development, as has been described before, when at the same 
time controlling for the genetic environment.

Cognitive phenotypic traits for study: reversal learning

A particularly interesting cognitive trait for selection is cog-
nitive flexibility, the ability to cope with unexpected changes 
in the environment. This is generally assessed by measuring 
performance regards a reversal learning task, which tests 
how well an animal can attend to a shift in reward loca-
tion and adjust its behaviour in response to this (Bonte 
et al. 2014; Izquierdo et al. 2017). Individual differences 
in reversal learning performance may be driven by variable 
responses and epigenetic mechanisms that involve learning 
and memory formation. Genetic variation between indi-
viduals may cause variable levels of enzymes that control 
epigenetic mechanisms, such as DNMTs, which could lead 
to variable functioning of memory pathways that require 
epigenetic alteration. Alternatively, performance variation 
may be due to variable feedback performance in the relevant 
brain regions. Individual differences in reversal learning 
performance may be caused by differences in sensitivity to 
neurotransmitter feedback during reversal learning (Klanker 
et al. 2015). Epigenetic marks causing the up- or downregu-
lation of neurotransmitter synthesis enzymes, receptors or 
transporters (re-uptake) may lead to altered functioning of 
these feedback systems.

Cognitive phenotypic traits for study: innovativeness

Another possible cognitive trait for study is innovative prob-
lem-solving performance (PSP). PSP varies between indi-
viduals of the same species (Cole et al. 2011), but is rarely 
studied in the wild (Cole et al. 2011; Quinn et al. 2016). An 
individual is innovative when it solves a novel problem or 
solves an existing problem with an original solution (Kum-
mer and Goodall 1985). PSP is thought to be linked to forag-
ing strategy and personality in Great Tits (Quinn et al. 2016; 

Zandberg et al. 2017), and seems to be largely affected by 
age and environmental factors, such as habitat quality and 
population density in the natal environment (Quinn et al. 
2016). Therefore, it is possible that environmental effects 
on PSP are mediated via epigenetic mechanisms such as 
DNA methylation. To experimentally confirm environmental 
effects on PSP and to assess a possible role of DNA methyla-
tion, we suggest influencing the natal environment of Great 
Tit chicks and assessing their PSP and DNA methylation 
levels later in life. PSP could be perfectly studied within 
(for example) split-brood cross-foster experiments described 
above, since it is easy to apply the method used to study PSP 
(Cole et al. 2011).

Inheritance, selection and evolution

Inheritance: a matter of definition

One of the central questions when studying epigenetics in 
an evolutionary context is whether epigenetic marks are 
inherited and if selection can act on this variation directly. 
Discussions on the inheritance of epigenetic marks often 
lead to great confusion. Hence, a crucial distinction must be 
made regards the type of inheritance that is being consid-
ered, since this has consequences for our expectations and 
inferences. Specifically, when discussing DNA methylation, 
three different ways of inheritance or epigenetic memory 
exist and should be identified and clarified when defining 
the scope of a study (Bonasio 2015).

First, there is mitotic inheritance (Zhu and Reinberg 
2011), which is the replication of epigenetic marks through-
out DNA replication during, for example, cell division. Most 
classic studies refer to mitotic inheritance as a prerequisite 
for epigenetic variation, and this is also the case in the defi-
nition given above. Mitotic inheritance causes early devel-
opmental effects to remain in the affected individual, with 
lifelong consequences.

The second way an epigenetic mark may be inherited is 
via meiotic inheritance, in which an epigenetic mark sur-
vives the extensive reprogramming events that are so typi-
cal in vertebrates (Feng et al. 2010b; Morgan et al. 2005). 
This type of inheritance is also referred to as ‘true inherit-
ance’, since it is independent of genetic variation. It is mostly 
seen in plants in epialleles (Feil and Fraga 2012); in verte-
brates, a few examples exist in mice, where such epialleles 
are stably inherited via the germ line. It was long thought 
that epigenetic variation was not heritable through the germ 
line because most epigenetic marks do not survive meio-
sis, gametogenesis and embryogenesis, which are processes 
that involve DNA demethylation (Feng et al. 2010b; Mor-
gan et al. 2005; Reik et al. 2001; Sasaki and Matsui 2008) 
and restructuring of chromatin (Jablonka and Raz, 2009) 
in mammals. However, the majority of empirical studies to 
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date that have shown an epigenetic mark remaining in off-
spring could not prove clear meiotic inheritance (Bonasio 
2015). For birds, it is not clear how epigenetic marks can 
be inherited through the germ line, but one theory is that 
some ancestral epigenetic marks escaped epigenetic reset-
ting (Brykczynska et al. 2010) and that others were recon-
structed (Gapp et al. 2014; Kasowski et al. 2013; Schaefer 
and Nadeau 2015). There is, however, very scarce informa-
tion on these processes for birds (Guerrero-Bosagna et al. 
2018), which is limited to Chicken and quail.

The third way an epigenetic mark can be inherited from 
one generation to the next is via so-called soma-to-some 
inheritance (Ledon-Rettig et  al. 2013), i.e. epigenetic 
changes are inherited through parent–offspring interactions 
or interactions between siblings during development. Soma 
refers to the fact that the epigenetic mark will not inherit 
via the germ line and must therefore be transmitted via a 
parentally induced environmental factor, with licking and 
grooming in rats the best example of this (Hu and Barrett 
2017; Jensen 2013; Weaver et al. 2004).

One complication in the study of inherited epigenetic 
marks is that the presence of epigenetic similarity between 
two subsequent generations does not mean that this pattern 
has been present in and inherited via parental germ cells, an 
indicator of transgenerational inheritance. In birds, if the 
F0 generation is subjected to an environmental condition 
(e.g. environmental cue or stressor), then the germ cells (F1) 
present in these F0 individuals will also be affected by this 
experimental treatment. In mammals, in utero exposure of 
the F1 generation can also affect the germ cells (F2) of the 
F1 generation (Faulk and Dolinoy 2011). In birds, develop-
ment of an embryo in the future (F1 generation) and its pri-
mordial germ cells (F2 generation) are directly affected by 
egg components, the mother, and also by her pre-laying and 
incubation environment. Therefore, inter-generational (from 
parent to offspring) or multi-generational (from parents to 
offspring and from grandparent to grand-offspring) effects 
cannot necessarily be considered as transgenerational epi-
genetic effects (Guerrero-Bosagna et al. 2018). Hence, even 
though epigenetic signals can be traced as far as the F3 gen-
eration, these might be the result of other mechanisms such 
as parental care by the F2 generation (Weaver et al. 2004).

Epigenetic marks may also seem to be inherited if they 
are a direct consequence of underlying genetic variation. 
In a strict sense, the epigenetic mark will therefore not be 
inherited directly, but will reappear each time the gene in 
question that is responsible for the variation in methylation 
is expressed. No study has investigated the way epigenetic 
marks might have been inherited in wild birds, but some 
evidence exists that there is genetic variation in underly-
ing DNA methylation variation. In a study on on early 
exploratory behaviour, fast and slow exploration by Great 
Tits originating from a fourth generation of selection (Drent 

et al. 2003) showed consistent and heritable differences in 
exploratory behaviour (Drent et al. 2003; van Oers and 
Naguib 2013). Despite extensive genome-wide association 
and quantitative trait locus studies in both a Dutch (Santure 
et al. 2015) and a UK (Kim et al. 2018; Santure et al. 2015) 
population, no consistent candidates were found to explain 
substantial portions of the additive genetic variation found. 
However, recent research has revealed that lines selected for 
high and low levels of exploratory behaviour differed in their 
levels of DNA methylation at the Great Tit DRD4 promoter 
(Verhulst et al. 2016), a gene known to explain significant 
additive genetic variation in exploratory behaviour in a wild 
founder population (Fidler et al. 2007; Korsten et al. 2010; 
Mueller et al. 2013). Therefore, epigenetic mechanisms 
might be involved in functional and heritable differences in 
exploratory behaviour (Verhulst et al. 2016).

Future directions: multigenerational studies

Although underlying genetic variation is a crucial fac-
tor determining whether epigenetic variation is subject to 
evolutionary change (Furrow and Feldman 2014), to what 
extent genetic variation causes transgenerational consistency 
in wild vertebrates remains largely unknown (Daxinger and 
Whitelaw 2012). The genetic control of gene methylation 
can be unravelled by combining scans for differentially 
methylated sites and regions using, for example, an RRBS 
approach on a cross population such as an F2-cross popula-
tion (van Oers et al. 2014), with WGBS on lines selected for 
a certain phenotypic trait. Such an approach would allow 
for adjustment for between-family variation in methylation 
and for finding differentially methylated sites throughout 
the genome. Furthermore, this method provides insight into 
which genomic features (e.g. intragenic, promoter inter-
genic) likely play a major role in the link between pheno-
typic and methylation variation. By using a control group, 
it is possible to assess if false positives are present due to 
drift and co-selection.

Evolution and selection

Theory predicts that, in the case of rapid environmen-
tal changes, founding populations might not have enough 
genetic diversity to adapt (Allendorf and Lundquist 2003). 
It has therefore been suggested that epigenetic mechanisms 
might provide additional scope for adaptive variation. The 
experience of a new environment might cause a change in 
epigenetic patterns, and since epigenetic marks can alter 
gene expression, this might provide an animal with a phe-
notype that makes it fit better to a new environment (Liebl 
et al. 2013). It is unclear though whether this might apply to 
epigenetic variation that is independent of genetic variation.
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Another role for methylation in selection and evolution 
is not via the influence of phenotypes, but via the charac-
teristics of the positions in the genome where methylation 
variation is most functional. For example, in the genomes 
of two flycatcher species (Ficedula hypoleuca and Ficedula 
albicollis) associations between recombination hotspots and 
CGIs and TEs were found (Kawakami et al. 2017), indi-
cating that CGIs, that are know to have lower methylation 
values, are associated with those parts of the genome that 
have the highest recombination. Although DNA methylation 
was not studied directly by Kawakami et al. (2017), DNA 
methylation is known to alter the accessibility of DNA via 
states of chromatin condensation (Jaenisch and Bird 2003). 
It is possible that, due to hypomethylation, the chromatin 
in CGIs is less condensed, which allows for binding of the 
transposition and recombination machinery, as seen in other 
species (Berglund et al. 2015; Choi et al. 2013; Comeron 
et al. 2012; Shilo et al. 2015). Therefore, this might be an 
example where epigenetic marks do not affect phenotypic 
variation via gene expression, but via involvement in the 
regulation of recombination (Kawakami et al. 2017). In 
Great Tit brain tissue, genes in regions that have undergone 
selective sweeps were found to have higher CpG methylation 
and lower non-CpG methylation levels compared to those 
that were outside of these selective sweep regions, point-
ing to a possible facilitating role for epigenetic variation 
in selection, or alternatively, that methylation variation is 
affected by past selection (Laine et al. 2016). The correla-
tion between epigenetic differences (DNA methylation) and 
phylogenetic distance between five closely related species 
of Darwin’s finches (Geospiza fortis, Geospiza fuliginosa, 
Geospiza scandens, Camarhynchus parvulus and Platyspiza 
crassirostris) appeared to be positive (Skinner et al. 2014). 
Since phylogenetic distance can be used as a measure of evo-
lutionary time, this suggests that DNA methylation accumu-
lates over time. The epigenetic marks were located near gene 
families that were related to immunological function, colour 
and beak shape. The number of DNA methylations exceeded 
the number of genetic mutations in the form of copy num-
ber variations (Skinner et al. 2014), which suggests that the 
environment caused a large part of the epigenetic variation. 
However, this only makes sense if this epigenetic variation 
is independent of genetic variation. Overall, this latter study, 
which is not unique, indicates that DNA methylation has a 
great impact on the evolutionary change of a phenotype and 
that methylation might be involved in speciation.

Indeed, the potential role of epigenetics in evolution and 
selection has been quite thoroughly studied in the introduced 
House Sparrow. Even though methylation patterns were sim-
ilar, younger populations of the House Sparrow in Kenya 
had greater DNA methylation at two loci compared to older 
populations in Florida (Schrey et al. 2012). Furthermore, 
epigenetic diversity appeared to be negatively correlated to 

genetic diversity, while a positive correlation between epige-
netic diversity and inbreeding was found (Liebl et al. 2013). 
Since genetic diversity in relatively new populations is lower 
than in native and older populations (Schrey et al. 2011), this 
may suggest that epigenetic variation may increase pheno-
typic variation and therefore make up for the loss of genetic 
variation during the process of introduction. Again, this only 
is true if this epigenetic variation is independent of genetic 
variation.

Local epigenetic adaption

When heritable epigenetic variation translates into an 
increase in fitness in those environments in which it became 
established there is potential for local adaptation. To study 
this, the epigenetic differentiation between and within five 
native subspecies of House Sparrows from the Middle East 
was investigated, while using a Spanish subspecies as an out-
group (Riyahi et al. 2017). These subspecies, except for one 
Middle Eastern subgroup (Passer domesticus bactrianus), 
are human commensals. The genome-wide DNA methyla-
tion variation was quite similar among the Middle Eastern 
subspecies. There was significant differentiation between the 
non-commensal subspecies and two commensal subspecies 
and between two Middle Eastern commensal subspecies. 
Furthermore, the European subspecies appeared to be dif-
ferentiated from the Middle Eastern subspecies. Focusing 
on the Middle Eastern subspecies only, some loci showed 
significant differentiation based on subspecies, commensal-
ism and sex. Furthermore, both geographical distance and 
standardized bill length appeared to be significantly posi-
tively correlated to the percentage of DNA methylation in 
the Middle Eastern subspecies. These findings in combina-
tion with the fact that most of the epigenetic differentiation 
could be attributed to differences within subspecies rather 
than among them, illustrates that a substantial proportion 
of the methylome is typically stable (Riyahi et al. 2017). 
This might mean that most of the variation observed had a 
genetic background, and only specific phenotypic traits can 
be influenced by environmental factors through methylation.

Such a specific phenotypic trait could be, for example, the 
functioning of the immune system. A study on Kenyan House 
Sparrows discovered that the expression of Toll-like receptor 4 
(TLR-4), which plays a role in the immune system, varies with 
population age. Sparrows from older populations had lower 
expression of TLR-4 than individuals from younger popula-
tions (Schrey et al. 2011). The fact that genetic diversity in 
relatively new populations was lower than in native and older 
populations (Schrey et al. 2011), and since younger popula-
tions had greater DNA methylation (Schrey et al. 2012), and 
epigenetic diversity appeared to be negatively correlated to 
genetic diversity (Liebl et al. 2013), might indicate that epi-
genetic variation, such as DNA methylation, is responsible 
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for this phenotypic variation. It appears that, in liver tissue of 
House Sparrows, DNA methylation in the TLR-4 promoter is 
very diverse and a good predictor of TLR-4 expression (Han-
son et al. 2018; Kilvitis et al. 2016). However, the effects of 
differential expression remain to be studied. Furthermore, it 
is unknown whether this epigenetic variation is a response to 
environmental factors or is inherited.

In a recent study on wild Zebra Finches, levels of epige-
netic and genetic diversity were compared across 15 differ-
ent Australian sites (Sheldon et al. 2018a). In the analysis of 
the genetic data, the populations clustered into three groups 
that were consistent with three introduction events. There 
was no correlation between genetic and epigenetic pairwise 
site comparisons, which suggests that at least part of the 
variation in DNA methylation arose independently of genetic 
variation. Furthermore, significant epigenetic differentiation 
between the clusters was found. However, an opposite pat-
tern to that of genetic differentiation was found: stronger 
epigenetic differentiation was found among sample sites 
compared to among invasion clusters. This suggests that 
local environmental variation is more important in explain-
ing between-population differences in epigenetic variation 
than the founder diversity of an introduced population (Shel-
don et al. 2018a). However, the potential environmental or 
ecological drivers of this variation remain to be investigated. 
Furthermore, the genes that were possibly influenced by dif-
ferential methylation were not specified.

As mentioned above, epigenetic differentiation has been 
detected among subspecies of the House Sparrow in its 
native range (Riyahi et al. 2017). In contrast, no epigenetic 
differentiation was found in a Kenyan population of this spe-
cies during the initial invasion stages (Liebl et al. 2013). 
This could be explained by a relatively small sample size 
in the Kenyan study, the use of blood in one study and the 
use of muscle tissue in the other, or the fact that the African 
invasion was more recent and epigenetic marks need time to 
stabilize and accumulate. If the latter explanation is correct, 
it is unclear if and how population age affects epigenetic 
diversity. Moreover, this indicates that comparable methods, 
tissues and timing are relevant factors when trying to com-
pare epigenetic studies.

Closing remarks

We have reviewed the current status within the field of avian 
epigenetics and demonstrate that there is a large potential 
for studies on wild birds to answer many outstanding ques-
tions in ecology and evolution. It is also clear that we are 
facing some challenges in avian epigenetics. First, while 
most studies have focused on DNA methylation, mostly in 
the context of CGI promoters, we should keep in mind that 
other epigenetic mechanisms are also important (Bossdorf 

et  al. 2008; Jaenisch and Bird 2003; Korochkin 2006). 
For example, studies on humans have found that changes 
in DNA methylation in promoter regions might not be the 
most informative, and that methylation variation might not 
act directly on the closest gene but on more distant ones 
(cis regulation) (Suzuki et al. 2018). Thus, observing DNA 
methylation changes around a putative gene might not indi-
cate a functional change in the expression of that particular 
gene. This indicates the need for more validation steps in 
ecological studies to examine how changes in methylation 
relate to changes in gene expression and phenotype. This 
type of validation should ideally be conducted on a tissue-
specific individual gene level, since general changes in tissue 
methylation may lead to spurious correlations that indicate 
that only specific genes are truly affected and differentially 
expressed.

It is largely unknown at which level different perturba-
tions of DNA methylation act in birds. Methylation levels 
might increase or decrease genome-wide due to, for exam-
ple, aging (Christensen et al. 2009) or stressful events that 
occur early in an individuals’s life (Sheldon et al. 2018a). 
But whether such changes are global or rather very local, 
and how many CpG sites have to be changed before a pheno-
typic effect arises, are open questions that need more study. 
The timing of sampling in epigenetic studies is therefore 
important (Viitaniemi et al. 2019). One benefit of working 
on birds is that, in contrast to mammalian erythrocytes, avian 
erythrocytes are nucleated. This offers a great opportunity to 
sample a uniform set of cells across time in the same indi-
viduals and relate such changes to observed changes in the 
phenotype. Although DNA methylation patterns in the blood 
might not reflect those of other tissues, studies on Great Tits 
have found a significant correlation between methylation in 
brain and blood tissues (Derks et al. 2016). Therefore, it is 
possible that avian blood cell methylation levels can be used 
as biomarkers for methylation in other tissues, which would 
greatly facilitate measuring methylation in individuals from 
natural populations, as most avian (long-term) studies sam-
ple blood of individuals in a population. We note, however, 
that this cross-tissue generality should be considered with 
caution, as there can be considerable variation in particu-
lar CpG sites in their methylation in different tissues, even 
though there is overall a strong correlation between genome-
wide CpG methylation across tissues.

While there is no doubt that ecological epigenetics is an 
important addition to the long-standing history of functional 
studies on the causes and consequences of phenotypic vari-
ation, it is important to keep in mind that ecological studies 
are incomplete without additional laboratory studies. Lab-
oratory studies are still needed to determine if epigenetic 
mechanisms causally affect gene expression, and whether 
these changes in gene expression also affect behaviour in 
the predicted way, although ideally, in the future, all of this 
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will studied in the same natural population by, for example, 
releasing captive individuals with altered methylation states. 
Conversely, early developmental changes in phenotypes that 
inherit over generations do not imply stably inherited epige-
netic changes. For an emerging field such as avian ecological 
epigenetics, it is important to produce conclusive experi-
mental data that are followed up by functional validation 
studies. We anticipate that this type of study may shortly be 
carried out as more and more avian studies on epigenetics 
find interesting patterns that can be examined in more detail.
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