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ABSTRACT

Urbanisation presents unique environmental pressures that drive rapid evolutionary adaptations, particularly in species inhab-
iting fragmented and anthropogenised landscapes. In this study, we investigate the genomic differentiation between urban and
non-urban populations of Anolis carolinensis, focusing on two main aspects: (1) the effect of habitat fragmentation on inbreeding
and mutational load and (2) genomic adaptation to the urban habitat. We found that urban populations can exhibit a reduced
mutational load, which is a direct consequence of systemic inbreeding. Using genome-wide scans of selection and analyses of
genetic diversity, we identify key genomic regions exhibiting significant divergence between urban and non-urban populations.
These regions are enriched for genes associated with immunity, behaviour and development, suggesting that urban adaptation is
polygenic and involves traits related to stress response, locomotion and thermoregulation. Scans for association with the urban
environment reveal a large genomic region in chromosome 2 encompassing the HOXC gene cluster. We also detect a signal of
both association and increased differentiation on chromosome 1 in a region previously identified as a candidate for conver-
gent adaptation in another Anolis species, A. cristatellus. Although evidence for convergent evolution at the gene level remains
limited, potential signatures of urban adaptation in loci involved in immune response, locomotion and behaviour support the
hypothesis that urban environments exert similar selective pressures across species. These results provide evidence for redun-
dancy and polygenic adaptation and highlight the complexity of urban evolution. Future work with denser population sampling
and time-series data will be essential to confirm the role of urban selective pressures and track the genetic dynamics of urban
populations over time.

1 | Introduction

Urbanisation drastically alters environments (Seto et al. 2010),
introducing novel biotic and abiotic conditions that can
profoundly shape the evolutionary trajectories of species
(Hendry and Kinnison 1999). Cities present unique ecological

challenges, including habitat fragmentation, pollution, al-
tered thermal landscapes, and novel predator-prey dynamics
(Donihue and Lambert 2015). These pressures often lead to
rapid adaptation, with some organisms thriving in urban en-
vironments, whereas others decline (McKinney 2008). There
hasbeen a growing interest in the study of urban environments
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because urban areas, as replicated “natural experiments,” pro-
vide an opportunity to study evolutionary changes over short
timescales and test for convergent evolution (Miles et al. 2021;
Winchell et al. 2023).

Recent studies have documented that urban habitats are as-
sociated with genetic and phenotypic adaptations, such as
modifications in immune function, locomotion and thermo-
regulation, highlighting the importance of selective pressures
unique to urban environments (Frantz et al. 2012; Halfwerk
et al. 2018; Lambert et al. 2013; Rees et al. 2009; Slabbekoorn
and Peet 2003; Winchell et al. 2023). However, the genetic
bases of such adaptations remain elusive and poorly quanti-
fied in many species (Charmantier et al. 2024). This can be
explained by the relatively recent application of population
genomic tools to the study of urban adaptation. Genome-
wide scans of selection and association can be used in a “bot-
tom-up” manner (Ross-ibarra et al. 2007): by naively scanning
the genome for signatures of selection, one may identify new
genes of interest and connect them to relevant phenotypes.
This approach presents several issues that are not exclusive
to the study of urban habitats but are common to any study
of the proximal causes of adaptation. Some of these issues in-
clude the confounding effects of background and linked se-
lection, which may reduce diversity and increase divergence
between urban and non-urban populations in the absence of
any local adaptation (Haasl and Payseur 2016; Jensen 2023;
Jensen et al. 2019; Perrier and Charmantier 2019). Other is-
sues include the poor knowledge of demographic history,
the difficulty in identifying strong signatures of selection
for complex and polygenic adaptation (Wellenreuther and
Hansson 2016), the lack of functional validation and story-
telling (Pavlidis et al. 2012; Perrier and Charmantier 2019).
Although simulation tools have become more widely used and
offer a way to test for the robustness of signals of selection
(Harris et al. 2018), the recent and intense dynamics typi-
cally encountered in urban populations can make it difficult
to properly account for all sources of biases. Storytelling and
other confounding effects may be partly alleviated by testing
hypotheses grounded in the functional knowledge gathered
for well-studied candidate genes (“top-down” approach [Ross-
ibarra et al. 2007]).

Another aspect to consider when investigating urban popula-
tions is their size and fragmentation. Small, isolated popula-
tions, such as those in urban habitats, are at risk of increased
inbreeding, which can result in inbreeding depression and the
expression of recessive deleterious mutations in their homozy-
gous form (Keller and Waller 2002; Laenen et al. 2018; Lynch
et al. 1995). This can lead to a decrease in the population's over-
all fitness, further contributing to population decline. The suc-
cess or extinction of urban populations may well depend on such
processes. In species having faced recent, strong and repeated
bottlenecks (such as the alpine ibex), purging of strongly dele-
terious variants has been observed (Grossen et al. 2020). Such a
pattern may also be expected in established urban populations,
although it has not been investigated in this context to the best
of our knowledge.

Lizards of the genus Anolis have become a model for study-
ing how organisms adapt to urban habitats. Most studies on

the ecological and evolutionary consequences of urbanisation
have focused on Caribbean anoles, either in their native range
where they are exposed to extreme heat, or in an invasive con-
text (e.g., Floridian populations of Caribbean anoles). These
studies have identified a number of morphological and phys-
iological changes associated with urban habitats (Campbell-
Staton et al. 2021; Howell et al. 2022; Prado-Irwin et al. 2019;
Thawley et al. 2019; Winchell et al. 2016, 2018) and in some
cases have determined the underlying genomic changes re-
sponsible for urban adaptation (Campbell-Staton et al. 2020).
Interestingly, several studies have documented examples
of genomic parallelism in urban populations (Campbell-
Staton et al. 2020; Winchell et al. 2023). In a landmark study,
Winchell et al. found evidence of genomic parallelism among
3 pairs of urban/non-urban populations of Anolis cristatellus.
The signature of genomic parallelism was found at genes in-
volved in immunity, wound healing, neural function, metabo-
lism and skin development, that is, functions that are relevant
to adaptation to an urban environment. It remains unclear,
however, if genomic parallelism would be observed among di-
vergent species or among ecomorphs. Testing whether these
signatures are shared across species would reinforce the case
for convergent evolution, and expose the link between genes
and the phenotypes that have been extensively studied in an-
oles (Campbell-Staton et al. 2020; Glor et al. 2005; Lailvaux
et al. 2004; Lapiedra et al. 2018; Losos 2009; Tollis et al. 2018)
particularly locomotion, development and behaviour.

The green anole, Anolis carolinensis, is the most well-studied
species in the genus Anolis and has been a model organism in
ecology and evolution for over a century (Lovern et al. 2004).
Today, green anoles also present an excellent, albeit under-
utilised model to study questions relating to urban evolution
since it exhibits the largest distribution of any anole species
and is commonly found in city parks and gardens across its
range in the United States. It is also the only anole that has
successfully colonised temperate habitats. Having diverged
from Anolis cristatellus 35-40 MY ago, A. carolinensis and
A. cristatellus differ in morphology, A. cristatellus being a
typical trunk-ground ecomorph and A. carolinensis a trunk-
crown ecomorph. Comparing the adaptation to urban habi-
tat between these two species will thus allow us to determine
if genomic parallelism can extend to species that diverged a
long time ago, differ in morphology and are adapted to differ-
ent climates (tropical for A. cristatellus and temperate for A.
carolinensis).

Urbanisation appears to impact the ecology of green anoles in a
variety of ways, ranging from morphology and demography to
display and escape behaviour; territoriality; and sexual selection
(Weber et al. 2021; reviewed in [Lailvaux 2020]). Male-male
competition in particular appears to be heightened in urban
green anole populations, likely because of limited, concentrated
resources (Bloch and Irschick 2006). This in turn places stron-
ger emphasis on physical traits such as body size and biting
ability for determining territorial success and mating opportu-
nities (Husak, Lappin, and Van Den Bussche 2009; Lappin and
Husak 2005; McMillan and Irschick 2010) emphasising how
urban habitats can reshape natural behaviours. For example,
previous studies have reported the existence of two life-stage
morphs among adult male green anoles in the New Orleans,
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Louisiana area (Husak et al. 2007; Husak, Irschick, et al. 2009;
Lailvaux et al. 2004).

The present study builds on previous findings by examining
the possible impact of urbanisation on genomic diversity in A.
carolinensis in Washington Square Park, New Orleans (Weber
et al. 2021). This population has been followed over several
years (Weber et al. 2021) and provides an ideal framework for
integrated studies. We use a large (87) cohort of urban anoles
sequenced at low depth (3X) to explore two key questions: (1)
How does urban life, characterised by fragmentation, influence
population structure, inbreeding and mutation load? (2) Are
there signs of recent, possibly parallel adaptation to the urban
environment, particularly regarding immune, locomotion, or
heat resistance genes identified in other species? The goal here
is to determine whether adaptation in urban anoles involves dif-
fuse polygenic responses and/or strong selection at a few loci of
major effect.

2 | Methods
2.1 | Sample Collection and Sequencing

A total of 87 male anoles from Washington Square Park
(N29.965005°, W90.057302°, New Orleans, Louisiana, USA)
were selected for low-depth sequencing (target 3x). These
males were part of a larger sample of green anole lizards col-
lected in the Spring and Fall of each year from 2010 to 2014
(see Lailvaux 2020 for a detailed description of the sample site
and sampling regime). Sixteen more samples (males) were also
collected from neighbouring localities in non-urban areas sur-
rounding New Orleans to provide a contrast for tests of selec-
tion (Table S1). We added eight more samples obtained from
previous studies, two of them close to New Orleans, and six
others from outside Louisiana. All samples belonged to the
same genetic cluster (Gulf-Atlantic) described in previous
studies (Bourgeois et al. 2019; Bourgeois and Boissinot 2019;
Campbell-Staton et al. 2012; Manthey et al. 2016; Tollis and
Boissinot 2014). Tissue samples consisted in tail tip of no more
than 10mm that were collected with sterilised scissors and
placed it into a vial of 95% ethanol. DNA was isolated from
ethanol preserved tissue using was extracted using the DNeasy
blood and tissue kit (Qiagen, Valencia, CA) and purified with
Ampure beads per the manufacturers’ protocol. Illumina
TRU-Seq paired end libraries were generated using 200ng of
DNA per sample and paired-end sequenced (2x 150bp) at the
NYUAD Sequencing Core (http://nyuad.nyu.edu/en/resea
rch/infrastructure-and-support/core-technology-platforms.
html; Last accessed on August 12, 2024) with an Illumina
HiSeq 2500. Read quality was assessed with FastQCv0.11.X
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc;
Last accessed on August 12, 2024) and Trimmomatic (Bolger
et al. 2014) was subsequently used to remove low quality bases,
sequencing adapter contamination and systematic base calling
errors. Specifically, the parameters “trimmomatic_adapter.fa:
2:30:10 TRAILING:3 LEADING:3 SLIDINGWINDOW:4:15
MINLEN:36” were used. Reads were aligned using BWA-MEM
v and PCR duplicates were removed using GATK/PICARD tool
MarkDuplicates (https://broadinstitute.github.io/picard/; Last
accessed on August 12, 2024).

2.2 | Variant Calling and Annotation

Because the data we obtained are low-depth (2x for urban an-
oles), we used the genotype likelihood framework embedded in
the ANGSD v0.940 toolkit (Korneliussen et al. 2014) instead of
using called genotypes. We use the SAMTools model of genotype
likelihoods (option -GL 1). We always used filters on mapping
quality and removed not properly paired reads with multiple
hits and non-primary alignments (-uniqueOnly 1 -remove_bads
1 -only_proper_pairs 1 -C 50 -baq 1 -minMapQ 20). Bases with a
Phred quality score lower than 30 were excluded from the infer-
ence (-minQ 30). We also removed sites with a Phred genotyping
quality score lower than 30 (-SNP_pval 1e-3, except when mono-
morphic sites were required for inference, see below), an average
depth of coverage higher than the 99% quantile observed in each
population (-setMaxDepth) and a maximum proportion of miss-
ing data of 33%.

We also produced a VCF file on all 103 (87 + 16) Louisiana indi-
viduals using bcftools v1.16 (Danecek et al. 2021) to obtain a list
of variants to annotate with SNPEff v5.2 (Cingolani et al. 2012).
The latter programme produces an annotated VCF for all SNPs,
classified into non-coding and coding variants, the latter being
classified as variants of low (synonymous variants), moderate
(usually non-synonymous variants), or high effects (typically
premature stop codons).

2.3 | Relatedness, Inbreeding and Structure

We used ngsRelate (Hanghej et al. 2019) to estimate related-
ness between samples using genotype likelihoods, using two
measures of relatedness (scaling from 0 to 1.0, R, ) and kin-
ship (scaling from 0 to 0.5, ©) that have given robust results
in a broad range of experimental settings and generally agree
well with pedigrees (Hauser et al. 2022). We also examined the
KING-robust estimator of kinship (Waples et al. 2019), which
does not rely on population allele frequencies but instead ex-
amines the two-dimensional site frequency spectrum (2D-SFS)
of pairs of individuals to assess relatedness. We excluded seven
samples with fewer than 50% of sites covered (Table S1, samples
44, 311, 316, 348, 352, 357 and 371).

We estimated the inbreeding coefficient F for all individuals
using the method implemented in ngsF (Vieira et al. 2013). The
method also takes genotype uncertainty into account to produce
unbiased estimators of inbreeding. We ran the algorithm 20
times using the fast EM method and retained the estimates with
the highest likelihood.

We defined a set of ‘unrelated’ samples by removing the indi-
vidual with the lowest depth of coverage from each pair with
a relatedness coefficient R,, >0.25 and kinship coefficient
©>0.125, corresponding to putative first and second-degree rel-
atives (see Section 3).

We ran PCAngsd (Meisner and Albrechtsen 2018) to describe
population structure through a principal component analysis.
We included in this analysis the set of ‘unrelated’ urban individ-
uals and the 16 samples from outside the city and used markers
with a minimal allele frequency of 0.05.
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2.4 | Mutation Load

To estimate mutation load (autosomal) in urban anoles, we
first calculated Site Frequency Spectra (SFS) for three catego-
ries of variants (Low, Moderate and High Effect) classified by
SNPE(ff, using the -Sites option in ANGSD. We used realSFS to
obtain the spectra from the saf files generated in ANGSD with
the option -doSaf 1. First, we estimated the SFS for the unre-
lated urban individuals and other Louisiana individuals sepa-
rately. To reduce the raggedness of the spectrum estimated by
realSFS, we projected the SFS down using dadi (Gutenkunst
et al. 2009). We projected the frequency spectrum of the urban
population down to 64 alleles per locus, and the non-urban
population to a count of 24 alleles. These numbers were cho-
sen as they corresponded to two times the minimum number
of individuals with no missing data in each population sample
(given our filtering rule of no more than 33% missing data).
We also estimated the joint (or 2-dimensional, 2D) SFS be-
tween these two groups to compare the mutation load in the
urban individuals compared to the rest of Louisiana. To do so,
we calculated the ny statistics (Do et al. 2015), the ratio be-
tween the number of derived mutations in a genome from pop-
ulation X that are not seen in another genome from population
Y, and the number of derived mutations from population Y not
found in population X, averaged through all possible pairwise
comparisons. This statistic is standardised (R},) by the statis-
tic observed at a set of putatively neutral markers to correct
for past demography. On the basis of allele frequency spectra
and values for the other statistics, we normalised using Ry,
values obtained for 20,000 polymorphic intergenic variants.
We considered the reference genome (obtained from an indi-
vidual collected in South-Carolina [Alf6ldi et al. 2011]) to be
sufficiently distant to be used as an outgroup when polarising
variants into ancestral (reference) and derived. Confidence in-
tervals were obtained with 100-block bootstrap and SFS infer-
ence on these bootstrapped datasets with realSFS.

2.5 | Scan for Fyp Outliers, Diversity and AFS

To determine which individual SNPs may display signatures
of deviation from the expected frequencies given genome-
wide differentiation between urban and non-urban anoles, we
used an adapted version of the fastPCA algorithm modified for
low-depth samples (Galinsky et al. 2016). We also estimated
Bhatia's Fg;. (-whichFst 1) (Bhatia et al. 2013), an estimator
more robust to small/unequal sample sizes, and performed
the Population Branch Statistics (PBS) test implemented in
ANGSD/realSFS to retrieve genomic regions displaying un-
usually high differentiation between the urban populations
and two other groups, including the 16 non-urban individ-
uals sequenced in this study and a set of seven anoles from
the broad Gulf Atlantic genetic group identified in a previous
work to which the Louisiana populations belong (Bourgeois
et al. 2019). This latter set was chosen to cover the broader ge-
netic diversity of the entire genetic cluster. We also estimated
Tajima's D and nucleotide diversity 7 using ANGSD/realSFS,
including monomorphic sites to avoid biasing calculations of
7 (Korunes and Samuk 2021). We used windows of 50 kb and
5kb with sliding windows of 10kb and 500bp, respectively.
For the X chromosome (scaffold LGb and X-linked scaffolds

listed in [Rovatsos et al. 2014]), we used a haploid model in
ANGSD (-isHap 1).

2.6 | Demographic Inference and Simulations

To confirm the lack of strong or ancient differentiation be-
tween urban and non-urban anoles, we estimated the joint
2D-SFS using realSFS for all sites in the genome (including
monomorphic ones) and used fastsimcoal2.8 to fit a simple
model of isolation with migration (IM). Similarly to mutation
load analyses, we projected the urban population to a sample
of 64 haplotypes and the non-urban population to a sample
of 24. We incorporated inbreeding in the model by averag-
ing the F coefficients estimated by ngsF for each population.
Parameters with the highest likelihood were obtained after
20cycles of the algorithm, starting with 50,000 coalescent
simulations per cycle, and ending with 100,000 simulations.
This procedure was replicated 50 times, and the set of param-
eters with the highest final likelihood was retained as the best
point estimate.

We used the inferred demographic model to run neutral and
non-neutral coalescent simulations with ms (Hudson 2002)
and msms (Ewing and Hermisson 2010). For positive selec-
tion, we used a very strong selection coefficient, guarantee-
ing fixation (advantageous s=1, corresponding to a fitness
increase of 100% in the urban population). We approximate
strong background selection and inbreeding by scaling down
effective population sizes in the neutral simulations by a factor
of 10 (see, for example, Christe et al. 2016; Fraisse et al. 2021),
while keeping all other parameters the same. We estimated
Bhatia's F; from the ms output using the sci-kit allel package
(v1.3.3) in Python 3.8.

2.7 | Imputation of Missing Genotypes

The methods we used to examine genome-environment asso-
ciations and spatial structure require complete genotype data.
To address missing genotypes, we used STITCH v1.7.3 (Davies
et al. 2016), a reference panel-free imputation method that lever-
ages haplotype structure and genomic alignments to infer geno-
types from low-depth sequencing data.

We first identified positions for imputation using a VCF file
generated with beftools, filtering out SNPs with more than 40%
missing data and a site Phred score below 20. To assess imputa-
tion accuracy, we downsampled a non-urban individual (AC8-8)
from 13X to 2x coverage, matching the depth of most individ-
uals sampled in the New Orleans area. We then compared im-
puted genotypes to original high-coverage genotypes using a
confusion matrix and estimated the correlation coefficient (r?)
between imputed and true genotypes.

STITCH accuracy is mainly governed by two parameters: K,
the number of founder haplotypes, and S, the number of rep-
licates used to average inference. We set the nGen parameter
to 4X N, /K (with N,=25,000) to approximate the recombina-
tion rate between ancestral haplotypes. STITCH is expected
to be robust to moderate misspecification of this parameter.
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We tested combinations of K (4-24) and S (1-10) and retained
the configuration that optimised both runtime and imputa-
tion accuracy (S=10, K =8). Imputation showed good perfor-
mance, with a correlation coefficient of 0.84 between actual
and imputed genotypes, as illustrated by the confusion matrix
in Figure S1.

2.8 | Spatial Barriers to Gene Flow Between Urban
and Non-Urban Anoles

To test for spatial barriers to gene flow between urban and
non-urban anoles, we used FEEMS v1.0.0 (Marcus et al. 2021)
a fast method for detecting deviations from a strict isolation-
by-distance model. We filtered out imputed SNPs with a minor
allele frequency (MAF)<0.05 and thinned the dataset to one
marker every 50kb to reduce linkage disequilibrium.

To select the optimal value of the regularisation parameter (1), we
followed the recommended leave-one-out cross-validation proce-
dure, testing 100 A values on a logarithmic scale from 1.0x107*
to 1000. We retained the A value with the lowest cross-validation
error (A=38.53) for construction of the resistance map.

2.9 | Genome-Environment Association Scans

We used LFMM2 (Caye et al. 2019) to investigate associations
between imputed genotypes and a range of environmental and
urban features. LFMM2 accounts for population structure and
unobserved confounding effects by incorporating latent factors
into its association models.

To quantify environmental variation across sites, we com-
piled 22 landscape variables characterising both climate and
urbanisation. These variables were also used in Winchell's
study (Winchell et al. 2023). Specifically, we included
the full set of 19 BIOCLIM climatic layers (v2.1 [Fick and
Hijmans 2017]) at 30 arc-second (~1km?) resolution and ra-
diance data from the NOAA Global Nighttime Lights data-
set (F16_20100111-20110731_rad_v4 GeoTIFF; https://
www.ncei.noaa.gov/products/dmsp-operational-linescan-
system). Additionally, we incorporated two high-resolution
(30m?) land-cover layers: impervious surface cover (Homer
et al. 2004) and canopy cover (Coulston et al. 2012), both from
2015. All variables were averaged within a 1 km buffer around
each sampling point.

We reduced the dimensionality of the 19 BIOCLIM variables
(biol to bio19) via PCA and retained the first three axes, which
together explained 78.9% of the total variance (Table S2) (50.6%,
37% and 7.8% for PC1, PC2 and PC3, respectively). PC1 was
mostly correlated positively with bio2 (diurnal temperature
range), bio7 (annual temperature range), and biol9 (precipita-
tion of the coldest quarter). PC2 was mostly correlated negatively
with biol2 (annual precipitation) and biol4 (precipitation of the
driest month), while being positively correlated with bio5 (Max
Temperature of Warmest Month) and biol0 (Mean Temperature
of Warmest Quarter). PC3 was mostly correlated negatively
with bio8 (Mean Temperature of Wettest Quarter) and biol7
(Precipitation of Driest Quarter).

A separate PCA on the three urban-related variables yielded a
single retained axis (urban PC1, 88.6% of variance), capturing
the dominant urbanisation gradient. This axis was positively
correlated with canopy cover and negatively correlated with im-
pervious surface cover and nightlight.

LFMM2 was run using three environmental PCs, one urban PC
and three individual urban-related landscape indices. We also
performed a multinomial analysis using the three bioclimatic
PCs and the urban PC as predictors. We used three latent factors
in LFMM?2 to correct for population structure, on the basis of a
PCA of all 103 imputed Louisiana individuals. The number of
factors was chosen on the basis of a visible drop in the percent-
age of explained variance between PC3 and PC4.

LFMM2 outputs inflation-corrected p-values. After confirm-
ing their approximate uniformity under the null, we applied
a Benjamini-Hochberg false discovery rate correction and re-
tained SNPs with adjusted p-values <0.01 as outliers.

2.10 | Outlier Properties

On the basis of the result of the simulations, we extracted can-
didate loci for selection in the urban population on the basis of
their PBS and Fg; values. We used BEDTOOLS v2.30.0 to ex-
tract overlapping genes from the green anole annotation. We
then used the R package GOfuncR (Grote 2017) to perform Gene
Ontology (GO) enrichment analyses while correcting for gene
length, since long genes overlapping many markers may be more
likely to be identified by a genome scan.

We used the R package IWTomics (Cremona et al. 2018) to com-
pare the properties of candidate windows for selection with the
rest of the genome. The method uses Functional Data Analysis
to identify positions along curves of measurements (e.g., time
series or genomic positions) that display significant deviations
between groups. For PBS/Fg outliers, we centred the candi-
date regions on the peak value, and extracted 100kb flanks (for
a total of 100+ 50+ 100kb). For candidate genes, we also ex-
tracted 250kb regions covering the genes of interest. All other
250kb regions were used as background. We excluded overlap-
ping intervals. We used a 5kb resolution for each 250kb region,
splitting them into 50 windows (5kb X 50).

We obtained lists of candidate genes for selection from previ-
ous studies (Winchell et al. 2023) or by using AmiGO to extract
and manually curate GO terms of interest, using the keywords
“response to heat”, “locomotion”, “behaviour” and “immunity”
(Table S3). We used GOfuncR to retrieve the associated genes.
To test whether these candidate genes displayed significant dif-
ferences in summary statistics, we used the package regioneR
(Gel et al. 2015) to perform blockwise-permutations tests on
50kb sliding windows overlapping the genes of interest. We
used the circularRandomizeRegions function that takes a set of
genomic intervals, circularises each chromosome and rotates in-
tervals along chromosomes randomly. This approach, therefore,
maintains clustering and gene length in the pseudo-observed
data set. We used 1000 permutated data sets and used the pro-
portion of permutations above or below the observed value to
estimate a p-value.
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FIGURE1 | (A)Individual inbreeding coefficients (F) estimated by ngsF and plotted over sampling seasons for urban anoles. Non-urban anoles

are grouped under the boxplot titled “Non-urban”. (B) Principal component analysis (PCA) on genomic data showing weak structure for urban and

non-urban anoles. (C) Projections of PC scores for PCA summarising bioclimatic data (env_PC) and the three urban features (urban_PC1) collected

for Louisiana samples. New Orleans is indicated by “NO”. env_PC1, env_PC2 and env_PC3 explain 50.6%, 37% and 7.8% of the total variance, respec-
tivelyurban_PC1 explains 88.6% of variance, showing a positive correlation with canopy cover and negative correlations with impervious surface
cover and nightlight (see Section 2). (D) Effective migration surfaces obtained with LFMM2. Blue and orange areas correspond to increased and
decreased migration compared to the expectation under a strict isolation-by-distance model, respectively.

3 | Results
3.1 | Relatedness, Inbreeding and Structure

A test of individual inbreeding (F) suited for low-depth data
showed high values in urban anoles found in Washington
Square Park compared to non-urban ones (Figure 1A), with
a small but significant effect of sampling season in urban an-
oles (two-way ANOVA on Box-Cox transformed data, 1=1.42,
Fpan=116.5 F_ =27 p<2.2 x107'® and p=0.02 respec-
tively). Nucleotide diversity was lower in urban anoles than
in non-urban ones (non-overlapping 50kb windows, average
7=3.9x10~*and 5.5 X 10~* respectively, Mann-Whitney paired
test, p<0.001). Divergence between the two groups was low
(Bhatia's average Fy;.=0.027, median=0.017, s.d.=0.033, 95th
percentile: 0.093). Low differentiation with the countryside was
further highlighted by a principal component analysis on urban
and non-urban samples (Figure 1B). For urban anoles, we could
identify 53 pairs of individuals with ® >0.0884, the lower confi-
dence interval bound of this statistic for first and second degree

relatives. The KING-robust estimate was clearly biased upwards
because of inbreeding (Figure S2) but also identified these pairs
as related. We did not detect close relatives among non-urban
anoles using © >0.0884.

Anoles from New Orleans were clearly distinct from neighbour-
ing localities in both bioclimatic and urban-related features
(Figures 1C and S3). Urban individuals stood out as environ-
mental outliers, occupying areas with a higher percentage of im-
pervious surface and reduced canopy cover. They also exhibited
higher scores on the second environmental principal component
(see Section 2), which captured variation related to lower pre-
cipitation (with BIO12, BIO14, and BIO17 nearly collinear with
this axis) and higher temperatures during the warmest months
(primarily BIO5 and BIO10).

Despite these environmental contrasts, we did not detect
strong barriers to gene flow between urban and non-urban
populations. This was further supported by our FEEMS anal-
ysis (Figure 1D), which revealed no pronounced barriers or
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100-block bootstrap replicates for each category of markers.

corridors to gene flow. However, Lake Pontchartrain coin-
cided with a region of relatively lower effective migration.
This lack of strong structure was further confirmed by demo-
graphic inference. The joint frequency spectrum of unrelated
individuals (49 urban, 28 non-urban) supports low differen-
tiation (Figure 2A). An Isolation-with-Migration model im-
plemented in fastsimcoal2 inferred high levels of gene flow
and a 32-year time since divergence, assuming a mutation
rate of 1.7 X 10~° substitutions/year and a generation time of
1 year (Tollis et al. 2018). Nevertheless, we advise caution in
interpreting too strictly these estimates, given the difficulty
in estimating demographic parameters for recently diverged
populations with methods using the SFS.

3.2 | Loss of Mutation Load for Variants of Large
Effects in Urban Anoles

An examination of allele frequency spectra for four categories
of loci shows a clear increase of singletons and rare variants for
loci classified as having moderate and high effects compared to
intergenic loci and loci of low effect (Figure 2B). Estimates of
R}, show a slight increase in mutation load for variants of low
and moderate effect, but a decrease in mutation load for vari-
ants of high effect (Figure 2C), suggesting that some purging
occurred because of higher inbreeding and exposure of delete-
rious variants at the homozygous state. The higher proportion
of singletons in the non-urban population nonetheless suggests
that selection on variants that remained after purging is less ef-
ficient in the urban population.

3.3 | Bottom-Up Scans for Positive Selection:
Differentiation Scans

To define thresholds for our tests of selection, we performed
10,000 simulations for three possible categories of 50kb regions:
neutral, under strong background selection and inbreeding
and under strong positive selection in the urban population.
Simulations suggest that windows of high Fg; between urban
and non-urban anoles may occur in the case of strong back-
ground selection and inbreeding, even in a context of low popu-
lation structure (Figure 3).

On the basis of these simulations, we set two thresholds for F:
one at 0.2, the other at 0.35. The first threshold corresponds to
a value that discriminates between pure neutrality and strong
reduction in diversity because of background selection and in-
breeding, whereas the second was chosen to select candidates
for strong positive selection while limiting the inclusion of win-
dows under very strong purifying selection. We select windows
as candidates if they also display a PBS value in the top 95th
percentile, to avoid including signatures of selection in the non-
urban anoles.

Using an Fg, threshold of 0.2, we could identify 45 candidate
regions for selection, covering 63 coding genes associated with
a GO term (Figure 4A, Table S4). An examination of the cov-
erage or recombination rate curves centred on these putative
selective sweeps did not reveal significant differences when
compared to background regions (functional data analysis,
all p>0.05). Candidate regions also did not differ in absolute
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FIGURE 3 | Distribution of Fy; between urban and non-urban an-
oles for 50kb windows simulated assuming neutrality (black line) or
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lation sizes (NEJmkgmuml
selective sweep that would guarantee fixation of a favourable allele in
the urban population (s=1) are shown in red. Genome-wide estimates
are given as a grey dotted line. Thresholds at 0.2 and 0.35 are indicated

by dotted vertical lines.

divergence (d,) between two divergent genetic clusters stud-
ied in a previous work (Bourgeois et al. 2019). We did not ob-
serve any clear drop in diversity nor Tajima's D in the urban
population.

A GO enrichment analysis on these regions did not reveal any
significant terms for biological processes after correction for
multiple tests (Table S5). Before correction, many terms linked
to cardiac activity could be retrieved with p-values <0.01, but
correspond to only two genes on chromosomes 1 and 5, KCNQI
and ANK2. KCNQI is a member of the potassium voltage-gated
channel subfamily Q member 1, which plays a function in social
behaviour and corticosterone secretion among other terms; it is
also involved in cardiac activity. ANK2 stands for ankyrin 2, a
gene that also plays a role in cardiac function.

Using an F threshold of 0.35, we identify two divergence blocks,
one on chromosome 2 (position 24,460,000 to 24,760,000),

and the other on chromosome 4 (position 122,250,000 to
122,850,000). The block on chromosome 2 did not overlap any
annotated coding gene, the nearest being NR2FI (85kb in 3")
and ARRDC3 (1.1 Mb in 5"). NR2F1 belongs to the nuclear re-
ceptor subfamily 2 group F and plays a role in eye development.
ARRDCS3 stands for arrestin domain containing 3 and plays a
role in regulating cell-surface expression of adrenergic recep-
tors. The block on chromosome 4 overlapped with RH2, an opsin
gene. In both cases, we could observe a drop in nucleotide di-
versity in the urban population compared to non-urban values
(Figure 4B).

3.4 | Top-Down Scans for Positive Selection:
Differentiation Scans

We analysed diversity and divergence at candidate genes relevant
to urban adaptation and tested for potential signals of parallel ad-
aptation. To do this, we focused on candidate genes previously
associated with urban adaptation in Anolis cristatellus (Winchell
et al. 2023). These included two categories: (1) Winchell's GEA
genes, a set of 33 genes identified through Genome-Environment
Association (GEA) studies, and (2) Winchell's GWAS genes, a
broader set of 93 genes associated with urban-relevant phenotypes
identified through genome-wide association studies (GWAS). In
addition, we examined gene sets linked to relevant biological pro-
cesses on the basis of GO terms, including response to heat, loco-
motion, behaviour and immunity (see Section 2 and Table S3 for
the full list of GO terms).

Only 1 annotated gene overlapped between Winchell's GWAS
genes and the 45 candidate regions for selection using the Fy,
threshold of 0.2. This gene, PAX3, is a 148kb gene on chromo-
some 3 involved in the development of anatomical structures
and the nervous system. Another Winchell's GWAS gene on
chromosome 4, NPC1, showed an F. above 0.2, but a PBS score
below the 95th genome-wide quantile. This gene is a choles-
terol transporter involved in cell autophagy, neurogenesis and
behaviour. We also identify two other “behaviour” genes above
both Fg, and PBS thresholds, FBXL20 (chr6, behavioural fear
response) and KCNQI (chrl, social behaviour and corticosteron
secretion among other terms, also involved in cardiac activity,
see GO enrichment analysis above).

Winchell's GEA genes overlapped with windows showing
significantly PBS and elevated Fg; only in pairwise compar-
isons involving the urban population, but not in the compar-
ison between non-urban anoles and the outgroup (Figure 4C,
Fy=0.047 vs. 0.017; PBS=0.039 vs. 0.02, blockwise-
permutation tests, p-value <0.001). We did not observe any
significant difference in coverage of filtered sites across 50 kb
windows (median coverage for GEA: 41,824 sites per window;
background genes: 41,437/50,000, blockwise-permutation
test, p-value =0.4).

Finally, urban anoles showed reduced nucleotide diversity com-
pared to non-urban anoles, alongside an increase in Tajima's D.
Within both urban and non-urban populations, Winchell's GEA
genes exhibited significantly higher Tajima's D and nucleotide
diversity than background genes (blockwise-permutation tests,
all p<0.001).
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FIGURE 4 | (A)Manhattan plot of genome-wide Fg between urban and non-urban anoles from Louisiana, in 50kb windows, sliding by 10kb.

Winchell's GEA candidate genes are highlighted in green and Winchell's GWAS genes in orange. The two regions above the F; threshold of 0.35 are

shown in red. (B) Zoom on the two regions with scans for selection, displaying Fg,, nucleotide diversity and Tajima's D. Fy; windows being also out-

liers for the PBS test in urban anoles are highlighted as blue triangles. Black dotted lines show values for the non-urban population, red continuous

lines correspond to the urban population. (C) Properties of 50 kb windows overlapping different categories of candidate genes (non-urban on the left,

urban on the right for each pair of violin plots).

3.5 | Bottom-Up Scans for Positive Selection:
Genome-Environment Association

Selection acting on standing variation may leave narrow ge-
nomic signatures that are difficult to detect using window-based
tests. Although the New Orleans population clearly stands out
on the basis of urban-associated environmental metrics, other
populations exhibit a more continuous gradient of urbanisation.
To assess genotype-environment associations (GEA), we used
LFMM2 with three latent factors—corresponding to significant
principal components identified via PCA—on imputed geno-
type data. We tested associations with urban-related variables
(canopy cover, impervious surface percentage, night-time light

intensity and the first PC summarising these variables) and sep-
arately with the first three Bioclim PCs. We also ran a multivari-
ate test (referred to as the ‘global test’) incorporating both urban
and Bioclim principal component axes (three from Bioclim and
one from urban data; see Section 2).

For clarity, we refer to the individual tests on urban metrics as
‘urban test’ and to the joint PC-based test as the ‘global test’.
Results from the urban tests showed substantial overlap, with
many genes identified across multiple urban features (Figure S4).
In contrast, there was less overlap with genes identified through
Bioclim PCs associations. Additionally, 50 kb windows overlap-
ping outlier SNPs tended to have elevated Fg; and PBS values,
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suggesting localised differentiation (Figure S5). This pattern,
however, was not exclusive to urban variables, underscoring the
utility of association tests to directly link environmental varia-
tion with genetic differentiation.

Using a false discovery rate threshold of adjusted p<0.01
(Benjamini-Hochberg correction), we identified 1384 genes
overlapping outlier SNPs in at least one urban test, and 5630
genes from the global test. Among the 6740 urban outlier SNPs,
14 were non-synonymous, spanning 14 unique genes (Table S6).
Although no Gene Ontology terms remained significant after
multiple testing correction (Tables S7 and S8), several terms re-
lated to locomotion and immune response were significant prior
to correction in the global test (Table S7).

Both the urban and global tests revealed a strong enrichment of
outliers in a large genomic region on chromosome 2 (62-74Mb)
containing the HOXC gene cluster (Figures 5, S6 and S7). This
region also showed increased differentiation. Regions with ex-
treme F; also contained outliers—especially on chromosome 4—
highlighting the consistency between outlier and GEA tests, and
suggesting that GEA approaches can detect narrower signals of
selection that may be missed by differentiation-based scans alone.

3.6 | Top-Down Scans for Positive Selection:
Genome-Environment Association

Among the 1384 genes identified in the ‘strictly urban’ genotype-
environment association (GEA) tests, 74 candidate genes stood
out on the basis of functional annotations (Table S9). Notably,
four of these genes were also reported in Winchell et al., with
two (IKZF2 and BARDI) overlapping the same large region they

identified in chromosome 1. This region also showed a high den-
sity of outliers in our global test (Figure 5B, Tables S10 and S11),
supporting its potential role in broad environmental adaptation.
The other two overlapping genes from Winchell's GEA analy-
ses are listed in Table 1, alongside six additional genes found to
overlap with outliers from their GWAS results.

The large region on chromosome 2, which harbours strong sig-
nals of association, includes zinc finger protein 385A, a gene an-
notated for functions related to locomotion and behaviour. This
gene displays a pronounced peak of association and is notable
for being the only urban-associated gene in our SNPEff analysis
predicted to carry a loss-of-function mutation—specifically, an
absent start codon.

Although genome-wide tests revealed only limited evidence for
functional enrichment of outlier-associated genes compared to
random permutations, we did observe a significant enrichment
for genes annotated with Gene Ontology (GO) terms related to
locomotion, particularly in association with nightlight (permu-
tation test, p=0.049), first Bioclim PC (p=0.006) and the urban
PC (p=0.047). The multivariate (global) test showed marginal en-
richment for outliers in Winchell's GWAS genes as well (p =0.059).

4 | Discussion

This study investigates the evolutionary effects of urbanisation
on a population of Anolis carolinensis. This urban population
is characterised by increased inbreeding and the associated
purging of deleterious mutations through systematic inbreed-
ing. Comparative genomic analyses revealed substantial diver-
gence between urban and non-urban populations, with patterns
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suggesting polygenic selection acting on traits related to be-
haviour, development and immune function. These findings
highlight the role of urban environments in driving parallel ad-
aptation across populations and underscore the need for more
comprehensive sampling and modelling to elucidate the genetic
basis of urban adaptation.

4.1 | Habitat Fragmentation Increases Inbreeding
and Purges Some Mutation Load

We observed clearly higher levels of inbreeding in urban anoles
than in non-urban individuals, which is likely the result of the
relative isolation of the urban population, as well as its small
effective population size (N;="78 individuals). This result is in
line with a previous study using microsatellites on the same
urban population examined here (Weber et al. 2021).

Populations evolving in urban habitats are expected to be frag-
mented and isolated from non-urban ones. Moreover, small
population sizes may lead to a reduced efficiency of purifying
selection against deleterious mutations, increasing the load.
However, we do notdetect any strong barrier to gene flow between
urban and non-urban anoles, as highlighted by demographic in-
ference, summary statistics, and FEEMS analysis. Our results
rather align with the expectation that inbreeding increases the
exposure of recessive deleterious mutations and purges the po-
tential mutation load, particularly variants of strong effect.
Both previous microsatellite studies and our results suggest so-
called ‘systematic inbreeding’, with F; >0, a scenario that may
be more efficient at purging deleterious alleles (Glémin 2003).
Although some recent studies have been conducted on the muta-
tion load of small populations in a conservation context (Dussex
et al. 2021; Grossen et al. 2020; Hasselgren et al. 2024; Mathur
and DeWoody 2021; Xue et al. 2015), this is, to our knowledge,
the first evidence of purging in an urban context (Charmantier
et al. 2024). More studies in urban contexts are needed to deter-
mine how general the pattern we observe may be.

The urban population of A. carolinensis studied here is under
the effects of both genetic drift and purging, which results in a
genome-wide loss of heterozygosity, including potentially adap-
tive variation. However, we detected signals that are consistent
with selection on standing variation in urban habitat (see below).
Thus, it does not seem that the combination of purging and drift
constrains selection to act upon a limited number of initially
rare variants, at least in this context. It is, however, possible that
these effects are mitigated by recurring gene flow to the urban
population. Such ‘urban facilitation’ may be more frequent than
previously expected (Miles et al. 2019) and may be important in
restoring diversity. Another intriguing possibility is the expecta-
tion of increased mutation rates in urban populations (Johnson
et al. 2024), which may contribute to refuelling diversity upon
which positive selection may act.

4.2 | Evidence for Convergent Evolution at
the Gene Level in Urban Anoles

Our study highlights significant genomic divergence between
urban and non-urban populations of Anolis carolinensis.

Regions of the genome showing differentiation between these
populations also exhibit higher genetic diversity and elevated
Tajima’s D, compared to the rest of the genome. However, the
urban population generally shows lower diversity and Tajima's
D values than the non-urban population. This pattern suggests
that selection may have acted on preexisting genetic variation,
indicating a soft sweep (Messer and Petrov 2013; Pennings and
Hermisson 2006), or that overall diversity and Tajima’s D are
too low to provide a strong contrast with hard selective sweeps.
Additionally, the higher diversity observed suggests that fixation
of extended haplotypes in urban populations is rare, pointing to
polygenic selection and phenotypic plasticity as the main mech-
anisms of adaptation, rather than simple, large-scale changes in
allele frequency at a few loci with major effects. This is further
supported by the relative rarity of non-synonymous variants in
our GEA study, suggesting that more subtle changes in gene
expression and regulation, rather than coding variation, drive
adaptation.

By investigating candidate genes associated with adaptation
to urban environments in another Anolis species, we observed
increased genetic differentiation in the urban population of A.
carolinensis. Although none of these genes surpassed the con-
servative Fg; threshold of 0.2, they showed higher divergence
than expected by chance. These genes are enriched for func-
tions related to immune response and inflammation, which
aligns with previous findings of heightened injuries and stress
in urban anoles (Tyler et al. 2016). Among these genes, two dis-
played signals of association in urban tests (IKZF2 and BARDI).
The entire region showed signals of association in our global
test, indicating a broader adaptive response beyond just urban-
related pressures. Furthermore, we identified genes involved in
behavioural regulation (such as FBXL20 [Yao et al. 2011]) and
developmental processes (such as PAX3), supporting the no-
tion that urban adaptation involves changes in morphology, be-
haviour (Sol et al. 2020) and locomotion (Winchell et al. 2020).
One particularly intriguing finding was the high F; observed
near the RH2 opsin gene, which could be involved in light detec-
tion and behavioural responses to the environment (Kelley and
Davies 2016). Of particular interest was the high density of SNPs
associated with urban and environmental features in a large
region of chromosome 2, encompassing several HOXC genes.
Although this region showed elevated F in 50kb windows, few
surpassed our outlier thresholds. In contrast, a 5kb window size
aligned more closely with the GEA results (Figure S7), further
highlighting the value of GEA for detecting subtler signals of
selection. These findings call into question the assumption that
urban adaptation is predominantly driven by strong, hard selec-
tive sweeps that drastically reduce genetic diversity.

The HOXC gene cluster is particularly interesting, given its im-
portance in limb development and locomotion, traits that are
under strong diversifying selection in anoles (Lailvaux 2020;
Prado-Irwin et al. 2019; Wade 2012; Winchell et al. 2016). For
instance, HOXCI10 knockout mice have malformed pelvis and
hindlimb bones—especially aberrant femur shape—and they
display changed locomotor behaviour (Hostikka et al. 2009).
These mice also lose lumbar motor neurons, linking HOXCIO0
to both skeletal patterning and the motor circuitry that con-
trols hindlimb movement. Similarly, HOXCS is crucial in limb
development and motor neuron terminal differentiation (Catela
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et al. 2022). In both cases, limb morphologies shaped by HOXC
genes (bone length, joint formation and ligament pattern) cor-
relate with deficits in limb use and walking. To our knowledge,
this is the first study highlighting HOXC genes as candidates
for selection in anoles, although evidence for positive selection
at other HOX clusters was found in a macroevolutionary study
(Tollis et al. 2018).

Our findings add to the growing evidence of polygenic paral-
lelism in urban environments, particularly when considered
alongside the work of Winchell et al., who identified parallel
genomic signatures in urban Anolis cristatellus. The overlap
of candidate genes associated with urban adaptation—such as
PAX3, KCNQI and FBXL20—highlights shared functions in im-
munity, neural processes and development, consistent with the
selective pressures imposed by urban habitats. The enrichment
of such genes in urban anoles supports the hypothesis that sim-
ilar selective forces, such as heightened injury risks, stress and
novel behaviours, drive convergent evolution in Anolis species.
However, it remains uncertain whether these signatures extend
across species or ecomorphs. Among GEA outliers, only genes
related to locomotion showed a significant enrichment, suggest-
ing that selection in urban environments may act on a broader
and more polygenic basis than what our tests are designed to de-
tect. Rather than repeatedly targeting a small number of genes
with moderate or large effects, our results support a model of
genetic redundancy, where adaptation primarily draws on pre-
existing variation at many genes (Yeaman 2015). This interpre-
tation is consistent with a scenario of functional, rather than
genetic, convergence—as also proposed for other complex traits
in natural populations of green anoles (Crawford et al. 2023).
The limited number of genes for which convergence between A.
carolinensis and A. cristatellus was found could also be related
to the ancient divergence between these species (35-40 My ago)
and to the fact that they are quite different in a number of ways
that may affect their adaptation to urban habitats. These two
species correspond to different ecomorphs (trunk-ground for
A. cristatellus, trunk-crown for A. carolinensis), which differ in
morphological features, such as the length of their limbs, that
could affect the way they occupy urban spaces. In addition, A.
cristatellus is a tropical species, which is exposed to tempera-
tures in Puerto Rico (particularly in urban habitats) that are
much higher than the temperatures A. carolinensis experiences
in continental USA.

Testing for genomic parallelism in more distantly related Anolis
species or those with divergent ecologies could elucidate whether
urban adaptation universally targets similar genetic pathways.
Such studies would not only strengthen the case for convergent
evolution but also clarify the links between genetic changes and
the well-documented phenotypic adaptations in urban anoles,
offering a deeper understanding of the mechanisms underlying
urban evolution.

4.3 | Urban Habitat Adaptation: Potential Biases
and Conclusions

After applying stringent filters on mapping quality and cover-
age depth, we found no systematic biases in genome coverage,
suggesting that issues such as misalignment or paralogues are

unlikely to explain the observed high F; values. However, fac-
tors like linkage disequilibrium and linked selection can reduce
local genomic diversity, potentially leading to false positives in
selection tests [(Hoban et al. 2016; Huber et al. 2016) but see
(Matthey-Doret and Whitlock 2019) on the relative insensitivity
of Fg, to background selection]. Although we exercised caution
in interpreting our results, the right-shifted Fg, distribution in
our simulations suggests that linked selection and inbreeding
could bias tests for local adaptation. Nonetheless, on the basis of
the properties of windows showing high F;—such as the lack of
differences in absolute divergence (d,,) or recombination rates
between anole clades and even increased nucleotide diversity
compared to background windows for Winchell GEA candi-
dates—background selection and excess homozygosity because
of inbreeding appear unlikely explanations.

One surprising observation was the absence of a significant
drop in nucleotide diversity or Tajima's D in candidate regions.
A combination of recurrent selection and migration could main-
tain and “recycle” haplotypes, resulting in high Fg,, while pre-
serving nucleotide diversity. The balance between selection
and migration across environmental gradients has also been
proposed as a mechanism by which regions under adaptive se-
lection can display higher diversity (Jasper and Yeaman 2024).
Such a process may extend beyond adaptation to urbanisation
and involve recurrent selection on certain genes across various
environments, promoting long-term maintenance of genetic di-
versity. Although a hard sweep driven by new mutations in the
urban population would typically reduce diversity and create
clear genealogical signatures, such patterns are more elusive
under soft sweeps and weak polygenic selection. If our findings
reflect the recycling of preexisting variation, confirming the role
of urban selective pressures may require denser spatial and tem-
poral studies to track the establishment and evolution of anoles
in urban environments.

Another key consideration is the scale of sampling, which plays
a critical role in adaptation studies. In the absence of controlled
conditions, attributing high Fg, specifically to urban adapta-
tion remains challenging. Previous studies could have mistaken
global signatures of selection for local phenotypic changes,
thereby linking high differentiation with urban adaptation in-
correctly (Bosse et al. 2019; Perrier and Charmantier 2019). To
mitigate this, we compared our urban population with non-
urban individuals sampled from outside New Orleans and ex-
cluded regions showing differentiation across all comparisons,
including those with out-of-Louisiana Gulf-Atlantic individu-
als. We also ran SNP-based scans of association with urban and
environmental variables, increasing our sensitivity to narrow
signals and specificity to urban-related genes. Additionally, we
examined candidate genes identified in other species, such as A.
cristatellus. However, given the limitations in modelling, some
of the regions we identified could still represent false positives
or artefacts. Clear estimates of the selective advantage of spe-
cific urban alleles remain scarce (Charmantier et al. 2024), and
future studies with denser sampling will be necessary to pro-
vide more robust estimates of selection coefficients for candidate
genes in urban habitats.

In conclusion, our findings emphasise the important role ur-
banisation plays in shaping adaptive landscapes and suggest the
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potential for parallel evolution across urban populations. The
strong differentiation and selection signals at loci related to be-
haviour and immune function indicate that these traits are key
targets of selection in urban environments, supporting the idea
that cities act as unique evolutionary hotspots. Further research
should continue exploring the genetic basis of urban adaptation,
particularly in relation to sexual selection and reproductive
strategies in anole species.
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