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Abstract

Birds are one of the most recognizable and diverse groups of organisms on Earth. This group 

has  played  an  important  role  in  many  fields,  including  the  development  of  methods  in 

behavioral ecology and evolutionary theory. The use of population genomics took off following 

the increased accessibility of high-throughput sequencing across taxa. Several features of 

bird genomes make them particularly amenable to these approaches, including their nucleated 

red blood cells, permitting easy DNA extraction, and their small, compact genomes. Here we 

review the latest findings in the population genomics of birds, emphasizing questions related 

to behavior, ecology, evolution, and conservation. Additionally, we include insights in trait 

mapping and the ability  to obtain accurate estimates of  important  summary statistics for 

conservation (e.g., genetic diversity and inbreeding). We highlight current topics in population 
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genomics  that  are  starting  to  be  adopted  in  bird  studies,  such as  the  use  of  ancestral  

recombination  graphs,  a  focus  on  more  than  just  single-nucleotide  polymorphisms,  and 

interpreting results in a polygenic framework in general. Prospects also include integrating 

population genomics with other fields.

Introduction

Birds have played a central  role in  our  understanding of  many research areas.  Notable 

examples include (1) the development of methods essential for behavior and ecology by 

Margaret  Nice [1]  using populations  of  song sparrows (Melospiza melodia),  and (2)  the 

definition of species as groups of populations reproductively isolated from one another by 

Ernst Mayr [2], inspired by the geographic distribution of birds and galvanizing the field of 

evolutionary biology. Current declines in natural populations of birds worldwide have caused 

an increase in conservation efforts, further broadening research on birds. Concern about the 

loss of birds to the millinery trade triggered Harriet Hemenway and Mina Hall to establish one 

of the first  nonprofit  environmental organizations, the National Audubon Society in 1886. 

Together  with  many  international  partners  through  BirdLife  International,  they  produce 

datasets essential for population monitoring and forecasting to this day (e.g., annual Christmas 

and Great Backyard Bird Counts to census birds worldwide and eBird, an online database of 

bird observations). These local efforts remain important and are increasingly coupled with 

conservation measures on a global scale through policymakers, such as the UN Biodiversity 

Conference (UNEP-CBD 2022), a landmark event focused on global biodiversity conservation. 

The conference resulted in the adoption of a new set of goals to guide global action on nature 

through 2030, aiming to halt and reverse nature loss.

The influential role of birds across varied research fields continued with the development of 

population  genetics  approaches.  This  field  emerged  in  the  1980s  following  the  rapid 

advancement  of  sequencing  technologies  to  quantify  marker-based  genetic  variation, 
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including  mitochondrial  DNA  (mtDNA)  sequence  variation  and  microsatellite  length 

polymorphisms.  Population  genetic  approaches  can  be  used  to  evaluate  the  role  that 

mutation, genetic drift, selection, and gene flow play in generating variation within and between 

populations [3, 4], with relevance to behavior, ecology, evolution, and conservation. Avian 

blood has nucleated red blood cells, making it ideally suited for minimally invasive sampling, 

efficient  extraction  of  high-integrity  genomic  DNA,  and  subsequent  population  genetic 

analyses. One early example is the use of mtDNA to identify taxonomic units for conservation 

(e.g., dusky seaside sparrows [Ammodramus maritimus nigrescens], [5, 6]). 

The last two decades have seen a change in both the scale and depth of genetic analyses, 

with the transition from the use of one or a few genetic markers to tens of thousands of markers 

genome-wide  marking  the  development  of  population  genomics.  This  transition  was 

stimulated by de novo assembly of reference genomes along with the development of high-

throughput sequencing (HTS). HTS is discussed in detail elsewhere (e.g., [7, 8]), but briefly, 

is a set of platforms that sequence DNA from multiple genomic regions and individuals in 

parallel. HTS has increased the proportion of the genome that can be sampled and decreased 

the time and cost of sequencing, allowing its use on most organisms of interest. Again, birds 

are well-suited for this extension. Not only can good amounts of high-quality genomic DNA be 

generated easily, but birds across the entire clade also have small (mean ~1.45 billion base 

pairs; [9]),  compact (e.g.,  fewer transposable elements [TEs] and repetitive regions; [10]) 

genomes, allowing for relatively easy genome assembly and mapping at high coverages. The 

first  avian  reference  genomes  were  the  chicken  (Gallus  gallus,  [11])  and  zebra  finch 

(Taeniopygia guttata, [12]), assembled using Sanger sequencing and followed by an explosion 

of bird genomes assembled using HTS [13], most notably spearheaded by the Bird 10,000 

Genomes (B10K)  Project,  a  consortia  initiative  to  generate  representative  draft  genome 

sequences from all extant bird species [14, 15].

Here, we review the population genomics in birds, emphasizing the role this group has played 

in both the development of this field and its application to questions in behavior, ecology, 
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evolution, and conservation. Population genomics can be used to answer questions at both 

the  genome and  locus  levels.  Work  at  the  genome level  informs  our  understanding  of 

population processes (e.g., demography and population structure), while work at the locus 

level helps identify genomic regions affected by mutation, drift, selection, and/or gene flow [3]. 

Our chapter follows this division, introducing some of the latest findings from birds, highlighting 

the  benefits  of  applying  population  genomics  tools  to  these  questions  (vs.  traditional 

population genetic techniques with fewer markers), and finishes by outlining future prospects 

along this trajectory.

Relevance of Genomic Insight for Evolution

Demography is the study of changes in effective population size (Ne) through time, gene flow 

and divergence, reflecting the evolutionary history of a species or population. Information on 

these dynamics is essential for understanding the evolution of species, populations, and traits, 

and is important for setting baselines beyond which evolutionary processes can be examined. 

This is especially true in the current literature, where genome scans are being used to identify 

loci associated with phenotypic traits and/or involved in adaptation and speciation (see below; 

e.g., [16–19]). Early demographic analyses were based on the coalescent (or divergence), 

assuming that pairwise sequence divergence is proportional to the time of the coalescent, and 

relying on non-recombining loci (e.g., mtDNA, [20]). These analyses were expanded to include 

nuclear loci and permit estimates of changes in population size and gene flow, but remained 

limited to a small number of demographic scenarios and markers and were computationally 

expensive [21]. The availability of genome-wide data and new tools for their analysis has 

revolutionized this field and its progression is demonstrated well by a series of studies on 

collared and pied flycatchers (Ficedula albicollis and F. hypoleuca).

Early demographic work with collared and pied flycatchers suggested these species diverged 

during the Pleistocene, expanded their ranges following the last glacial maximum, and came 
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into  secondary  contact  in  Central  Europe,  where  introgression  from  pied  into  collared 

flycatchers  is  greater  [22,  23].  Nadachowska-Brzyska  et  al.  [24]  used  whole  genome 

resequencing (WGS) data to expand on these findings, comparing 15 demographic models 

using  an  Approximate  Bayesian  Computation  (ABC)  approach.  Two models  with  recent 

divergence time (147,000-476,000 years ago [ya]), gene flow (0.16–0.36 pied individuals per 

generation), and recent reductions in population size provided the best fit to the data. These 

findings were further validated using the Pairwise Sequentially Markovian Coalescent (PSMC, 

Li and Durbin [25]; similar to the model described in Chapter 6) on a single collared flycatcher 

individual. This method can estimate historical changes in effective population size and shows 

a similar decline as in the ABC analysis in historic population size for collared flycatchers after 

the estimated split time from the pied flycatcher. This work represents one of the first times an 

ABC approach with HTS was applied to study demography in a non-model system, providing 

a level of detail unattainable with earlier methods [24]. Flycatchers exhibit strong reproductive 

isolation,  with  evidence for  both pre-  and postzygotic  barriers  to  gene flow (e.g.,  nearly 

complete female sterility, [26]). Accordingly, these results suggest speciation in birds can 

occur quite rapidly.

These results were later corroborated by another study on the flycatcher complex, this time 

including the Atlas- and semicollared flycatcher (F. speculigera and F. semitorquata). Nater et 

al. [27] used an ABC analysis as well as fastsimcoal2 (a coalescence-based approach that 

uses site frequency spectra to estimate parameters, [28–30]) and estimated a slightly later 

divergence time (386,000–888,000 ya), but found further evidence for gene flow between pied 

and collared flycatcher using a gene-tree-based approach.

Continuously decreasing sequencing costs and improvements of computational methods have 

facilitated  the  application  of  multiple  sequentially  Markovian  coalescent  approaches 

(MSMC/MSMC2,  see  Chapter  6  and  [31]).  This  method  uses  information  from multiple 

individuals to more accurately infer population sizes in recent times and also allows for the 

calculation of cross-coalescence rates, thereby providing an alternative way of estimating 
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divergence time. MSMC methods have now been successfully applied to birds, giving insight 

into historic  population size developments and population splits  in  a number of  different 

species (for some examples, see [29–34]).

Many of these studies have confirmed earlier work using data from 38 bird species [32], where 

many species show population contractions during glacial periods and expansions in between 

(Fig. 1a). Together these results provide important inferences about the population dynamics 

of temperate species that have experienced glacial cycles throughout their history and caution 

against  assuming  simple  demographic  history  (e.g.,  constant  population  sizes,  a  single 

expansion, and/or similar trends for populations).

While now possible, the study of demography in non-model organisms does not come without 

challenges.  Nadachowska-Brzyska et al. [33] conducted a thorough analysis of the impact of 

sequence coverage and missing data on the accuracy of demographic inference with PSMC. 

They conclude that individuals with less than 18x coverage or more than 25% missing data 

should be excluded from PSMC analyses. These kinds of considerations are important when 

implementing  analyses  with  genomic  data,  as  biases  arising  from  poor  filtering  can 

significantly impact results. In the case of PSMC, low filtering cutoffs lead to homozygous sites 

being considered heterozygous, affecting the size of recombination blocks and estimates of 

Ne (both magnitude and the shape of curves). Additionally, Ishigohoka et al. [34] investigated 

the impact of high-recombining regions (a common feature in avian genomes, and thus of 

focal  importance here) on demography inference using methods based on the ancestral 

recombination graph. They found that the inclusion of high-recombining regions affects both 

the inference of population size history as well as split times, and advise filtering out high-

recombining regions when performing demography analyses. 
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Relevance of Genomic Insight for Conservation

Demographic analyses provide us with reliable information on historical population dynamics. 

Population genomics can also be used to understand dynamics in present-day populations 

and  are  especially  relevant  for  conservation  (e.g.,  helping  inform  the  management  of 

threatened species). The application of these tools is critical to study genetic factors that can 

compound  reductions  in  population  size  already  experienced  by  species  of  concern, 

potentially aiding in the transfer of findings from common species to those under threat. Here, 

the availability of HTS allows researchers to obtain far more accurate and precise estimates 

not only of population structure and dynamics, but also to assess loss of genetic diversity and 

inbreeding. Using a comparative framework and genome sequences spanning nearly the full 

phylogenetic  spectrum of  birds,  Li  et  al.  [35]  highlighted  the  potential  of  these data  for 

conservation. We will discuss this work below, but want to emphasize the importance of the 

application of population genomics to these questions for birds, where 1,480 out of 11,195 

species (13%) are threatened with extinction (numbers retrieved 12/2025 from IUCN red list 

https://www.iucnredlist.org/). Habitat loss is among the main threats, and the ramifications of 

extinction in birds will be far-reaching, as they are essential for ecosystem functioning (e.g., 

as seed dispersers) and serve as important indicators of ecosystem health (e.g., tracking 

changes in habitat, water, and climate).

Li et al. [35] is one of many papers published based on the 48 reference genomes assembled 

using HTS during the first phase of the Bird 10k genome project. The authors classified each 

species as endangered/vulnerable (E/V) or of no conservation concern, and observed that 

E/V  species  exhibited  lower  levels  of  heterozygosity  and  more  nonsynonymous  (and 

potentially  deleterious)  mutations compared to  species of  no conservation  concern.  The 

authors  showcase  the  critically  endangered  crested  ibis,  a  species  formerly  widespread 

across North-East Asia, with drastic declines down to only seven individuals from two breeding 

pairs in 1981. Every individual from the recovering population was sampled for genomic and 

demographic studies, providing the perfect material for conservation genomics analyses (Fig. 
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1b). The crested ibis population shows a slow linkage disequilibrium decay, a pattern also 

observed in highly inbred domestic species. Nonsynonymous mutations were associated with 

increased linkage disequilibrium (see also Chapter 1) across the genome. Combined, these 

findings suggest E/V species may be at risk of inbreeding depression. Estimates of inbreeding 

can also be obtained using pedigrees in the form of inbreeding coefficients (the probability of 

a locus being identical by descent). Nevertheless, as noted, pedigrees are rare in wild bird 

populations, so the application of HTS in the framework used by Li et al. [35] will be imperative 

for understanding risks to natural populations of birds [36].

More  recently,  researchers  have  started  to  use  population  genomics  methods  to 

assess/predict/estimate the effect of future climate change on currently healthy populations. 

Bay et al. [37] calculate genomic vulnerability, which uses current environmental adaptations 

and predicted environmental changes from a climate model to estimate the adaptive potential 

of  the  existing  populations.  These  findings  highlight  that  many  populations  exhibit  high 

genomic vulnerability and face drastic threats under the current climatic developments. To 

validate  their  findings,  the  authors  hypothesized  that  populations  with  high  genomic 

vulnerability were already under pressure from climate change in recent years. As expected, 

they  found  a  significant  correlation  between  genomic  vulnerability  and  population  trend 

estimates.

While genomics can assess threat levels, it can also help to directly advise conservation 

measures. The genoscape project is a large-scale effort to connect avian subspecies-specific 

breeding grounds with non-breeding grounds and use this framework to inform on which areas 

require the most attention. The genoscape of a bird is a panel of genetic variants that are 

informative of their breeding range, such that individuals caught on non-breeding grounds can 

be traced back to their breeding origin. This has been successfully applied to, e.g., the willow 

flycatcher [38]. New analytical approaches based on machine learning have further refined 

accuracy [39]. These methods are especially powerful for moving animals, such as birds in 

general and migratory birds in particular, as they allow us to infer breeding and non-breeding 
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grounds of individuals caught during migration, which is extremely relevant for conservation 

efforts.

Locus-Level Work to Examine the Genetic Basis of Phenotypic Traits

The application of population genomics to questions of demography and conservation is an 

example of genome-wide analyses. Population genomics can also be employed at the locus 

level and includes bottom-up approaches to examine the genetic basis of phenotypic traits, 

including morphological and behavioural traits. These analyses involve the identification of 

populations that differ in a trait of interest with a strong genetic component and the estimation 

of summary statistics along the genomes of these populations to detect selective sweeps (see 

also Chapters 1 and 13). Selective sweeps can derive from positive or divergent selection, 

and evidence for  these events includes reductions in  nucleotide diversity  and increased 

linkage disequilibrium within populations. Elevated differentiation between populations also 

provides evidence for selective sweeps [40, 41]. The number of studies examining the genetic 

basis of phenotypic traits in birds is increasing, and one emerging pattern is the importance of 

supergenes in maintaining complex phenotypes. A supergene is a genomic region that has a 

very low recombination rate. Variants located in a supergene are inherited together and, 

through  that,  can  cause  multiple  trait  changes  to  coevolve.  One  common  example  of 

supergenes are inversions. Inversions are a special form of rearrangement in which portions 

of a chromosome are flipped (inverted), disrupting chromosome pairing during meiosis and 

preventing recombination. 

One well-known example of an inversion associated with a phenotypic trait in birds comes 

from the ruff (Philomachus pugnax) where one inversion controls the expression of different 

reproductive morphs (Fig. 1c, [42, 43]). Additional examples are beginning to accumulate and 

include  the  white-crowned  sparrow (Zonotrichia  leucophrys  gambelii,  [44]),  the  common  

quail (Coturnix coturnix, [45]), and the redpoll (Acanthis flammea, [46]). Tuttle et al. [44]used 

WGS to identify a series of potential inversions on avian chromosome 2 between two color 

morphs of white-crowned sparrows that also differ in reproductive behavior (promiscuous vs. 
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monogamous). This region spans ~100 Mb and includes 1100 genes. FST between morphs 

is elevated in this region, and linkage disequilibrium is high. One morph is homozygous for 

alleles at this inversion, and the other is heterozygous. The authors used a phylogenetic 

analysis to show that the inversion evolved before sparrows diverged from their most closely 

related relative. 

In the quail, the inversion found spans a large proportion of one of the major chromosomes 

and links many genes that together alter their behaviour, morphology, and coloration [45].

The redpoll finch, previously considered to comprise three separate species, is now classified 

as a single species by a new study that reveals that the phenotypic differences are solely 

controlled by a single 55 Mb inversion, with gene flow homogenising the rest of the genome 

[46]. The inversion here seems to encode both coloration and bill shape, explaining the strong 

visual differentiation between the different redpolls. 

Another  type  of  genomic  variant  that  is  increasingly  gaining  recognition  is  changes  in 

regulatory elements and not necessarily coding genes themselves. One special case of this 

is transposable elements (TE). As TEs rely on the transcription machinery of the host organism 

to self-replicate, they often contain highly active promoters. As a result, their proximity to genes 

may alter gene transcription [47]. Recently, a regulatory element that may encode migratory 

direction in the willow warbler was identified. In the willow warbler, Lundberg et al. [48] and 

Caballero-López et  al.  [49]  identified  two inversions  and one repeat-rich  region  (termed 

“Migration Associated Repeat Block”, MARB) that jointly differentiate two distinct subspecies 

with  different  migratory  strategies.  Sokolovskis  et  al.  [50]  then  genotyped  and  tracked 

individuals  in  the  area  where  both  subspecies  co-occur  and hybridise,  and conclusively 

demonstrated that migratory direction is largely explained by the number of MARB repeats. 

While the function of MARB and its location in the genome remains unclear, the repetitive 

nature and very clear correlation with migratory behaviour suggest that it  mainly causes 

regulatory changes [50].
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In a case where the involvement of TEs in phenotype variation is understood in more detail, 

Lutgen et al. [51] have found that a long terminal repeat (LTR) together with a nonsynonymous 

mutation  is  perfectly  associated  with  throat  coloration  in  Oenanthe  hispanica and  O. 

melanoleuca. The authors suggest that the LTR acts as an enhancer of the ASIP gene, which 

is known to be involved in the melanogenesis pathway. The authors investigate this more in 

depth in the full hispanica complex, involving two additional species, which we will get back to 

with more detail in a later section. 

There are several benefits of using a bottom-up approach of population genomics to study the 

genetic basis of phenotypic variation. Early work on this topic was limited to a set of candidate 

genes that were often identified in model organisms only distantly related to the focal species 

(e.g., [52]). Work with HTS allows researchers to study the entire genome, permitting unbiased 

assays of genomic variation and allowing for the de novo identification of candidate regions 

and novel biological processes underlying trait variation. This genome-wide perspective also 

provides  a  broader  understanding  of  how phenotypic  traits  are  controlled,  including  the 

number, size, and distribution of loci that underlie these traits. The bottom-up approach also 

has considerably greater power than other methods. For example, genome-wide association 

studies (GWAS) can be used, but often require data from hundreds of individuals as they are 

conducted in single populations that vary in a trait of interest and have low levels of linkage 

disequilibrium. Bottom-up approaches can use as few as 10 individuals per population, which 

can be important for non-standard study systems like birds, where large numbers of individuals 

may be hard to sample. Nevertheless, some problems and limitations remain associated with 

the bottom-up approach, including the fact that processes other than positive or divergent 

selection can generate signals similar to selective sweeps (e.g., background selection, see 

also Chapter 1). We discuss these problems and potential solutions below.
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Locus-Level  Work  to  Understand  the  Genetics  of  Adaptation  and 

Speciation

Similar to work focused on identifying the genetic basis of phenotypic traits, the estimation of 

summary statistics along the genome can be used to study the processes of adaptation and 

speciation more broadly. Studies typically compare related populations within the same or 

closely related species and focus on estimates of genomic differentiation, such as FST. One 

of the major conclusions is that differentiation can be highly variable across the genome, with 

areas of elevated FST interspersed with areas of reduced FST (e.g., [53–58]). An important 

inference from these findings is that speciation can proceed through only a few focal changes 

and does not require divergence across the entire genome [59]. While this conclusion does 

not seem to be controversial, the processes that generate variable patterns of differentiation 

have attracted considerable interest and led to two main models: divergence-with-gene-flow 

and selection-in-allopatry.

The  divergence-with-gene-flow  model  posits  that  divergent  selection  at  loci  involved  in 

speciation must be protecting some regions of the genome from gene flow, elevating an 

otherwise homogenized (or low) landscape of differentiation [60, 61]. This model received 

considerable enthusiasm when it was first developed, as it suggests that researchers can 

identify  loci  involved  with  speciation  relatively  easily  by  looking  for  areas  of  elevated 

differentiation between closely related populations. Recent work has encouraged caution with 

this approach, and work with birds has been at the forefront of this wave, promoting a second 

model  to  explain  variation in  FST,  selection-in-allopatry.  The selection-in-allopatry  model 

assumes that variation in the strength of selection can explain variation in differentiation on its 

own  [62].  This  model  derives  from  the  observation  that  FST  is  a  relative  measure  of 

differentiation that includes a term for within-population variation. As a result, it can be elevated 

by reductions in within-population variation alone. These reductions can derive from any form 

of linked selection, including genetic hitchhiking and background selection that is unrelated to 

speciation ([62, 63]; also true for elevated neutral variance generated by population structure 
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[64]), and mean that gene flow is not necessarily needed to explain variation in genomic 

differentiation.

Another measure of differentiation is dXY, an absolute measure of genetic differentiation that 

represents the average number of nucleotide differences between two populations and does 

not include a term for within-population variation. Contrasts between windowed-estimates of 

FST, a relative measure, and dXY have been used to support the selection-in-allopatry model. 

As  an  absolute  measure,  dXY  should  be  unaffected  by  reductions  in  within-population 

variation and should show limited associations with estimates of FST across the genome. 

Work with birds supports this prediction. Burri et al. [65] estimated FST and dXY between 

collared and pied flycatchers and noted that dXY was not elevated where FST was elevated. 

In fact, dXY seemed to show the opposite pattern of FST, being reduced where FST was 

elevated.  Burri  et  al.  [65]  argued  that  recurrent  linked  selection  in  regions  of  reduced 

recombination in ancestral populations was responsible for this pattern (Fig. 1d). This form of 

selection would reduce dXY to zero prior to population splitting. Similar findings have been 

documented between Swainson’s thrushes [54], greenish warblers (Phylloscopus trochiloides, 

[55]), stonechats (Saxicola rubicola, [56]), and Darwin’s finches (Geospiza fortis, [57]).

Burri et al. [65] included an additional dimension to the selection-in-allopatry model. These 

authors documented an association between FST and recombination rates in flycatchers, 

suggesting that genomic features - like reduced recombination that extends the effects of 

linked  selection  by  preventing  linked  neutral  sites  from  recombining  off  their  shared 

background - could also play a role in generating variation in FST. Delmore et al. [66] further 

evaluated this idea using a comparative analysis, estimating genomic differentiation (FST and 

dXY) between eight bird populations spanning a broad taxonomic scale (sharing a common 

ancestor ~52 Mya). Features of the local genomic landscape are highly conserved across 

birds, including chromosome number, recombination rate, and synteny [67–73]. Accordingly, 

Delmore et al. [66] predicted that if genomic features are generating variation in differentiation 

across genomes, they should generate correlated patterns of differentiation across population 
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pairs of birds. In support of this prediction, a significant proportion of variation in windowed 

estimates of FST and dXY could be explained by correlations across pairs (up to 3% for FST 

and 26% for dXY). In addition, genomic regions showing high repeatability across pairs were 

correlated with several genomic features (e.g., reduced recombination rates [approximated 

using GC content],  elevated gene densities,  and chromosome size [higher on micro- vs. 

macrochromosomes]).

As a final note on the genetics of adaptation and speciation, support for the divergence-with-

gene-flow model versus the selection-in-allopatry model will likely depend on the geographic 

context in which speciation occurs. Much of the work on speciation genomics in birds focuses 

on species in the temperate region that have experienced periods of allopatry and sympatry 

[74]. Accordingly, a model including allopatric periods (selection-in-allopatry) will  likely be 

more relevant. In addition, there are variants to the selection-in-allopatry model. For example, 

Delmore et al. [54] and Irwin et al. [55] describe a scenario in which selective sweeps following 

secondary contact could also reduce dXY in regions of elevated FST, with globally adaptive 

alleles evolving during allopatric periods and subsequently sweeping across both populations 

when they come into secondary contact. These alternatives are not mutually exclusive.

Ancestral Recombination Graphs

The  ancestral  recombination  graph  (ARG,  see  Chapters  1  and  11)  captures  the  full 

evolutionary history of a set of sampled sequences [75]. The availability of ARG reference 

makes  many  population  genomic  analyses,  such  as  demography  inference,  selection 

detection, recombination rate estimation, and others, more accurate [76, 77]. Additionally, 

having an ARG enables novel analyses. Using the time-resolved ancestry of every genomic 

region, population structure can now be estimated at different time points [78].

One identified limitation that affects ARG reconstruction in birds is the presence of high-

recombining regions [34].  ARG estimation methods struggle with  these regions because 

recombination rates often exceed mutation rates, limiting the information available for accurate 
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tree reconstruction (Fig. 2a, [79–82]). While in humans these hotspots of high recombination 

rates are comparatively narrow, birds (as some other groups like dogs and percomorph fish) 

appear to have much wider hotspots [73, 83, 84], making accurate ARG inference in those 

regions  impossible.  Genome-wide  inferences  can  still  be  carried  out  by  masking  high-

recombining regions (see [34]), but local genealogies at these regions cannot be derived. 

Another issue affecting the construction of ARGs is the need for accurately phased data. Many 

studies in birds rely on statistical phasing, whereas in humans, extensive haplotype reference 

panels  exist,  making  accurate  phasing  much  simpler  than  in  non-standard  organisms. 

Sequencing  techniques  such  as  long-read  sequencing  and  linked-read  sequencing  can 

alleviate these issues by providing direct evidence of the haplotype from which a variant 

originates. These do come with a substantially higher cost than short-read sequencing, but 

sequencing a few individuals to build a reference panel can already substantially improve 

phasing accuracy [85].

Recently, a very unique study has been published that fully resolves the ARG and uses tree 

sequence-based methods in an avian system [51]. In this previously mentioned work on throat 

coloration in the wheatear hispanica complex, the authors use the ARG to resolve the origin 

of the variants associated with coloration. By comparing the time to the most recent common 

ancestor of the white coloration haplotype, they find that it is younger than the species split  

and older in O. melanoleuca than in O. hispanica, suggesting an introgression of the white 

haplotype from O. melanoleuca into O. hispanica [51]. This resolution of haplotype histories is 

only possible using ARG-based methods, and we expect more studies to make use of this 

methodology in the future.

Polygenic traits in avian systems

Since the  beginning of  genetics  research,  two divergent  theories  for  how information is 

inherited have been discussed. On the one hand, Mendel’s laws, which, with the discovery of 

DNA, have been found to fit the discrete nature of how information is stored in the genome. 
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On the other hand, the field of quantitative genetics, founded by Francis Galton around a 

similar time independently of Gregor Mendel, is well-suited to explain continuous traits and 

deals with inheritance using statistical methods. Quantitative genetics theory has been used 

with great success, especially in captive breeding programs, and has been shown to make 

accurate predictions about the distribution of resulting traits. 

A core concept of quantitative genetics is variance partitioning, in which the variance in the 

phenotype of interest is partitioned between environmental and genetic components. The 

proportion of variance explained by genetics is also called heritability and indicates how much 

similarity can be expected in the trait of interest between parent and offspring. Quantitative 

genetics has also often been applied in avian systems. Early work has primarily focused on 

easily measurable morphological traits, for which high heritabilities have been reported [86]. 

Current work also includes non-morphological traits such as behaviour, which has been found 

to generally exhibit moderate heritability [87, 88]. These studies require either selective or 

controlled breeding or extensive monitoring to establish a pedigree between the individuals. 

In wild bird populations this is very resource intensive and requires long-term commitment, 

which has been done in a few species such as nest box breeding species like the great tits 

Parus major [89], or colony breeding birds like common terns Sterna hirundo [90] or larger 

birds  that  allow for  colour  marked  readings  such  as  European/common shags Gulosus 

aristotelis [91].

One theoretical paper focusing on the amount of selection pressure needed for a migratory 

bird species to display a resident phenotype also compares different genomic architectures, 

assessing how many traits are encoded by many genes vs. few genes. De Zoeten & Pulido 

[92] find that, while the number of genes involved does not substantially change the speed of 

adaptation,  it  does affect  the amount  of  cryptic  variation maintained in  a  system that  is 

governed by a threshold model. In the paper, variants encoding migratory behaviour are much 

longer maintained in a polygenic setup than when only a few variants are involved, potentially 

explaining how species can quickly adapt to changing environmental conditions.
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With the increased accessibility of genomic sequencing approaches for any study system, the 

tools are finally available to move beyond variance partitioning and theoretical approaches. 

With genetic mapping approaches, researchers can investigate how these continuous traits 

are shaped by the discrete building blocks of  DNA and identify specific genetic variants 

(quantitative trait loci; QTL). Initial applications in humans have identified thousands of loci 

underlying single traits (e.g., 12,111 variants associated with human height using a sample of 

5.4  million  individuals,  [93])  and  have  shown that  some traits  previously  thought  to  be 

controlled by few loci of large effect are in fact polygenic (e.g., human eye color [94]).

One of the best studied avian traits in this regard is beak shape and size. The first whole-

genome population genomics analysis of Darwin's finches, well known for their differences in 

beak shape, identified 15 regions differentiated between populations with blunt versus pointed 

beaks. In this study, the authors used methods for detecting selection events to find these 

regions [95]. Due to the rapid radiation in Darwin’s finches, some of the variation found in 

different populations and species predates the radiation, and the same haplotype underlies 

the variation (Fig. 2b, [57, 96]).  While some of the regions found might be due to other 

population differences, some other variants are likely either younger than the radiation or do 

not form similar-sized blocks and thus remain undetected. Indeed, follow-up studies find 

additional regions associated with bill size and shape [97].

The main limiting factor in applying genetic mapping methods to avian systems is the required 

sample size. In model organisms, studies of continuous traits have often found that common 

variance is composed of a few QTL with large effects and many QTL with small effects.  

Additionally, rare variants with large effects often explain another large part of the variation. 

Whenever the effect size is small or the variants are rare, larger sample sizes are required to 

detect them. Nonetheless, some studies have investigated continuous traits of high heritability 

and the underlying genetic architecture. 

While some success stories exist, various studies have also encountered the limitations of 

polygenic analyses, finding no significant associations even in cases where the phenotype is 
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known to be heritable. One study of the collared flycatcher (Ficedula albicollis) has combined 

its apparent negative result with an analysis of the difficulties of detecting QTL [98]. The study 

aims to find an association of genetic variation with the forehead patch size of the collared 

flycatcher, a trait known to be under sexual selection [99, 100], with previous studies reporting 

moderately high heritability based on pedigree [101]. The authors evaluate this relationship 

using two different datasets. The first set of individuals is sampled for extreme values of 

forehead patch size and sequenced using whole-genome sequencing. In the second dataset, 

the genotypes of a much larger number of randomly selected individuals are measured using 

a 50K SNP chip. In both datasets, no variant was significantly associated with forehead patch 

size. In their power analysis, the authors show that the WGS extreme sampling scheme 

dataset outperforms random sampling in terms of detection power; however, the sample size 

used in their study could only detect variants with an effect of 15% or more on the phenotype. 

A tripling of the sample size would, however, already increase power significantly to the point 

where variants of small effect should be detectable. For the SNP chip random sampling, 

however, the sample size would either have to be increased dramatically or the number of 

SNPs considered would have to be increased. Given the high effective population size in the 

sample  and therefore  low relatedness between samples,  randomly selected SNPs were 

unlikely to be in linkage disequilibrium with QTLs, decreasing the power of the SNP chip assay 

[98].

Even in systems where pedigrees are known and relatedness is high between samples, QTL 

mapping is not always successful. In a study of clutch size and egg mass in 969 great tits, the 

authors found no QTL with a significant effect on the phenotype in question, either using QTL 

mapping  with  the  known pedigree  or  in  a  GWAS [102].  A  follow-up study  including  an 

additional population, more individuals, and more traits found the same results for clutch size 

and egg mass, as well as for most other traits studied [103].

All of the previous studies have additionally incorporated a chromosome partitioning approach, 

where  phenotypic  variance  explained  by  all  variants  is  calculated  separately  for  each 
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chromosome. For a highly polygenic trait, the proportion of variance explained is expected to 

correlate with chromosome size, as larger chromosomes harbour more loci with a potential 

effect. This method is especially suitable in birds [104], whose karyotypes exhibit substantial 

variation in chromosome size. But, these methods must also be used with caution regarding 

sample size, amount of heritability, and skewed effect size distributions, as these factors can 

lead to a loss of statistical power [104].

The above studies are just a few highlights of cases where no correlation could be found 

between the genotype and a known heritable trait, leading to the conclusion that many traits 

are caused by a large number of small-effect loci. However, all of the abovementioned studies 

use SNPs, and while these may be linked to other variants, there is additional heritable 

variation that is not detected by the methods employed.

Moving beyond SNPs

Most of the population genomic studies we have highlighted in this chapter focus on genomic 

variation in SNPs; however, many of the studies on the genomic bases of phenotypic traits 

find structural variants (SVs) to explain much of the variation. Most of these studies have 

usually found the SVs of interest by proxy through SNP variation. While this is possible for  

inversions due to the interruption of recombination, the same is not necessarily true for other 

SVs, such as insertions/deletions and copy number variations, all of which are often caused 

by TEs. In the willow warbler study we previously highlighted, which examined a TE affecting 

a phenotypic trait (migratory direction), the TE in question was by chance included in an AFLP 

(amplified fragment length polymorphism) panel [105, 106]. Only very few studies [107–109] 

have specifically scanned for structural variants to explain phenotypic variation, likely because 

SV  detection  with  short-read  sequencing  is  error-prone  and  long-read  or  linked-read 

sequencing still remains comparatively expensive. Additionally, the studies that identified SVs 

associated with traits have often found it difficult to narrow down on the exact mechanism by 

which the phenotype is shaped. In some cases, SVs are close to a gene or even affect the 

gene structure itself, but in many cases, their effect is likely regulatory and acts through a 
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complex network of interactions. In these cases, it can be useful to approach the problem from 

the opposite direction and investigate the effects of the regulatory actions themselves. 

Generally  speaking,  changes in the genome are first  detected through changes in  gene 

transcription.  For  complex  traits,  it  is  assumed that  distinct  phenotypes  differ  mainly  in 

transcription levels of key genes (some examples where this was found include loss of flight 

in birds [110] and loss of eyes in cavefishes [111]). To investigate expression levels and 

characterise transcriptomes, RNA-seq is employed. Here, the sequencing depth of a gene is 

correlated with its relative abundance in the cell, enabling comparison of expression levels 

across populations or phenotypes. This methodology has often been applied to avian systems, 

investigating the transcription differences encoding vocalisation [112], cognition [113], beak 

morphology [114], and migration [115].

When investigating gene expression patterns, precision in sample collection is extremely 

important. Expression profiles can vary widely depending on the tissue (and location in the 

tissue), time of day, and day in the year of the collection, as well as developmental stage, sex, 

and age of the individual at the time of sampling. Especially in the brain, where differences in 

behaviour  are expected to be regulated and integrated,  the exact  location and cell  type 

strongly impact the transcription profile, and different types and subtypes of neurons may be 

located very closely together. Recently, new developments in sequencing technology have 

enabled a level of detail beyond brain region-specific bulk RNA sequencing. By attaching 

barcodes to sequencing reads coming from one cell (single-cell sequencing) or one region in 

space (spatial sequencing), researchers can now pick out signals much more easily, as the 

noise from cells/regions that are not related to the phenotype in question can be removed. 

One area in which this novel method has already been applied extensively and successfully 

is  song  learning  in  songbirds.  The  brain  regions  relevant  to  song  learning  have  been 

extensively studied, but recent works using single-cell transcriptomics have shed more light 

on how the exact neurons involved in the song motor pathway have evolved [116] and how 

hybrids between closely related species can exhibit a broader vocal spectrum [117]. In the 
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latter case, the transcription profiles of different cell  types in zebra finches (Taeniopygia 

guttata), cherry finches (Aidemosyne modesta), and their F1 hybrids were examined. The 

researchers found that most cell types had similar parental transcription profiles, and in cases 

where differences existed, the hybrids showed an intermediate profile. The only exception was 

in  the  GLUTenergic  neurons,  in  which  transcription  levels  in  the  hybrids  clustered 

independently of those of the parental species. This was driven by an increased abundance 

of non-additively inherited transcription levels, in which the transcription level of a single gene 

is not intermediate between the parental species but rather dominant in either direction or 

over- or under-dominant compared to both parental species (Fig. 2c, [117]). 

Bridging  the  gap  between  gene  expression  and  genetic  variation  is  challenging.  Local 

interactions between gene expression and genetic variants can be investigated using allele-

specific expression. In this method, expression is compared between the two parental alleles, 

allowing for association with variants on the same strand [118]. For genome wide interactions, 

techniques such as ChIP-Seq can be employed, where immunoprecipitation is combined with 

sequencing to find the binding site in the DNA for a specific transcription factor. On the other 

hand, changes in gene expression do not always arise from genetic variation but also from 

chemical and molecular modifications, including methylation, phosphorylation, acetylation, 

chromatin accessibility, and occupancy of regulatory sequences by transcription factors. 

Epigenetic  studies  are  beginning  to  accumulate  in  birds  and  include  investigations  of 

vocalization (zebra finch [119]); learning and cognition (great tit [Parus major, [120]]), and 

beak size and shape (Darwin’s finches, [121, 122]). In a study focusing on the process of song 

production, behaviorally regulated gene-expression profiles were found to vary with time and 

across anatomical structures. It was hypothesized that drivers of this variability are signalling 

cascades modulated by transcription factors, cis- and trans-regulatory regions, and epigenetic 

chromatin states [119]. This study focused on identifying transcriptionally active chromatin 

regions for song nuclei involved in their focal trait (singing). Their results suggest the presence 

of epigenetic modifications specific to each brain region that prime gene regulation, such that 
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target regions are in a chromatin state that enables immediate modulation of transcription of 

behavior-specific genes once the behavior is initiated (upon neuronal firing).

Integrating population genomics with additional fields

We will  round up our chapter by highlighting the importance and potential  of  integrating 

population  genetics  with  other  fields  to  answer  broader  questions  relevant  to  ecology, 

behaviour, conservation, and evolution. Specifically,  the fields of landscape genetics and 

phylogeography were originally developed as bridges to population genetics to study the 

interaction  between  landscape  features  and  micro-  or  macroevolutionary  processes, 

respectively, involving geographic sampling beyond what is done for population genetics. The 

advent of HTS has blurred the boundaries between these fields, with principles from landscape 

genetics and phylogeography being used to  (1)  identify  loci  under  selection,  (2)  identify 

correlations between genomic data and the environment, and (3) reconstruct the history of 

divergence within species [123, 124]. One example comes from Manthey & Moyle [125] who 

focus on populations of white-breasted nuthatches (Sitta carolinensis) that occupy the sky 

islands of Arizona. RAD sequencing showed that genetic differentiation between these islands 

was largely mediated by ecological distance rather than geographic distance, identifying eight 

loci associated with ecological distance (e.g., strong associations with minimum precipitation 

of the driest month and maximum temperature of the hottest month). This integration provides 

a more complete picture of adaptation and speciation and could be especially important for 

conservation, allowing researchers to understand how organisms relate to their environment 

and how they will respond to future landscape changes.

Conclusion

We look forward to both participating and watching how the field of population genomics 

evolves for birds in the coming years. As sketched in this chapter, birds have played an 

important  role in the development and application of  population genomics,  with work on 
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demography and genetic variation at the genome level informing evolution and conservation, 

and work at the locus level providing information on the genetic basis of phenotypic traits, 

adaptation,  and speciation.  We are eagerly  expecting the field of  trait  mapping to move 

towards  a  more  holistic  approach,  integrating  whole-genome  with  epigenetic  and 

transcriptional data. On the evolutionary side, the greater data availability to produce accurate 

phasing will improve our insights into past events, further deepening our understanding of 

speciation and trait evolution. Integrations with other fields and beyond landscape genetics 

and phylogenetics (e.g., functional genomics and genome editing) are also on the horizon for 

some species and will undoubtedly help to unravel many mysteries concerning the behavior, 

ecology, evolution, and conservation of birds.
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Figure 1 a)  Demographic history of  8 holarctic  bird species,  all  of  which show a recent 
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population decrease following the beginning of the last glacial period 100 ka ago. Adapted 

from [32]. b) Recent demographic history of the crested ibis, a once critically endangered bird. 

The inferred demography matches historical records, showing a rapid decline about 100 years 

ago following a steady expansion after the last glaciation around 10 ka ago. The genomic data 

also  shows  the  recent  increase  in  population  size  following  human-assisted  recovery 

programs. Adapted from [35]. c) A genomic inversion in the Ruff encodes divergent morphs 

and reproductive strategies. The left figure shows an association analysis of variants in the 

region of the inversion with the faeder phenotype (top) and satellite phenotype (bottom), both 

compared  to  the  independent.  The  right  figure  shows  the  evolution  of  this  inversion 

schematically,  with  the  inversion  itself  causing  the  faeder  phenotype  to  develop,  and 

subsequent recombination mixing variants between the separated genotypes causing the 

satellite phenotype. Adapted from [42, 126]. d) Regions of genomic divergence correlate with 

low recombination rate. The top figure shows lineage-specific FST (PBS) along a chromosome 

of semi-collared (red), atlas (purple), pied (blue), and collared (dark grey) flycatcher. At around 

12.5 Mb along the chromosome, there is a peak of differentiation in all 4 species, which 

coincides with a low recombination rate as shown in the bottom panel. Adapted from [65].
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Figure  2  a)  Regions  of  high  recombination  cause  non-resolvability  of  the  ancestral 

recombination graph. Recombination events are indicated by blue arrows, mutations by red 

crosses. The top figure shows a region of low recombination rate, with many mutations within 

the different haplotypes, allowing for a high resolution of the local genealogy. The bottom 

figure shows a region of high recombination, where haplotypes are short and thus capture few 

mutations within  them.  This  means that  local  genealogies cannot  be observed,  and the 
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ancestral recombination graph is not well resolved. Adapted from [34]. b) Results of a genome-

wide admixture mapping study, where variants are found that contribute to the differentiation 

of 3 species of closely related Darwin’s finches, which differ primarily in beak and body size. 

Many of the peaks found here overlap with a previous study investigating genomic association 

with beak and body size within a single species. Together, these results point towards a 

shared polygenic basis of beak and body size in this recent radiation. Adapted from [96]. c) 

Single-cell RNA-seq data allows finding distinct patterns in different cell types. In the left figure, 

color distinguishes different cell  types, which form distinct clusters in a UMAP dimension 

reduction. In the right figure, the same clustering is shown with cells colored by their genotype 

(pure zebra finch in orange, cherry finch in blue, and hybrids between zebra finch and cherry 

finch in green). Some cell types show no clear distinction between genotypes (background 

shaded blue),  others show intermediate transcription profiles in hybrids compared to the 

parental species (background shaded yellow), and in some cases, hybrids cluster into distinct 

groups, clearly separating them from the parental species (background shaded red). Adapted 

from [117].
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