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ABSTRACT

Sex-specific genomic differentiation is a crucial yet frequently overlooked factor in population genetics. In this opinion piece,
we leverage the substantial genomic resources available for the great tit (Parus major), including population-scale data sets from
many European populations, to investigate genomic differentiation between males and females. Unlike in some other species,
where high-quality genome assemblies exist but broad population sampling is lacking, the great tit offers a unique opportunity
to study sex-based differentiation at both the genomic and population level. We identify significant differentiation at an autoso-
mal locus on chromosome 5, which we hypothesise originates from sex-linked variation present on the sex chromosomes (Z and
potentially W). By referencing genomic data from other songbirds with well-assembled sex chromosomes, we illustrate how au-
tosomal loci may exhibit high sequence similarity to sex-linked regions. Our analyses demonstrate that uneven sex ratios in sam-
pled populations can substantially bias differentiation metrics (e.g., F,,), potentially resulting in false-positive interpretations of
adaptive differentiation. To mitigate such issues, we stress the importance of sex-aware study designs, including balanced sex
sampling and explicitly incorporating sex as a covariate. Furthermore, while optimal study designs would include high-quality
reference genomes from both sexes, we recommend, as a pragmatic and cost-effective alternative for labs with limited resources,
generating a reference genome from the heterogametic sex (females in birds) to ensure both sex chromosomes are represented in
mapping and analysis. Finally, we emphasise the need for rigorous validation of candidate loci to ensure accurate and biologi-
cally meaningful outcomes in evolutionary genomic studies.

1 | Motivation reflect adaptation to local ecological pressures—such as tem-

perature, food availability or pathogens—which in turn can

Understanding how populations adapt locally is fundamental to
evolutionary biology because it reveals the genetic mechanisms
that allow species to persist across heterogeneous environments
(Savolainen et al. 2013; Ye et al. 2023; Kawecki and Ebert 2004).
Patterns of genetic differentiation among populations often

influence conservation strategies by identifying distinct man-
agement units and informing policy (Moritz 1994; Frankham
et al. 2010; Jump and Pefiuelas 2005). Characterising adaptive
genetic variation also enables predictions about how biodiversity
may respond to rapid environmental changes, including climate

Yu-Chi Chen and Nikolas Vellnow contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2025 The Author(s). Molecular Ecology published by John Wiley & Sons Ltd.

Molecular Ecology, 2025; 0:¢70061
https://doi.org/10.1111/mec.70061

10of 13


https://doi.org/10.1111/mec.70061
https://doi.org/10.1111/mec.70061
https://orcid.org/0000-0001-8787-0700
mailto:
https://orcid.org/0000-0002-7054-3268
https://orcid.org/0000-0001-6747-4508
https://orcid.org/0000-0002-4824-1837
https://orcid.org/0000-0001-6609-4116
mailto:toni.gossmann@tu-dortmund.de
mailto:toni.gossmann@tu-dortmund.de
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmec.70061&domain=pdf&date_stamp=2025-08-07

change, habitat fragmentation and other anthropogenic impacts
(Frankham et al. 2010; Hoffmann and Sgro 2011; Lyam et al. 2022;
Ord et al. 2023; Gossmann et al. 2019; Popovic and Lowry 2020).
Genome-wide association studies and advanced population ge-
nomic modelling are increasingly used to uncover the genetic
architectures underlying population-specific traits and to under-
stand how biodiversity is maintained (Luikart et al. 2003; Santure
and Garant 2018; Hoffman et al. 2024; Gossmann et al. 2010;
Romiguier et al. 2014; Burri et al. 2015; Ellegren and Galtier 2016).

Despite major advances in the field, sex-specific genetic differen-
tiation remains comparatively underexplored, even though males
and females frequently differ in their ecological roles, behaviour
and physiology—differences that can translate into distinct evo-
lutionary pressures and divergent genomic signatures of adapta-
tion (Cheng and Kirkpatrick 2016; Rogers et al. 2020; Campagna
and Toews 2022; van den Heuvel et al. 2023; van Oers et al. 2023;
Lindner et al. 2024). For example, sexually antagonistic selection,
differential demographic histories or sex-linked inheritance can
generate patterns that mimic or mask genuine signals of local ad-
aptation (Hoban et al. 2016; Lasne et al. 2017; Ruzicka et al. 2020;
Flintham et al. 2024). If not explicitly accounted for, such sex-based
effects risk producing misleading inferences, especially when
standard genome-wide scans pool individuals of both sexes or
when sex ratios are unbalanced in sampling (Li and Merild 2010;
Cheng et al. 2021; He et al. 2022; Gong et al. 2022).

A critical, yet often overlooked, issue is the potential for sex-
ratio bias in population genomic data sets. Uneven represen-
tation of males and females can artificially inflate or deflate
measures of genetic differentiation, such as F,;, producing
false-positive or false-negative signals of local adaptation (Foll
and Gaggiotti 2008; Yi et al. 2010). Furthermore, unbalanced
sex ratios can distort site frequency spectrum statistics (e.g.,
Tajima's D), environmental association tests or haplotype-
based selection metrics if sex is not included as a covariate
(Rodrigues and Dufresnes 2017; Pearman et al. 2022). Recent
studies have shown that technical artefacts—such as mapping
errors, structural variants or incomplete reference genomes—
can sometimes produce apparent sex-specific differentiation on
autosomal regions, even in the absence of true biological sex
linkage (Gong et al. 2022; Bailey et al. 2023; Makova et al. 2024).

The great tit (Parus major) provides an exceptional model for
investigating these issues. Its broad distribution across Europe
and Asia, extensive ecological and behavioural research his-
tory and the availability of high-quality reference genomes and
population-scale SNP and resequencing data have positioned it
at the forefront of evolutionary genomics and adaptation studies
(Gossmann et al. 2014; Laine et al. 2016; Corcoran et al. 2017;
Delaitre et al. 2023; Spurgin et al. 2024; Stonehouse et al. 2024).
The clearly established avian ZW sex-chromosome system and
recent interest in the genetic architecture of adaptation make
the great tit a powerful system to dissect the roles of sex-specific
differentiation in shaping population structure and adaptive
divergence.

In this study, we analyse genomic data from multiple great tit
populations across Europe to illustrate how unrecognised sex-
linked artefacts can affect estimates of population differenti-
ation. Our goal is to demonstrate that such artefacts have the

potential to bias downstream analyses in population genomics,
including studies aiming to detect local adaptation. We specifi-
cally hypothesise that:

1. Sex-biased genomic differentiation will be evident not only
on the sex chromosomes (Z and W) but may also occur
in certain autosomal regions as a result of duplicated se-
quences or sex-linked structural variants.

2. Imbalanced sex ratios can inflate or obscure signals of
population differentiation and may generate false-positive
signatures of local adaptation in genome-wide scans.
Explicitly accounting for sex—either as a covariate or
through balanced sampling—will improve the accuracy
of detecting genuinely adaptive loci and reduce the risk of
misleading inference.

By addressing these predictions and synthesising both empirical
and theoretical insights, we aim to demonstrate the necessity of
a sex-aware approach for robust inference in population genom-
ics, and we propose practical guidelines for future studies inves-
tigating local adaptation and evolutionary processes.

2 | Case Study: Great Tit HapMap Data

Here, we examine sex-specific genomic variation across
European great tit populations (Spurgin et al. 2024; Stonehouse
et al. 2024), in particular in the light of the potential impact
of sample composition on inferred patterns of local differen-
tiation. We account for sex and sample differences in large-
scale population genetic samples by focusing on the great tit
HapMap data that includes samples from 29 local populations
across Europe (Spurgin et al. 2024; Stonehouse et al. 2024). We
first identified the sex of individual birds based on heterozygos-
ity measures of the presumed Z chromosome (Figure 1a). This
approach allowed us to reliably distinguish males from females
for the majority of samples (297 males and 335 females were
reliably identified, while 15 remain undetermined, Table SI).

First, we observed substantial variation in sampling effort across
populations, with the total number of individuals per population
ranging from as few as four to more than 50 (Figure 1a). Second,
the proportion of female individuals in each population was
highly variable, spanning from 10% to 100%. Given this substan-
tial heterogeneity, we ensured balanced representation of sexes
in our analyses. Specifically, we (randomly) selected nine female
and nine male individuals from six populations (108 individuals
in total) for further analysis: Seewiesen in Germany, Wytham
in the United Kingdom, Harjavalta in Finland, Montpellier in
France, Pilis Mountains in Hungary and Velky Kosir in Czechia
(Figure 1b).

First, using the 108 individuals from the six populations,
we grouped all 54 females and 54 males together and
conducted a genome-wide differentiation scan contrasting
the sexes (54 males vs. 54 females). Principally one would ex-
pect limited genetic differentiation between males and fe-
males of the same population on the autosomal chromosomes
between individuals of the same population. However, this
analysis revealed a strong signal of such differentiation
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FIGURE1 | Individual sex identification, study population locations and genomic differentiation between sexes. (a) Sex identification based on

SNPchip heterozygosity on the Z chromosome for 647 individuals. Shown are the number of male, female and unidentified (‘Unknown’) individuals
for each population along with the total number of individuals per population. Individual inbreeding coefficients (F) on the sex chromosome, as com-
puted by PLINK were used. Under a ZZ/ZW system (female is the heterogametic sex), F values cluster near 0 for males (ZZ) and near 1 for females
(ZW). Note, that for some individuals, sex identification is inconclusive (Unknown, 0.2 < F < 0.8). (b) Locations of the six populations analysed in this
study. We restricted our analysis to six populations with at least nine female and nine male individuals, respectively. Cyan and dark blue coloration
denotes the two types of populations depicted in Figure 3. (c) Genomic differentiation between male and female individuals measured as F,. (Weir
and Cockerham 1984) of 54 male and 54 female individuals, sampled from six populations. Shown are F, values for every SNP. Several peaks with
Fgyp > 0.2 were identified (indicated in red), one on chromosome 5 and two on chromosome Z are close to one.

(Fgr =~ 1) across the six populations on chromosome 5 at posi- TABLE 1 | Summary of genomic regions with elevated sex-specific
tion 10,662,578 bp (Figure 1c). Additionally, multiple sites with differentiation.

elevated differentiation were observed on the presumed Z chro-
mosome as well as one on chromosome 4 and 4A (Table 1).
Because genomic differentiation between the sexes at loci on the
Z chromosome, or autosomal loci with Fg,. values around 0.5, 4 5,481,317 0.49 1
can parsimoniously be explained by the presence of a W-linked
homologue in females (as outlined in Table S2), we excluded
such hits from further consideration. Instead, we focused our 5 10,662,578 0.96 1
analysis on SNPs with F,. values approaching 1 on autosome 5,

Position(s) Number
Chromosome (bp) Fg.range of SNPs

A 12,433,942 0.49 1

as such extreme differentiation is not easily attributable to sim- Z 671&?5%?)7916’ 0.98 2
ple dosage differences between Z and W. T
zZ 57,542,385; 0.41-0.55 12
74,462,828-
3 | Case Study: Locus of Interest on Chromosome 5 74,512,700
Note: Listed are genomic regions with single SNP F¢;.> 0.4 between 54 males and
To further investigate the observed pattern of genomic differenti- 54 females across six great it populations. Z chromosome hits are grouped by

ti h 5 . ted d reads (f hol level of differentiation, Fy, values close to one are displayed in bold. Coordinates
ation on chromosome >, We Inspected mapped reads (lrom whole- refer to genome assembly 1.04 of Parus major. Loci of differentiation are likely

genome sequencing) of this region in one male and one female bird caused by assembly and mapping artefacts.
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from Wytham woods, United Kingdom (other individuals show
very similar patterns, not shown). We found an up to sixfold higher
coverage as well as a higher differentiation from the reference in
the female compared to the male (Figure 2). This suggests that the
pattern found in the genome-wide differentiation scan might be
driven by a region of several kb and not just one SNP.

Chromosome 5 (NC_031774.1): 10,675,998-10,681,000
T

We also investigated sex-specific genomic differentiation in local
populations specific to chromosome 5. We find that the observed
global differentiation is visible in the local populations as well:
Differentiation between male and female individuals was very
high at the locus on chromosome 5 (Figure 3a,b, Fg; = 1 at posi-
tion 10,662,578 bp on chromosome 5). We also see several elevated
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FIGURE 2 | Detailed comparison of whole genome sequencing read mappings between male and female great tits in the most differentiated
region on chromosome 5. Shown are histograms of sequencing coverage and the aligned Illumina reads of a male (SRR2961753, top) and a female
(SRR2961756, bottom) individual from Wytham, United Kingdom. Sites that vary from the reference are marked in colour according to the default
settings of the Integrated Genomics Viewer. Note the higher coverage and nucleotide differentiation in the female.
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FIGURE 3 | Population-specific patterns of genetic differentiation between females and males on chromosome 5. Shown are F,. values for every

SNP based on a comparison between female populations versus male populations where an F;. peak close to one at position 10.66 MB is visible. (a)

Harjavalta, Seewiesen and Wytham and (b) Montpellier, Pilis mountains and Velky Kosir. Several elevated F,.> 0.4 peaks can be observed as well,

indicated in red.
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Fgr > 0.4 when contrasting males and females between and
within local populations which is not necessarily symmetric (e.g.,
Montpellier male vs. Czechia female in contrast to Czechia male
vs. Montpellier female, Figure 3b). Although these findings may
indicate sex-specific local differentiation, they could also be driven
by the relatively small sample size used in this study. With nine in-
dividuals per sex, individual SNPs may appear to have inflated Fg;
values due to statistical noise (Nazareno et al. 2017). Consequently,
increasing the sampling effort per population would be a valuable
next step to verify these results.

BLAST searching (Camacho et al. 2009) of the region flanking this
site against other passerines from GenBank (Benson et al. 2012)
provides clear evidence that there is a W-linked homologue of this
region (Figure S1). In fact, what was thought to be an SNP is ac-
tually a single nucleotide difference between the autosomal and
W-linked homologues, such that females appear to have two ‘al-
leles’ and males just one, leading to genotypes that are fixed within
sex but different between the sexes (Jon Slate pers. Comm.). This
finding is also consistent with the higher nucleotide differentiation
in the female compared to the male found in the mapped whole-
genome sequencing data (Figure 2). To further investigate this, we
used reparameterised BLAST runs to align the SNP-chip probe for
the locus on chromosome 5 specifically against the Poecile atri-
capillus genome, which features chromosome-scale assemblies for
both the Z and W chromosomes. The probe produced multiple hits
on the Z and W chromosomes, as well as on autosomes 32 and 26
(Figure S2, Table 2). The best-scored alignment showed three mis-
matches on the W chromosome with an identity of 98.6%. These
findings illustrate that the observed genomic differentiation is not
exclusive to great tits but instead exemplifies a broader pattern of
sex-specific genetic differentiation prevalent across various passer-
ine bird species. This pattern arises due to differences between au-
tosomal and sex-linked homologues, rather than true polymorphic
variation of a single autosomal locus.

4 | Case Study: Implications for Population
Genetic Differentiation

To explore the potential impact of sex ratio on genomic differen-
tiation at the identified locus on chromosome 5, we conducted

TABLE 2 | Summary of BLAST hits of the chromosome 5 probe
sequence against the Poecile atricapillus genome assembly.

Percent
Number identity
Chromosome Type of hits range (%)
W (NC_081288.1) W sex 7 98.4-98.6
chromosome
Z (NC_081289.1) Z sex 19 96.9-97.4
chromosome
32 (NC_081280.1)  Autosomal 6 95.5-96.1
(32)
26 (NC_081274.1)  Autosomal 7 94.0-94.7
(26)

Note: Percent identity ranges and number of hits per chromosome are listed.

subsampling with varying proportions of male and female in-
dividuals. Specifically, we tested the Harjavalta population
(Finland) versus the Wytham population (UK) which both had
at least 12 male and female individuals. This allowed us to use
different sex ratios of 0:12, 3:9, 6:6, 9:3 and 12:0 to measure ge-
nomic differentiation between the same population with vary-
ing number of males and females (Figure 4). We find that F,
values could range from 0 to 1, depending on the sex ratio in the
sample, for both populations. In particular, for the case when
one of two population samples would consist of single sex indi-
viduals only, we would observe that the strength of differentia-
tion would depend on the sex ratio of the contrasted population
(Figure 4, first and last column and row, respectively).

5 | Discussion

Sex-specific genomic variation likely contributes to local adap-
tation by reflecting divergent evolutionary pressures between
males and females. Traits advantageous to one sex in a particu-
lar environment may conflict with those beneficial to the other,
resulting in intralocus sexual conflict and driving sex-biased se-
lection. However, identifying the genomic basis of female/male
differences remains challenging, particularly when distinguish-
ing true sex-specific genetic effects from technical or biological
sources of background variation. In this study, we aim to high-
light these difficulties by analysing whole-genome sequencing
data from both sexes. Using a subset of data from the great tit
HapMap project, we identified 17 SNPs showing strong differ-
entiation between 54 males and 54 females. This illustrates both
the potential for, and the challenges inherent in, detecting sex-
specific genomic differences.

Three of 17 sex-specific SNPs were located on autosomes. These
may represent technical artefacts, potentially arising from the
absence of the W chromosome in the reference genome used
when the SNP chip was designed, or from repetitive elements
or translocations present in only one sex. While whole-genome
resequencing identified broader regions of sex-specific differen-
tiation (Figure 2), single SNP analyses, as presented here, often
lack the resolution to capture consistent patterns across larger
genomic regions. Extreme differentiation observed at individ-
ual SNPs is unlikely to persist throughout entire loci, suggest-
ing that previous reports of differentiation (Spurgin et al. 2024;
Stonehouse et al. 2024) are probably not significantly impacted
by these findings. Additionally, our study lacked W chromo-
some data, preventing direct analysis of female-specific regions.

Our analyses identified strong sex-specific differentiation at a
locus on chromosome 5, which initially suggested the possi-
bility of autosomal sex-linked differentiation. However, closer
inspection indicated that this pattern was more likely due to a
combination of genome assembly and mapping artefacts. Such
artefacts can arise either from misassembly, where fragments
from sex chromosomes are incorrectly assigned to autosomes
or from genuine biological events such as the translocation or
duplication of repetitive elements between sex chromosomes
and autosomes. In the case of a simple misassembly of a Z or W
fragment onto an autosome, we would expect females, who pos-
sess only one Z chromosome, to have lower sequencing coverage
than males at affected loci, and males to show heterozygosity,
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FIGURE 4 | Population differentiation index (Fg;) on chromosome 5 for Harjavalta versus Whytham population. Shown are F,. values for ev-

ery SNP. For all plots, the same two populations with 12 individuals each are contrasted but varying numbers of male and female individuals

are used. Note that the number of females and males for each contrast is denoted as two digits followed by female (f) or male (m). For example,
WythamUXK.03f09m would denote three female and nine male individuals from the Wytham population. Note, the extent of the F,. peak at the locus
on chromosome 5 (highlighted in yellow) varies across the different contrasts depending on the number of females and males in both populations.

leading to moderate differentiation (Fg around 0.5). In contrast,
our results showed higher sequencing coverage in females and
near-complete differentiation (F, approaching 1), suggesting
a more complex underlying mechanism that may involve both
technical and biological sources.

Further analysis revealed extensive homology of this region to se-
quences on both sex chromosomes (W and Z) and to multiple au-
tosomal regions in related songbird species. This pattern strongly
supports the interpretation that repeated elements or paralogous

regions, whether due to assembly artefacts or genuine copy num-
ber variation, may underlie these observations. The lack of a fully
assembled W chromosome in the great tit reference genome likely
means that reads from W-specific sequences are mis-mapped to
homologous regions on autosomes or the Z chromosome. Such
widespread repetitive sequences and the resulting mapping ambi-
guities represent a significant potential source of error in genomic
analyses. Therefore, apparent autosomal sex-specific differen-
tiation observed in genomic studies, particularly in non-model
organisms without comprehensive reference assemblies, should
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be interpreted with caution. These signals may result from either
technical artefacts, such as genome misassembly, or true struc-
tural variation, such as translocations or duplications, rather than
genuine biological differences between the sexes.

Sample size plays a crucial role in population genomic analyses.
SNP chips offer a cost-effective way to genotype a large number
of individuals, enabling the application of Hardy-Weinberg (HW)
filters. However, if local populations exhibit unique genomic ab-
normalities, separate HW filtering may be required for each sub-
population which has its own caveats (Pearman et al. 2022). Our
study identified two distinct types of sex-specific SNPs: those with
Fgp = 1, where males and females are both homozygous for differ-
ent alleles, and those with Fg; ~ 0.5, where one sex is homozygous
and the other sex are called heterozygous. Detecting the latter type
requires sufficient sampling of the heterozygous individuals. For
instance, in a sample of 30 individuals, at least 19 heterozygous
individuals would be needed to reject HW equilibrium for a given
SNP at the 5% significance level, potentially more when account-
ing for multiple testing (Figure 5). Therefore, it seems desirable to
include sex information when filtering HW disequilibrium.

In addition to Fg;, unbalanced sex ratios can also bias other
commonly used metrics for detecting selection. Site frequency
spectrum (SFS)-based statistics, such as Tajima's D and Fay and
Wu's H, rely on the assumption that each sampled chromosome
represents an independent and random draw from the popula-
tion. If one sex is underrepresented in the sample, the SFS be-
comes distorted. For example, when only a few individuals of
one sex are sampled, there will be an excess of rare variants in
the combined data set, which leads to lower (more negative)
Tajima's D values. In contrast, more balanced sex ratios result in
a higher proportion of intermediate frequency variants, which
leads to higher (less negative or even positive) Tajima's D values.

These distortions can mimic the genomic signatures typically
attributed to directional or balancing selection: Methods that
scan for selective sweeps using the SFS (such as SweepFinder
or SweeD) may incorrectly infer recent selective sweeps when
sex ratios are skewed, or detect apparent balancing selection
under more balanced sampling, purely as a consequence of sam-
pling bias rather than true evolutionary processes. Haplotype-
based statistics, such as iHS and XP-EHH, are also vulnerable
to sex-specific artefacts. These methods measure the decay of
extended haplotype homozygosity, and their accuracy depends
on correctly phased haplotypes and unbiased representation
of chromosomes from both sexes. If females possess additional
copies of W-linked regions (as may occur in regions of mapping
ambiguity, e.g., on chromosome 5), haplotype lengths can be ar-
tificially extended, increasing the rate of false positives unless
males and females are analysed separately.

Moreover, environmental association methods, including
LFMM and RDA, can yield misleading results if sex ratios co-
vary with environmental gradients, as genotype-environment
associations may actually reflect underlying sex differences
rather than true adaptation. Outlier detection approaches, such
as BayeScan and pcadapt, also assume random mating and bal-
anced sampling; deviations from these assumptions, such as
sex imbalance, inflate both type I and type II errors unless sex
is included as a covariate or analyses are conducted separately
by sex.

Given these potential biases, we recommend that studies explic-
itly account for sex in their design and analysis. This includes
maintaining balanced male-to-female sampling, incorporating
sex as a fixed effect in statistical models, or conducting sex-
specific analyses to ensure robust and unbiased inference of se-
lection and local adaptation.

P-value of HW filter in a population with aa=0

1.00

0.75

0.50

P-value (HW filter)

0.25

0.00

20 30
Number of Aa Individuals

FIGURE 5 | p Value of y? test for Hardy-Weinberg-filtering of a population where only AA and Aa individuals are observed. This could be rele-

vant when males result in AA genotype calls and females in Aa genotype calls. In such a case, at least 19 females of 30 individuals would be necessary

to obtain a significant deviation from Hardy-Weinberg equilibrium. Dashed horizontal line indicates the 5% significance level.
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To date, no study in great tit genomics has explicitly contrasted
males versus females to search for fine-scale, autosomal sex-
specific differentiation. Large-scale genomic surveys (Spurgin
et al. 2024; Stonehouse et al. 2024) and population-level scans
for local adaptation (Gossmann et al. 2014; Corcoran et al. 2017)
have focused on allele frequency differences among popula-
tions and often excluded sex chromosomes altogether. Reduced
representation studies, for example, RADseq (Huang and
Rabosky 2015), and sliding window Fg,. analyses (Delmore
et al. 2023) emphasise broad genomic trends and may lack res-
olution to detect narrow, sex-specific loci. Furthermore, when
males and females are balanced in the same sample, any sex-
only differentiation is diluted unless specifically tested. These
methodological factors may explain why the autosomal locus on
chromosome 5 has remained undetected in earlier work.

The complexity of sex-linked differentiation in genomic data sets
requires not only analytical vigilance but also thoughtful meth-
odological planning. As summarised in Table S2, even a single
SNP can exhibit sex-specific allele patterns due to a range of un-
derlying genomic configurations—including pseudoautosomal
inheritance, hemizygosity, sex-limited duplications or structural
variants on the W chromosome. These diverse scenarios can
generate misleading signals of differentiation if not properly ac-
counted for, particularly in species with ZW sex determination
such as birds. Importantly, many of these patterns are not readily
detectable with standard short-read sequencing or reduced repre-
sentation approaches, and their interpretation often depends on
the resolution and completeness of the reference genome used.
Recognising these potential configurations is therefore critical for
designing robust studies of local adaptation and avoiding false-
positive signals arising from sex-biased genomic architecture.

To mitigate the confounding effects of sex ratio imbalance in
genome-wide analyses, we recommend adopting fully sex-aware
designs. First, all selection and association analyses should, if
possible, be conducted separately for males and females. This
approach helps preserve informative loci and avoids the loss of
data that can result from indiscriminate filtering based on sex-
linked variation. Second, sex should be explicitly modelled as
a covariate in genotype-environment association and outlier-
detection frameworks, so that allele-frequency differences due

to sampling bias are accounted for rather than mistaken for
adaptive signals. Third, candidate regions identified in mixed-
sex analyses should be validated with targeted molecular as-
says—such as digital droplet PCR, qPCR for copy number
variation or long-range amplicon sequencing—to verify whether
observed signals reflect genuine sex-linked structural variants
or potential mapping artefacts.

Furthermore, we emphasise the importance of sex-aware ref-
erence genomes. We recommend local reference genomes
(Thorburn et al. 2023), both female- and male-derived, to improve
the resolution of sex-specific variation. Where such references are
unavailable, we recommend using the heterogametic sex (e.g.,
female in birds) as the reference and conducting analyses sepa-
rately by sex to minimise mapping bias and misinterpretation of
sex-linked differentiation. Lastly, we strongly encourage efforts
to assemble even draft versions of W chromosomes in key avian
systems; mapping reads against a W-inclusive genome can help
disentangle autosomal signals from unrecognised sex-linked pa-
ralogues. Together, these strategies can help preserve statistical
power, avoid false positives and ensure more robust and biologi-
cally meaningful inference in studies of local adaptation.

While a sex-aware study design is ideal, methodological choices
are often constrained by financial and logistical realities.
Different sequencing and genotyping approaches vary consider-
ably in their capacity (Hoban et al. 2016) to capture sex-specific
genomic signals and reliably distinguish between male and fe-
male individuals (Table 3). Reduced representation methods
like RAD sequencing are widely used due to their low cost and
scalability. However, they often provide sparse genomic cov-
erage and may lack sufficient markers on sex chromosomes to
consistently detect sex-linked differences or accurately infer in-
dividual sex, especially in species with homomorphic sex chro-
mosomes or complex sex determination systems.

SNP microarrays offer efficient genotyping at scale, but they
depend on predefined marker panels that may omit or un-
derrepresent sex-linked loci. This can lead to systematic sex
bias in downstream analyses and limits their utility in reli-
ably assigning sex without prior knowledge. Whole-genome
sequencing using short reads offers much broader genomic

TABLE 3 | Comparison of sequencing and genotyping methods for sex-specific genomic analyses.

Method

Advantages

Disadvantages

RAD sequencing

SNP microarray (SNP chip)

Whole-genome sequencing (short

reads)

Long-read sequencing

Very low cost and scalable to large sample
sizes; suitable for non-model organisms

Cost-effective for genotyping large
cohorts on the same marker set

Genome-wide discovery of SNPs
and small indels across autosomes
and sex chromosomes

Enables de novo assembly of sex-
specific reference genomes and accurate
detection of structural variation

Reduced representation covers only
a fraction of the genome; may miss
rare or localised sex-linked variation

Predefined marker panel may omit sex
chromosome loci, introducing sex bias

Higher per-sample cost; limited ability
to detect large structural variants;
potential bias from using a male-
derived or female-derived reference

Relatively expensive; higher raw
error rates; substantial computational
and storage requirements
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coverage and can generally distinguish males and females if
sex chromosomes are well represented in the reference ge-
nome. However, whole-genome sequencing is still susceptible
to sex-specific reference bias: For example, mapping female
reads to a male-derived genome may obscure W-linked se-
quences entirely.

Long-read sequencing currently offers the best opportunity to
resolve complex sex-specific structural variants, detect W- or Y-
linked regions and generate high-quality sex-specific reference
genomes, which are crucial for accurate sex identification and
analysis of sex-biased differentiation. In addition, long-read
technologies are particularly effective at resolving repetitive el-
ements, large insertions and deletions and chromosomal trans-
locations, all of which are often missed or misassembled with
short-read data (Chen et al. 2025). Despite their higher cost and
computational demand, even a small number of long-read sam-
ples, such as one male and one female, can substantially improve
downstream analyses when used to anchor sex-aware mapping
strategies and enhance the detection of these important genomic
features.

Ultimately, all methods have value when their limitations are ac-
counted for. Even with reduced-resolution methods, sex-specific
differentiation can be meaningfully analysed if samples are
balanced and data are interpreted cautiously. Where possible,
incorporating basic checks (e.g., sex-specific coverage profiles or
k-mer-based classification) can help identify sex-linked markers
and verify the sex of individuals. Especially in systems lacking
annotated genomes, we recommend using the heterogametic sex
as a reference, or performing separate analyses for males and
females, to minimise bias and increase robustness of inference.

Simulation-based approaches could provide critical insights into
the extent and mechanisms by which sex chromosome-related
artefacts confound analyses of genomic differentiation. For ex-
ample, forward genetic simulations (Haller and Messer 2023)
can model populations with realistic genome architectures, in-
cluding autosomes, Z chromosomes and W chromosomes, under
various demographic and selective scenarios. By explicitly simu-
lating both true sex-linked loci and autosomal loci, as well as po-
tential mapping or assembly artefacts such as the translocation
or duplication of W-linked sequences onto autosomes, research-
ers can systematically assess how different sampling schemes,
such as balanced versus unbalanced sex ratios, and reference
genome completeness, for example, with or without the W chro-
mosome, affect the detection of population differentiation and
signatures of selection. Such simulations would also allow for
the evaluation of mitigation strategies, for example, by incorpo-
rating sex as a covariate or by using more complete reference
genomes, and would quantify the likelihood of false positives
under varying conditions. These approaches offer a promising
framework to better understand and ultimately control for the
confounding effects of sex-specific genomic features in future
studies of adaptation and population structure.

6 | Conclusion

In this study, we uncovered sex- and population-specific ge-
nomic differentiation on chromosome 5 across six European

great tit populations. Our findings show that unbalanced sex
ratios in population samples can significantly distort genomic
differentiation metrics, such as F;, potentially leading to false
signals of local adaptation. We also highlight the importance
of addressing technical artefacts, including misassembled re-
gions and missing sex-linked sequences in reference genomes.
BLAST searches against the P. atricapillus genome revealed
over 30 homologous regions for our focal locus, demonstrating
that such mapping artefacts are likely widespread in passerines
and may not be restricted to the single example we discuss in
detail. To improve accuracy in population genomic studies, we
recommend adopting sex-aware analytical approaches, ensur-
ing balanced sampling, enhancing reference genome complete-
ness—particularly for female-specific regions—and validating
candidate loci rigorously. Accounting for sex-based genetic vari-
ation is essential for drawing reliable and biologically mean-
ingful conclusions in studies of adaptation and evolutionary
genomics.

7 | Materials and Methods
7.1 | Data Sources

We utilised a publicly available genomic data set from the great
tit HapMap project (Stonehouse et al. 2024), as our primary data
and obtained it from the Dryad link provided from the previ-
ous publication (URL: https://datadryad.org/stash/dataset/doi:
10.5061/dryad.w3r2280z5). The data contained information
for 647 individuals, including 243 females, 130 males and 274
sex-unknown individuals from 29 locations across Europe, and
483,888 genomic variants. Detailed metadata for the samples,
including sequencing methods and population descriptions, are
available from the original publications (Spurgin et al. 2024;
Stonehouse et al. 2024). In this study, for most of our analysis,
we focused on the genomic variant data from six European
populations: Harjavalta (Finland), Montpellier (France), Pilis
Mountains (Hungary), Seewiesen (Germany), Velky Kosir
(Czechia), Wytham (UK).

7.2 | Data Processing and Sex Identification

We first used PLINK v1.90b6.21 (Purcell et al. 2007) to filter the
variants from the downloaded data by setting the parameters:
--geno 0.8,--maf 0.01.We estimated the inbreeding co-
efficient (F) on the sex chromosome for each individual using
PLINK's --check-sex, where

F= ObsHom — ExpHom
- ExpHom

which in our ZZ/ZW system yields F ~ 0 for males (ZZ) and
F ~ 1 for females (ZW). Visualisation and quality assessment
of sex-specific classifications were performed using a custom-
ised R script with the ggplot2 package v3.5.1 (Wickham 2016).
We employed the parameters -—-maf 0.01, --geno 0.8,
--not-chr 35, -—rel-cutoff 0.25 in subsequent anal-
yses, consistent with the parameter values from Stonehouse
et al. (2024), to filter out variants with less variation, missing
data and closely related individuals.
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7.3 | Population Selection and Sampling

To minimise biases introduced by uneven sampling across pop-
ulations, we selected only those populations with at least nine
male and nine female individuals. Populations with fewer indi-
viduals were excluded from further analysis. Additionally, the
Corsica population was excluded due to its high level of local
differentiation, likely influenced by island-specific evolutionary
pressures (Spurgin et al. 2024).

7.4 | Genomic Analyses

7.41 | Genome-Wide Scans for Differentiation Between
Males and Females

We conducted genome-wide scans to identify sex-specific dif-
ferentiation (Weir and Cockerham 1984) across the six focal
populations, each comprising nine randomly sampled males
and nine randomly sampled females, using vcftools v0.1.16
(Danecek et al. 2011) with parameters —--F¢,~window-size 1
and --Fg-window-step 1. We calculated measures of ge-
netic differentiation, Fy,, at individual SNPs. We also grouped
the focal locations to two subgroups for better visualisation: (1)
type 1, which included Montpellier (France) Pilis Mountains
(Hungary) and Velky Kosir (Czechia); (2) type 2, which included
Harjavalta (Finland), Seewiesen (Germany) and Wytham (UK).
Within each subgroup, we calculated Fg, values across chro-
mosome five between locations and sexes with the setting men-
tioned in the previous paragraph.

7.4.2 | Impact of Sex Ratio on Differentiation

To evaluate the impact of sex ratio on genomic differentiation,
we performed subsampling experiments. Subsets with varying
male-to-female ratios (0:12, 3:9, 6:6, 9:3 and 12:0) were generated
for populations from Wytham (UK) and Harjavalta (Finland)
for both of which we had access to 12 females and 12 males. Fy,.
values were calculated for each subset, and patterns on chromo-
some 5 were visualised to assess how sex ratio influences ob-

served differentiation.

7.4.3 | Whole Genome Resequencing Data

Paired-end Illumina reads were downloaded in FASTQ format
from the NCBI Sequence Read Archive (SRA) for one male and
one female individual sampled from the Wytham (UK) popula-
tion, respectively, using the identification number SRR2961753
(male) and SRR2961756 (female) (Laine et al. 2016). The reads
were initially assessed for overall quality using FastQC v0.12.1,
and low-quality bases and adapter sequences were trimmed
using Trimmomatic v0.39 (Bolger et al. 2014). The great tit
reference genome (GCF_001522545.3) was obtained from
NCBI. The trimmed reads were then aligned to the reference
genome using the BWA-MEM2 v2.2.1 algorithm (Li 2013) with
default parameters. The SAM files were then converted to sorted
BAM files and indexed using SAMtools v1.2 (Li et al. 2009).
Duplicated reads in the resulting BAM files were marked using

MarkDuplicatesSpark implemented in GATK v4.5.0 (Van der
Auwera and O'Connor 2020). These final BAM files served as
the basis for subsequent analyses, including variant visualisa-
tion with IGV v2.17.4 (Robinson et al. 2011).

7.5 | Software and Statistical Analyses

Allanalyses were conducted using R v4.3.1 (R Core Team 2021),
Python v3.12.2 (Van Rossum and Drake 2009), PLINK
v1.90b6.21 (Purcell et al. 2007) and vcftools v0.1.16 (Danecek
et al. 2011). Statistical tests and visualisations were performed
in R using packages such as ggplot2 (Wickham 2016), dplyr
(Wickham et al. 2023), tidyr (Wickham et al. 2024), patch-
work (Pedersen 2024), stringr (Wickham 2023b) and forcats
(Wickham 2023a). Scripts used for data processing and anal-
ysis are available at https://github.com/chnyuch/pma_hap-
map_sex.
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the HapMap data set (Spurgin et al. 2024; Stonehouse et al. 2024). Sex
was determined using heterozygosity on the Z chromosome (PLINK
inbreeding coefficient F, see Methods). Columns indicate population
name, geographic coordinates, total number of individuals sampled,
number of males (ZZ), females (ZW) and individuals with undeter-
mined sex, along with metadata on sample origin. These data were used
to assess sex-specific genomic differentiation and to construct balanced
subsets for downstream population genomic analyses.
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