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Abstract
Urbanization leads to complex environmental changes and poses multiple challenges 
to	organisms.	Amphibians	are	highly	susceptible	to	the	effects	of	urbanization,	with	
land use conversion, habitat destruction, and degradation ranked as the most signifi-
cant threats. Consequently, amphibians are declining in urban areas, in both popu-
lation numbers and abundance, however, the effect of urbanization on population 
genetic	parameters	remains	unclear.	Here,	we	studied	the	genomic	response	to	ur-
banization in two widespread European species, the common toad Bufo bufo (26 lo-
calities, 480 individuals), and the smooth newt Lissotriton vulgaris (30 localities, 516 
individuals) in three geographic regions: southern and northern Poland and southern 
Norway.	We	 assessed	 genome-	wide	 SNP	 variation	 using	RADseq	 (ca.	 42	 and	552	
thousand SNPs in toads and newts, respectively) and adaptively relevant major his-
tocompatibility	complex	 (MHC)	class	 I	and	 II	genes.	The	results	 linked	most	of	 the	
genetic differentiation in both marker types to regional (latitudinal) effects, which 
also correspond to historical biogeography. Further, we did not find any association 
between genetic differentiation and level of urbanization at local scales for either 
species.	However,	urban	smooth	newts,	but	not	toads,	have	lower	levels	of	within-	
population	genome-	wide	diversity,	 suggesting	higher	susceptibility	 to	 the	negative	
effects	of	urbanization.	A	decreasing	 level	of	genetic	diversity	 linked	to	 increasing	
urbanization	was	also	found	for	MHC	II	in	smooth	newts,	while	the	relationship	be-
tween	MHC	class	I	diversity	and	urbanization	differed	between	geographic	regions.	
We	did	not	 find	any	effects	of	urbanization	on	MHC	diversity	 in	 the	 toad	popula-
tions.	Although	two	genetic	environment	association	analyses	of	genome-	wide	data,	
LFMM	and	BayPass,	revealed	numerous	(219	in	B. bufo and 7040 in L. vulgaris) SNPs 
statistically associated with urbanization, we found a marked lack of repeatability be-
tween geographic regions, suggesting a complex and multifaceted response to natu-
ral selection elicited by life in the city.
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1  |  INTRODUC TION

The	 extent	 of	 densely	 populated,	 urban	 areas	 of	 the	 globe	 has	
exploded in recent decades and will continue to grow in the 21st 
century (Gao & O'Neill, 2020). Natural habitats are negatively im-
pacted by city expansion through a range of factors linked to their 
general degradation and fragmentation. Urbanization alters the 
chemical and physical attributes of the environment by increasing 
the coverage of impervious surfaces (e.g., roads, buildings), which 
in turn also increase surface temperatures (Yow, 2007), sewage 
and condensed traffic patterns, decrease the immediate reservoirs 
of clean water, and elevate pollution levels of air, soil, and water, 
among others (Grimm et al., 2008).	The	consequences	of	urbaniza-
tion also spill over the fringes of cities into surrounding natural or 
agricultural habitat. In cities, completely built up areas are usually 
interwoven	with	semi-	natural,	managed	green	spaces	such	as	parks,	
wooded	 areas,	 or	 waterways.	 The	 spatial	 heterogeneity	 of	 urban	
structure and human landscape management produces a rural–
urban gradient that encompasses a dense, highly developed core 
and	irregularly	spaced,	less	developed	outer	perimeters	(McDonnell	
& Pickett, 1990).	The	ecosystems	in	this	gradient	are	usually	highly	
disturbed, with variable numbers of native species and typically a 
large proportion of intentionally or accidentally introduced species 
(McKinney,	2006, 2008).

Reduction of natural habitat through urbanization is viewed 
as	 a	 major	 threat	 to	 species	 globally	 (McKinney,	 2002; Simkin 
et al., 2022). Native species richness tends to decline in more urban-
ized	areas	(Aronson	et	al.,	2014;	McKinney,	2008) due to strong en-
vironmental filtering from a regional to an urban species community 
(Fournier et al., 2020). Native species that can maintain populations 
in an urban matrix are often genetically differentiated from rural 
populations	(Johnson	&	Munshi-	South,	2017). For species that show 
a high stringency of association to natural habitat or for those that 
have	limited	abilities	to	traverse	built-	up	areas,	fragmentation	leads	
to reduced population size and increased isolation among subpopu-
lations. In consequence, stochastic allele frequency changes due to 
random genetic drift and founder events become amplified, while 
gene flow between subpopulations diminishes. In addition, bot-
tlenecks due to direct human impacts (e.g., pollution, persecution) 
may	further	reduce	population	sizes.	These	processes	may	decrease	
genetic diversity within subpopulations and increase genetic differ-
entiation	 between	 them	 (Johnson	 &	Munshi-	South,	 2017).	 These	
fine-	scale	genetic	predictions	have	been	recorded	for	some	species	
(e.g., Delaney et al., 2010),	but	are	not	universal	(Miles	et	al.,	2019) 
and should be considered in the context of urban and natural land-
scape features that restrict or facilitate gene flow in a particular sys-
tem (Rivkin et al., 2019).

Numerous species exhibit ecological or life history traits en-
abling them to persist in or even exploit urban environments. 
Phenotypic changes increasing fitness in cities may result from phe-
notypic	 plasticity,	 simple	 shifts	 in	 frequency	 of	 pre-	existing	 vari-
ants	or	more	complex	human-	induced	eco-	evolutionary	feedbacks	
including	 the	 origin	 of	 novel	 traits	 (Alberti	 et	 al.,	 2017; Johnson 

&	Munshi-	South,	2017; Lambert et al., 2021; Rivkin et al., 2019). 
Infectious disease ecology in urban wildlife constitutes one partic-
ularly important, in terms of human and animal welfare, arena of 
eco-	evolutionary	 interactions.	 Urbanization	 may	 recast	 wildlife-	
pathogen interactions through changes in the biology of hosts, 
pathogens,	and	vectors	(Bradley	&	Altizer,	2007). For instance, novel 
urban environments may heighten the risk of exposure of native 
species to new pathogens and parasites (e.g., Cohen et al., 2022; 
Rushton et al., 2000), while stress and pollution may induce immu-
nosuppression and increase host susceptibility to infectious dis-
eases (Linzey et al., 2003). Urbanization, through an influence on the 
immune system, may lead to adaptive genetic divergence in immune 
genes	(Minias,	2023), particularly those directly involved in antigen 
recognition	 such	 as	 the	 major	 histocompatibility	 complex	 (MHC)	
genes (Barnes et al., 2011; DeCandia, Brzeski, et al., 2019; DeCandia, 
Henger,	et	al.,	2019;	Harris	et	al.,	2013; Pikus et al., 2021; Wilbert 
et al., 2020). Exceptionally high variability and propensity for rapid 
evolution make genes coding for molecules involved in interactions 
with pathogens important candidates for urban adaptation.

Amphibians	 are	 highly	 threatened	 at	 the	 global	 level,	 with	
land use conversion, habitat destruction, and degradation ranked 
as the most significant contributors (Cordier et al., 2021; Luedtke 
et al., 2023).	Amphibians	are	highly	susceptible	to	the	effects	of	ur-
banization (Cordier et al., 2021;	Hamer	&	McDonnell,	2008;	Mitchell	
& Brown, 2008).	Impervious	surfaces	and	especially	roads	in	built-	up	
areas constitute formidable barriers to dispersal for many amphib-
ian	species,	which	are	small-	sized	and	relatively	sedentary	(Andrews	
et al., 2008).	An	ectothermic	physiology	and	highly	permeable	skin	
render them vulnerable to altered thermal regimes, chemical agents, 
and pollutants (Wells, 2019).	Moreover,	many	amphibians	exhibit	a	
biphasic life cycle in which larvae require clean, freshwater habi-
tats,	 while	 post-	metamorphic	 stages	 move	 into	 moist	 terrestrial	
environments such as forest or wet meadows, but return to water 
for	breeding.	Transitions	between	 terrestrial	 and	aquatic	environ-
ments necessitate the existence of both habitat types in proximity 
without	migration	barriers	(Hamer	&	McDonnell,	2008; Semlitsch & 
Bodie, 2003).	These	ecological	requirements,	fundamental	for	sus-
taining viable amphibian populations, may be difficult to achieve in 
urban areas. Other important drivers of amphibian decline include 
pollution (Walsh et al., 2005), spread of infectious disease (Carey 
et al., 2003) and introduction of exotic and predatory fish, crayfish 
and	 frog	 species	 (reviewed	 in	 Hamer	 &	McDonnell,	 2008), all of 
which	can	be	exasperated	in	cities	(Mitchell	&	Brown,	2008). Further 
threats to amphibians associated with urbanized areas include road 
kills	 (Hamer	et	al.,	2015) and ecological traps, for example, storm-
water pools replacing natural wetlands in and around cities (Sievers 
et al., 2018).

Given these physiological and ecological limitations, it is un-
surprising that amphibian species richness and abundance decline 
in conjunction with urbanization (Callaghan et al., 2021;	Hamer	&	
McDonnell,	 2008; Scheffers & Paszkowski, 2012).	 However,	 evi-
dence for a negative influence of urbanization on genetic diversity 
of	 amphibian	 populations	 is	 mixed.	 Although	 many	 studies	 have	
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reported stronger differentiation and/or erosion of genetic vari-
ability	 in	urban	populations	 (Arens	et	 al.,	2007;	 de	Campos	Telles	
et al., 2007; Fusco et al., 2021;	Hitchings	&	Beebee,	 1997, 1998; 
Homola,	 Loftin,	&	Kinnison,	2019; Lourenço et al., 2017;	Munshi-	
South et al., 2013; Noël et al., 2007; Noël & Lapointe, 2010; Vargová 
et al., 2023), others have found no or only a weak effect (Furman 
et al., 2016; Jehle et al., 2023; Schmidt & Garroway, 2021; Straub 
et al., 2015; Yannic et al., 2021). Schmidt and Garroway (2021) pro-
vided	a	synthesis	for	19	North	American	amphibian	species	across	
rural–urban gradients and did not detect a relationship between ge-
netic	parameters	and	urbanization.	They	argued	that	the	response	
of amphibian populations to urbanization is not amenable to gen-
eralization	but	 instead	 is	species-	specific	and	contingent	on	varia-
tion in local environmental variables (see also Rivkin et al., 2019). 
However,	most	previous	studies	were	based	on	genetic	variation	in	
a handful of microsatellite loci, and the results (particularly a lack 
of effect) may be a function of the number and resolution of the 
applied	molecular	markers,	and	not	population	history	(McCartney-	
Melstad	et	al.,	2018).

Here,	our	aim	was	to	assess	the	effects	of	urbanization	on	pu-
tative neutral and adaptive variation in two amphibian species 

using replicated rural–urban sampling along a latitudinal gradient in 
Europe. We employed thousands of SNP loci and genotyped highly 
variable	MHC	class	I	(MHC-	I)	and	class	II	(MHC-	II)	to	assess	genetic	
structure across the rural–urban gradient and test for associations 
between genetic diversity measures and levels of urbanization. 
Using	genetic	environment	association	(GEA)	analyses,	we	examined	
whether parallel signals of urban–rural differentiation, indicative of 
a potential adaptive response to the urban environment, are detect-
able at the level of individual SNPs. We focused on two European 
amphibian species: an anuran, the common toad (Bufo bufo), and a 
urodele, the smooth newt (Lissotriton vulgaris).	Although	declining	lo-
cally in some areas (e.g., Carrier & Beebee, 2003; Sinsch et al., 2018), 
both species inhabit a broad range of habitats including urban areas 
(e.g., Kaczmarski et al., 2020), and have Least Concern IUCN status. 
Their	wide	distributions	and	presumed	 large	populations,	signaling	
ample standing genetic variation, make them ideal candidates for 
studying the effects of drift and selection in urban settings. We pre-
dicted that if urban habitat affects allele frequencies in populations 
of these two amphibian species, then the genomic signal of urban-
ization should be reiterated across replicate geographic regions with 
similar urban structure (Figure 1).

F I G U R E  1 Sampling.	Circles	show	the	distribution	of	surface	imperviousness	within	a	radius	of	1 km	from	ponds.	Note	that	within	each	
region localities of each species are numbered independently.
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2  |  MATERIAL S AND METHODS

2.1  |  Samples

The	common	toad	(Bufo bufo) and the smooth newt (Lissotriton vul-
garis) were sampled with nets and traps during three consecutive 
breeding seasons (2021–2023) from multiple localities forming ur-
banization gradients in three widely spaced geographic regions 
(Figure 1): southern Norway (the area of Oslo, NO), northern Poland 
(the	area	of	Gdańsk,	PL	N),	and	southern	Poland	(the	area	of	Kraków,	
PL	S).	There	is	evidence	that	at	least	one	of	our	sampling	regions,	PL	
S, contains urban water bodies with higher levels of chemical runoff 
and lower amphibian species richness (Budzik et al., 2014).	Toe	 (B. 
bufo) and tailtip (L. vulgaris)	biopsies	were	preserved	in	96%	ethanol	
and	the	animals	were	immediately	released.	Altogether,	we	sampled	
26 B. bufo	and	30 L. vulgaris	pond-	breeding	populations	(Table 1).

2.2  |  Measuring urbanization

We calculated an urbanization score for each population by extract-
ing	 the	 average	 percentage	 of	 impervious	 surface	 from	 the	 high-	
resolution	 layer	 database	 of	 the	 European	 Environment	 Agency	
(https://	land.	coper	nicus.	eu/	pan-		european)	 in	a	1-	km	buffer	around	
each	 locality	 using	 Quantum-	GIS	 (Team,	 2016).	 The	 1-	km	 buffer	
zone was selected to approximately reflect the likely dispersal ca-
pacity of both species.

2.3  |  Laboratory procedures

2.3.1  |  RADseq

DNA	was	 extracted	 using	 the	Wizard	Genomic	DNA	 Purification	
Kit	 (Promega).	Double	 digest	 RADseq	 libraries	were	 prepared	 ac-
cording	 to	 the	 Adapterama	 III	 High-	Throughput	 3RAD	 protocol	
(Bayona-	Vásquez	et	al.,	2019)	from	100 ng	of	genomic	DNA,	using	
restriction enzymes EcoRI, XbaI, and NheI. Fragments in the range 
of	490–600 bp	were	excised	using	Pippin	Prep,	 the	 libraries	were	
pooled	equimolarly	and	sequenced	 (2 × 150 bp)	by	Novogene	on	a	
NovaSeq 6000 instrument. Replicate libraries were prepared and 
sequenced for 36 B. bufo	and	39	L. vulgaris samples to estimate the 
genotyping error.

2.3.2  | MHC

To	 amplify	 a	 210 bp	 fragment	 of	 the	 third	 exon	 of	 MHC-	I	
in B. bufo	 two	 forward	 (F1:	 CTGTGAGMTGARAGATGAYG,	
F2:	 CTGTGAGCRGAGAGATGRCG)	 and	 one	 reverse	 (R:	
TCTCCKCTCYAGATCTTCTC)	 primers	 were	 designed.	 Primers	 de-
scribed in Zeisset and Beebee (2013)	were	used	to	amplify	a	282 bp	
fragment	 of	 the	 second	 exon	 of	MHC-	II.	 In	 L. vulgaris,	MHC-	I	was	

amplified as described in detail in Fijarczyk et al. (2018)	and	MHC-	II	
as described in Dudek et al. (2019).	For	both	species,	MHC	fragments	
were	 amplified	 in	 10 μL	 PCR	 reactions	 containing:	 50–100 ng	 of	
genomic	DNA,	5 uL	of	Multiplex	PCR	kit	(Qiagen)	and	primers	at	con-
centrations	of	0.5–1 uM.	Individuals	were	barcoded	with	a	combina-
tion	of	6 bp	indexes	at	the	5′ end of forward and reverse primers. PCR 
conditions	for	MHC-	I	amplification	were:	initial	denaturation	at	95°C	
for	 15 min,	 followed	 by	 33 cycles:	 95°C	 for	 30 s,	 56°C	 for	 30 s	 and	
72°C	for	70 s,	and	final	elongation	at	72°C	for	10 min.	PCR	conditions	
for	MHC-	II	amplification	were:	initial	denaturation	at	95°C	for	15 min,	
followed	by	35 cycles:	95°C	for	30 s,	55°C	for	30 s	and	72°C	for	70 s,	
and	final	elongation	at	72°C	for	10 min.	Amplicons	were	pooled	ap-
proximately	equimolarly	based	on	gel-	band	intensity,	pools	were	gel-	
purified,	Illumina	adaptors	were	ligated	using	NEBNext	Ultra	II	DNA	
Library Prep Kit for Illumina (New England Biolabs) according to the 
manufacturer's	protocol	optimized	for	a	PCR-	free	workflow.	Libraries	
were	sequenced	on	an	 Illumina	MiSeq	using	v2	500	cycles	kits.	To	
estimate	the	MHC	genotyping	error,	4	(MHC-	I)	and	5	(MHC-	II)	B. bufo 
as	well	as	17	(for	each	MHC	class)	L. vulgaris samples were amplified, 
sequenced and genotyped in replicates.

2.4  |  Bioinformatics

2.4.1  |  RADseq

Reads were demultiplexed and cleaned with process_radtags from 
Stacks 2.64 (Rochette et al., 2019)	 using	 parameters	 -	q (discard 
reads	with	 low	quality	 scores),	 and	 -	r	 (rescue	barcodes	 and	RAD-	
tag cut sites). Presently, a reference genome is only available for B. 
bufo, and subsequent steps were, therefore, performed differently 
for each species.

The	B. bufo reads were mapped to the reference genome aBuf-
Buf1.1	 (GCF_905171765.1)	 with	 Bowtie2	 2.4.2	 using	 default	 set-
tings.	The	resulting	bam	files	were	further	processed	with	gstacks, 
with	 increased	stringency	 for	discovering	SNPs	 (-	-	var-	alpha	0.001)	
and	calling	genotypes	(-	-	gt-	alpha	0.01),	in	addition	to	removing	un-
paired	reads	(-	-	rm-	unpaired-	reads).

For L. vulgaris we used the Stacks de novo assembly procedure. 
First, we identified the optimal values of three key assembly parame-
ters: M (distance allowed between stacks), m (minimum stacks depth), 
and n	(distance	allowed	between	catalogue	loci).	To	this	end,	we	used	
the approach of Paris et al. (2017) and Rochette and Catchen (2017), 
which identifies the combination of the parameters that maximizes 
the	number	of	RAD	loci	present	in	a	minimum	of	80%	samples.	This	
procedure was performed with 18 samples, six per geographic re-
gion, sequenced to a similar depth (ca. 6.5 million read pairs). We ini-
tially tested the M values in the range of 2–6, m = 3	or	5	and	n = M 
or n = (M + 2).	Following	the	preliminary	tests,	we	also	examined	M in 
the range of 7–10 and n = M or n = (M + 2)	for	m = 3	only.	The	values	
M = 7,	m = 3	and	n = 9	were	 identified	as	optimal	and	used	 in	all	 fur-
ther	analyses.	Following	identification	of	RAD	loci	within	individuals	
with ustacks,	the	catalog	of	RAD	loci	was	created	with	cstacks from 
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75 samples (25 per region, ca. 7.5 million read pairs per sample) to re-
duce the computational burden. Loci from all samples were matched 
to the catalog loci with sstacks,	the	resulting	tab-	delimited	files	were	
converted to .bam files with tsv2bam, and gstacks was run on the .bam 
files	with	-	-	var-	alpha	0.001	and	-	-	gt-	alpha	0.01.

The	 results	 of	 gstacks were further processed in populations 
and with custom bash and R scripts with identical settings for both 
species. In populations,	 we	 retained	 RADloci	 present	 in	 at	 least	
50%	of	individuals	overall	(−R 0.5), and when applying these filters 
haplotype-	wise	 (-	H); only biallelic SNPs with a global minor allele 
frequency	 (MAF)	 of	 at	 least	 0.02	 (-	-	min-	maf	 0.02)	were	 retained.	
For each SNP in each population, the p- 	value	of	the	two-	sided	test	
of	Hardy–Weinberg	proportions	and	FIS	were	also	calculated.	The	
blacklist	of	RADloci	to	be	excluded	from	further	analyses	because	
of an excess of heterozygosity (which suggests collapsed paralogs) 
or an extreme excess of homozygosity was compiled as follows. 
First, for each locus in each population, the SNP with the lowest 
HWE	 p	 value	 was	 identified.	 Then,	 loci	 were	 blacklisted	 if	 they	
showed: (1) heterozygote excess (p < 0.01)	in	more	than	one	popula-
tion, (2) heterozygote deficit (p < 0.01)	in	more	than	half	of	the	poly-
morphic populations with a genotyped sample size of 8. Populations 
was run again with the compiled blacklist, and in the case of B. bufo 
the	resulting	.vcf	file	was	further	filtered	with	bcftools	1.9	(Danecek	
et al., 2021) to retain only chromosomal SNPs (SNPs on scaffolds 
not assigned to chromosomes were discarded). Genotypes with 
quality below 20 or coverage less than 8 were set to missing, and 
only	SNPs	with	less	than	50%	missing	data	were	retained	for	sub-
sequent analyses.

2.4.2  | MHC

MHC	 genotyping	 was	 accomplished	 using	 the	 adjustable	 cluster-
ing	 method	 implemented	 in	 AmpliSAS	 (Sebastian	 et	 al.,	 2016). 
Bioinformatics	procedures	used	for	MHC-	I	genotyping	followed	the	
protocol described in Fijarczyk et al. (2018),	and	for	MHC-	II,	the	pro-
tocol described in Dudek et al. (2019) was applied.

2.5  |  Genetic variation, geographic structure and 
tests for the effect of urbanization

The	 overall	 genetic	 structure	 in	 each	 species	 was	 assessed	 with	
several complementary methods. Principal component analysis 
(PCA)	 was	 conducted	 in	 plink	 1.9	 (Chang	 et	 al.,	 2015) on linkage 
disequilibrium	(LD)-	pruned	data	 (-	-	indep	50	5	2).	The	relationships	
between	populations	were	reconstructed	with	Treemix	1.13	(Pickrell	
& Pritchard, 2012) for which we selected six (B. bufo) or eight (L. vul-
garis)	individuals	from	each	population	with	the	least	missing	data.	To	
identify the number of genetic clusters (K) present in each dataset, 
we	ran	Admixture	1.3	(Alexander	et	al.,	2009)	on	LD-	pruned	data;	
we evaluated K from 1 to 10 and identified the most likely value of 

K	as	the	one	minimizing	the	cross-	validation	error	(CVE).	The	matrix	
of pairwise FST between populations based on the presence/absence 
of	MHC	alleles	was	calculated	for	each	species	and	MHC	class	sepa-
rately, using function pairwise.fst.dosage() from the R package hierf-
stat (Goudet et al., 2015) and relationships between localities were 
visualized	with	Multidimensional	Scaling.

The	 potential	 effect	 of	 urbanization	 on	 genetic	 variation	 was	
tested with linear models for the following dependent variables: (i) 
average	expected	SNP	heterozygosity,	(ii)	MHC	allelic	richness	(each	
MHC	class	separately),	and	(iii)	mean	number	of	MHC	alleles	per	in-
dividual	 (each	MHC	class	 separately).	As	explanatory	variables	we	
used	the	urbanization	score,	region,	and	their	interaction.	To	identify	
MHC	alleles	with	significant	frequency	shifts	along	the	urbanization	
gradient, we fitted generalized linear models (family binomial) with 
allele presence/absence as the dependent variable. Urbanization 
score, region, and their interaction were used as fixed factors while 
population was included as a random factor nested within region. 
Only	MHC	alleles	occurring	in	at	least	20%	of	individuals	in	at	least	
two	regions	were	tested.	The	models	were	fit	using	lm()	and	glmer()	
in R and the significance of main effects and interaction was calcu-
lated	using	Anova()	from	the	car	package	(Fox	&	Weisberg,	2019) in 
R with type III SS. Bonferroni correction was applied for multiple 
testing. We assessed the spatial autocorrelation of the residuals of 
our	models	using	Moran's	I	test.	To	do	this,	we	first	defined	spatial	
neighbors using a Gabriel graph, and then transformed it to com-
pute a spatially weighted matrix that weighted edges as a function 
of	geographic	distance.	This	was	done	using	 the	R	package	spdep	
(Pebesma & Bivand, 2023).

We used two methods to identify markers that respond to ur-
banization while controlling for confounders due to overall ge-
netic	 differentiation:	 Latent	 Factors	 Mixed	Models	 (LFMM,	 Caye	
et al., 2019) as implemented in function lfmm2() from the R pack-
age	LEA	(Gain	&	François,	2021), and BayPass (Gautier, 2015). Each 
species was analyzed separately. Both methods were run for SNPs 
with	MAF	≥0.05.	Because	the	LFMM	method	cannot	handle	missing	
data,	we	imputed	missing	genotypes	with	impute()	from	LEA	under	
the assumption of K = 3	genetic	clusters.	We	also	used	three	latent	
factors (K = 3)	in	lfmm2().	The	p-	values	were	calculated	with	lfmm2.
test()	from	LEA,	where	the	p-	values	for	SNPs	from	putative	collin-
ear and inversion regions were combined, and the false discovery 
rate (FDR) was corrected using the p.adjust() R function with the 
method “fdr”. In BayPass 2.31 we tested for associations between 
individual SNPs and urbanization using the auxiliary variable co-
variate	(AUX)	model,	providing	the	population	covariance	matrix	Ω 
calculated under the core model (Gautier, 2015).	The	median	Bayes	
Factor	 value	 (in	 decibans	 [dB = 10log10BF]) was calculated as the 
median from five independent BayPass runs, and a value >20 was 
considered as “decisive” evidence for an association (Gautier, 2015). 
In addition to the analyses based on the full dataset for both species, 
we	also	 ran	LFMM	and	BayPass	 for	each	geographic	 region	sepa-
rately to assess consistency between regions and to detect possible 
region-	specific	signals.
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2.6  |  Genes associated with 
urbanization candidates

To	determine	whether	urbanization	candidates	identified	by	LFMM	
or BayPass are associated with protein coding genes or their spe-
cific functional categories, we performed two analyses. First, we 
tested whether urbanization candidates were more often than other 
markers found within protein coding sequences (CDS) or were as-
sociated with protein coding genes. Second, we tested whether any 
gene ontology (GO) categories were overrepresented among genes 
associated with urbanization candidates. For B. bufo we used the 
available	genome	annotation.	As	no	L. vulgaris genome assembly is 
available, we used the genome assembly of Pleurodeles waltl (Brown 
et al., 2022), another newt species with approximately 50 my di-
vergence from L. vulgaris (timet ree. org). We mapped sequences of 
L. vulgaris	RAD	loci	that	were	used	in	LFMM	and	BayPass	analyses	
to the P. waltl genome using minimap2 (Li, 2018) with settings ap-
propriate for divergent sequences that may contain large gaps, as 
expected	for	some	RAD	loci:	-	x	map-	ont	-	-	splice	-	g1k	-	G1k	-	A1	-	B2	
-	O2,32	-	E1,0	-	un	-	N2.	We	then	kept	only	primary	alignments	with	
mapping quality >30, indicating unambiguous mapping to a single 
genomic location.

We then checked, for each B. bufo SNP and each mapped L. vul-
garis	RAD	locus,	using	bedtools closest: (1) whether it overlapped a 
CDS and (2) the distance to the closest annotated gene—we con-
sidered a SNP/locus to be associated with a gene if it overlapped an 
annotated gene (including introns and untranslated regions) or was 
placed	less	than	10 kb	away	from	a	gene.	We	tested	whether	urban-
ization candidates overlapped CDSs or were associated with genes 
more	frequently	than	expected	by	chance	using	the	chi-	squared	test	
(R	function	chisq.test()).	The	GO	terms	were	assigned	to	B. bufo and P. 
waltl	genes	using	predicted	protein	sequences	and	eggNOG-	mapper	
v. 2 (Cantalapiedra et al., 2021). We then tested for overrepresen-
tation of GO terms among genes associated with urbanization can-
didates	using	the	R	package	topGO	(Alexa	&	Rahnenfuhrer,	2022), 
applying	 Fisher's	 exact	 test	 and	 the	 “weight01”	 algorithm	 (Alexa	
et al., 2006) to deal with the GO graph structure; only GO categories 
with at least 10 members were considered.

3  |  RESULTS

3.1  |  Genetic diversity and geographic structuring

We	 obtained	 on	 average	 4.4 ± (SD)	 2.5	 (Bufo bufo)	 and	 6.4 ± 2.3	
(Lissotriton vulgaris)	million	read	pairs	per	individual,	of	which	99	and	
92%,	respectively,	were	identified	as	valid	RADseq	reads.	After	the	
initial	filtering	steps,	the	RADseq	datasets	contained	41,819	SNPs	
at	16,294	RAD	loci	in	480	B. bufo individuals from 26 localities, and 
552,085	SNPs	at	50,477	RAD	loci	in	516 L. vulgaris individuals from 
30 localities (Table 1, Figure 1).	The	fraction	of	missing	genotypes	
was	15.6%	 in	B. bufo	 and	29.8%	 in	L. vulgaris, and the genotyping 
error,	measured	as	the	Non-	Reference	Discordance,	was	2.6%	and	

5.0%,	respectively.	The	highly	variable	2nd	exon	of	MHC	genes	was	
genotyped in the same populations and mostly the same individuals 
as	RADseq.	MHC-	I	was	genotyped	in	497	B. bufo	and	528 L. vulgaris, 
while	MHC-	II	in	477	B. bufo	and	528 L. vulgaris individuals (Table 1). 
In	MHC-	I	we	detected	a	total	of	300	alleles	in	B. bufo and 158 in L. 
vulgaris,	while	in	MHC-	II	a	total	of	21	alleles	in	B. bufo	and	59	in	L. 
vulgaris.	 The	 repeatability	 of	 genotyping	 in	B. bufo	was	 100%	 for	
both	MHC	classes,	while	in	L. vulgaris	it	was	96%	for	MHC-	I	and	95%	
for	MHC-	II.

When comparing genetic variation for B. bufo between the three 
geographic	 regions,	 the	 PCA	 showed	 a	 clear	 differentiation	 be-
tween Poland and Norway along the first axis (PC1), and separated 
the three regions, in particular PL N and PL S, along the second axis 
(PC2).	The	second	PCaxis	explained	eight	times	less	variation	than	
PC1 (Figure 2a),	a	trend	that	was	also	evident	from	the	Treemix	anal-
ysis,	suggesting	a	higher	rate	of	population-	specific	drift	in	Norway	
(Figure 2b).	The	Admixture	analysis	supported	K = 6	genetic	clusters,	
with	a	within-	region	sub-	structure	visible	 in	Norway	and	northern	
Poland (Figure 2c).	However,	a	small	difference	in	CVE	between	K = 6	
and K = 3	 (CVE6 = 0.456	 vs.	 CVE3 = 0.461)	 indicates	 considerable	
support also for three genetic clusters.

When comparing genetic variation in L. vulgaris, PC1 also sep-
arated Norwegian from Polish populations (Figure 2d).	 However,	
along	 PC2,	 a	 single	 Norwegian	 population,	 Lv_NO_9,	 was	 identi-
fied as being genetically distinct from all other samples (Figure 2d). 
The	 Treemix	 drift	 tree	 clearly	 showed	 that	 the	 divergence	 of	 Lv_
NO_9	was	 the	 result	of	 extremely	 strong	population-	specific	drift	
(Figure 2e).	Otherwise,	Treemix	showed	differentiation	between	the	
three	geographic	regions,	with	more	population-	specific	drift	in	the	
Norwegian populations and relatively low divergence between PL N 
and PL S. In the admixture analysis K = 4,	with	Lv_NO_9	assigned	to	a	
separate cluster (Figure 2f) was supported over K = 3	(CVE4 = 0.429	
vs. CVE3 = 0.456).	 Notably,	 population	 Lv_NO_9	 also	 showed	 the	
lowest heterozygosity of all the investigated populations (except one 
population with a very small sample size of 3, Table 1).

MHC	differentiation	between	regions	was	visible	in	frequencies	
of individual alleles (Figure S1) and in the multidimensional scaling 
of	the	MHC	FST matrices for both species (Figure S2).	The	latter	sug-
gests	stronger	or	more	easily	detectable	differentiation	in	MHC-	I.

3.2  |  The effect of urbanization on 
genetic variation

Urbanization scores formed a gradient with the range 0.0–25.0 in 
B. bufo and 0.0–47.4 in L. vulgaris (Figures 1 and S3, Table 1). We 
did not find evidence for increased genetic differentiation with in-
creasing urbanization score for either B. bufo or L. vulgaris, or any 
signs of higher rates of genetic drift in populations with high values 
of urbanization score, which would have been manifested as longer 
branches	in	the	Treemix	analysis.

The	 effect	 of	 urbanization,	 geographic	 region,	 and	 their	 inter-
action	on	the	genetic	diversity	was	 tested	using	 two-	way	ANOVA	
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    |  9 of 20BABIK et al.

F I G U R E  2 Genetic	differentiation	–	RADseq	SNP	data.	(a,	d)	Principal	component	analysis	results;	note	that	some	jitter	was	introduced	
to	better	visualize	points;	(b,	e)	Treemix	drift	trees,	branch	lengths	reflect	the	amount	of	drift	specific	to	a	particular	branch;	(c,	f)	Admixture	
results, with the assumed number of genetic clusters (K)	indicated	on	the	right	side	of	the	plots.	The	fill	scale	of	individual	(a,	d)	and	
population (b, e) shows urbanization score – the same scale was used for both species.
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(Table 2).	In	the	case	of	the	overall,	genome-	wide	genetic	diversity	
(measured as expected SNP heterozygosity) no significant inter-
action between urbanization and region was detected for either 
species (B. bufo, p = 0.101,	 L. vulgaris, p = 0.114).	 No	 effect	 of	 ur-
banization was detected in B. bufo (p = 0.37),	 while	 genome-	wide	
genetic diversity decreased with increasing urbanization score in L. 
vulgaris (p = 0.007,	Figure 3a).	The	effect	of	region	was	significant	in	
both species (B. bufo p = 7e-	10,	L. vulgaris p = 6e-	4),	with	the	lowest	
genomic variation in Norway (Figure 3a).	Moran's	I	test	showed	no	
spatial autocorrelation in the residuals of nine out of 10 models, the 
only exception being the model testing the effect of urbanization on 
MHC	II	allelic	richness	in	B. bufo (see Table 2).

MHC	diversity	was	measured	as	allelic	richness	(AR;	standardized	
to the sample size of 8) and the mean number of alleles per individual 
(NAllind).	In	B. bufo we did not detect any effect of urbanization or 
urbanization × region	 interaction	on	either	measure	of	MHC	diver-
sity. In L. vulgaris,	the	AR	decreased	with	urbanization	only	in	MHC-	II	
(p = 0.019),	 while	 there	 was	 significant	 urbanization × region	 inter-
action	in	MHC-	I	(p = 0.011).	For	both	species	and	MHC	classes,	the	
effect	of	region	was	highly	significant,	with	the	lowest	AR	in	Norway	
(Table 2, Figure 3b1).	In	the	case	of	NAllind	the	effect	of	urbaniza-
tion was significant only in L. vulgaris	MHC-	I	(p = 0.0006),	for	which,	
however, the interaction between urbanization and region was also 
significant (p = 0.0014).	 The	 significant	 interaction	 suggests	 that	
the	response	differs	between	regions,	with	NAllind,	surprisingly,	in-
creasing with urbanization in Norway but decreasing in both PL N 
and PL S (Table 2, Figure 3b2).	The	effect	of	region	on	NAllind	was	
significant in all cases (Table 2).

3.3  |  Associations between genetic variants and 
urbanization

Only	 three	 of	 33	 tested	MHC	 alleles	 showed	 an	 association	with	
urbanization scores after Bonferroni correction: for B. bufo	MHC-	I	
014 and for L. vulgaris	MHC-	I	0001	and	0010	(Table S1).	However,	
visual inspection of the relationship between urbanization score 
and allele frequencies (Figure S4) shows that it was not consistent 
across regions. For L. vulgaris	MHC-	I	 0001	 allele	 the	 urbanization	
score × region	 interaction	was	significant	 following	Bonferroni	cor-
rection, while it was significant at the nominal p level for the other 
two alleles (Table S1).

The	GEA	analyses	in	B. bufo	used	36,695	SNPs	with	MAF	≥	0.05.	
In	LFMM	8	SNPs	were	significant	at	FDR	0.05	(Figure 4).	The	as-
sociations were not replicated between geographic regions, as no 
SNPs were significant in NO and significant SNPs did not overlap 
between PL N and PL S (Table 3). Plots for separate and combined 
regions indicate that the significant signal at the level of the entire 
dataset	was	driven	by	particular	geographic	regions.	This	was	fur-
ther corroborated by a lack of overlap between the slightly genet-
ically differentiated PL N and PL S (Figure S4). Note, however, that 
some SNPs significant in one dataset could not be tested in oth-
ers because of insufficient polymorphism (Table 3).	The	BayPass	 TA
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analysis identified 47 SNPs associated with urbanization, but again 
the associations were not repeated between regions, as not a sin-
gle SNP was identified as associated with urbanization in more 
than one region (Table 3).	The	detected	associations	were	thus	en-
tirely	region-	specific	and	the	overall	signal	was	driven	by	particular	
regions (Table 3, Figures 4 and S5).	However,	within	regional	data-
sets, there was a highly significant overlap between the methods 
in all datasets that had any SNPs significant in both methods (all 
p < 2e-	16,	Table 3).

In L. vulgaris,	we	excluded	Lv_NO_9	due	to	the	extremely	low	ge-
netic diversity and extremely high divergence identified for this pop-
ulation,	which	could	bias	the	results.	The	GEA	analyses	in	L. vulgaris 
used	428,319	SNPs	with	MAF	≥0.05.	The	results	were	qualitatively	
similar to those in B. bufo (Figures 5 and S6).	In	LFMM	there	were	as	
many	as	1986	SNPs	significant	for	the	entire	dataset,	however	none	
were shared between any two regions (Table 3). In BayPass, a total 

of 883 SNPs were identified as associated with urbanization at the 
level of the entire dataset. Interestingly, the number of SNPs iden-
tified	by	BayPass	as	associated	with	urbanization	in	NO	(1791)	and	
PL S (2125) was much higher than identified in the entire dataset. 
We observed some overlap between regions in BayPass results, as 
six SNPs overlapped between NO and PL N, eight between NO and 
PL	S,	and	three	between	PL	N	and	PL	S.	However,	only	the	overlap	
between NO and PL N was significant (p = 0.008).	As	 there	 is	cur-
rently no reference genome available for L. vulgaris, we aggregated 
SNP	data	by	RAD	locus.	Both	LFMM	and	BayPass	results	at	the	locus	
level were very similar to those for the SNP level analysis, showing 
no overlap of candidates between regions (Table 3, Figures 5 and 
S6), as even the overlap between NO and PL N in BayPass was in-
significant (Table 3).	Also,	in	L. vulgaris there was a highly significant 
overlap of candidates identified by both methods for the same data-
sets (all p < 2e-	16,	Table 4).

F I G U R E  3 The	relationship	between	measures	of	diversity	in	RADseq	SNPs	(a),	major	histocompatibility	complex	(MHC)	(b1,	b2)	and	
urbanization	scores.	The	trend	lines	are	simple	linear	regression	lines	with	associated	confidence	bands.
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3.4  |  Genes associated with 
urbanization candidates

Since	almost	all	candidates	were	region-	specific,	we	combined	all	
candidates within species into a single category for the analysis 
of	 candidate-	associated	 genes.	 Overall,	 considering	 all	 datasets	
and	both	GEA	methods,	 there	were	219	and	7040	SNPs	associ-
ated with urbanization in B. bufo and L. vulgaris, respectively. Such 
a defined candidate set is likely to contain many false positives. 
However,	 if	 adaptation	 to	 urbanization	 is	 polygenic	 and	 region-	
specific, then many relevant SNPs will show only a weak signal, 
likely to pass the significance threshold only in some datasets. If, 
however, urbanization associated genes are involved in specific 
biological processes or functions, the aggregate signal may be 
revealed by gene set analysis. In L. vulgaris, the analysis was per-
formed	 at	 the	 level	 of	 RAD	 loci.	Only	 814	out	 of	 45,855	 tested	
loci	(1.8%)	were	unambiguously	mapped	to	the	P. waltl genome; 35 
out	of	2261	(1.5%)	loci	containing	candidate	SNPs	were	mapped.	
The	 proportion	 of	 urbanization	 candidates	 within	 CDS	 (B. bufo 
1.8%,	L. vulgaris	28.6%)	or	associated	with	genes	(B. bufo	42%,	L. 

vulgaris	60%)	was	not	elevated	in	either	species	(chi-	squared	test,	
B. bufo CDS p = 0.44,	genes	p = 0.34,	L. vulgaris CDS p = 0.91,	genes	
p = 0.67).

Of 4503 B. bufo	and	509 L. vulgaris genes associated with markers 
tested	in	GEA,	3547	and	407	had	GO	terms	assigned,	respectively.	
None of 44 B. bufo	 and	 15 L. vulgaris	 GO-	assigned	 genes	 associ-
ated with urbanization candidates were shared between species 
(Table S2).	 Among	 these	 genes,	 three	 biological	 process	 (BP),	 two	
cellular	component	(CC),	and	one	molecular	function	(MF)	categories	
were enriched at the p value <0.01 threshold in B. bufo, and 11 BP, 
two	CC,	and	one	MF	were	enriched	in	L. vulgaris (Table S3). None of 
the enriched categories were shared between the species.

4  |  DISCUSSION

We investigated genomic signatures of urbanization in two amphib-
ian species present in three widely separated geographic regions of 
northcentral Europe by comparing allele frequencies at tens (B. bufo) 
or hundreds (L. vulgaris) of thousands of SNPs. We also examined 

F I G U R E  4 Genomic	scans	for	SNPs	
associated with urbanization in Bufo 
bufo.	Both	Latent	Factors	Mixed	Models	
(LFMM)	and	BayPass	analyses	were	
performed for the entire dataset (all 
regions combined) and for each region 
separately (NO, PL N, PL S). p-	values	from	
LFMM	analysis	are	presented	as	dots	
color-	filled	according	to	chromosome,	
the dashed blue line indicates the false 
discovery rate (FDR) threshold of 0.05; as 
in the region NO no SNP was significant 
following the FDR procedure, the 
threshold	line	was	not	plotted.	The	deep	
red outlined circles are SNPs identified as 
significant by BayPass.
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variation	in	MHC	class	I	and	class	II	loci	across	the	rural–urban	gra-
dient for both species, as these genes should be under selection in 
relation to pathogen pressure. Our analyses showed that most of 
the genetic differentiation could be attributed to regional (latitudi-
nal) effects, most likely linked to historical biogeography. We did not 
find any association between genetic differentiation among popula-
tions	and	the	 level	of	urbanization	 in	either	species.	However,	our	
analyses show that urban newts, but not toads, have lower within 
population levels of genetic diversity, suggesting higher susceptibil-
ity	to	the	negative	effects	of	urbanization	in	the	former.	Moreover,	
although	GEA	analyses	 revealed	numerous	 candidate	 SNPs	 linked	
to urbanization in both species, we found a marked lack of repeat-
ability between the geographic regions, suggesting a complex and 
multifaceted response to natural selection elicited by life in the city.

4.1  |  Urbanization does not lead to higher 
population differentiation

For	 species	 with	 a	 patchy	 population	 structure	 such	 as	 pond-	
breeding amphibians, urbanization may diminish or preclude con-
nectivity among populations, lowering population viability and 
ultimately leading to local extinction. Overall, we did not observe 
elevated	differentiation	or	 higher	 levels	 of	 population-	specific	 ge-
netic drift for populations of two amphibian species in the urban-
ized regions of three rural–urban gradients in northcentral Europe. 
This	 result	cannot	be	attributed	 to	a	 lack	of	 resolution	of	 the	em-
ployed	molecular	markers,	as	our	RADseq	protocol	generated	thou-
sands of SNPs spread across the genomes of these two species. We 
also	 targeted	 variable	MHC	 class	 I	 and	 II,	 genes	 shown	 to	 rapidly	
respond	to	novel	environmental	selection	pressures	(Minias,	2023; 
Phillips et al., 2018).	Thus,	our	primary	conclusion	is	that	the	studied	
amphibian populations lack the population genetic signs of spatial 
isolation and cessation of gene flow predicted for many urban dwell-
ing	organisms	(Johnson	&	Munshi-	South,	2017). Despite being par-
ticularly vulnerable to habitat fragmentation (Cushman, 2006), our 
current results and previous work (Schmidt & Garroway, 2021 and 
references therein) suggest that habitat loss does not invariably lead 
to adverse genetic effects in amphibian populations, at least not in 
the	short-	term.	Several	factors	may	explain	this	result.

As	pointed	out	by	others	 (Miles	et	al.,	2019; Rivkin et al., 2019; 
Schmidt & Garroway, 2021) the effects of urbanization may be spe-
cies-		 and	 context-	specific.	 The	 same	 landscape	 elements,	 whether	
human-	made	 or	 natural,	 can	 have	 disparate	 effects	 on	 patterns	 of	
gene	flow	for	different	amphibian	species	(e.g.,	Antunes,	Figueiredo-	
Vázquez, et al., 2023;	Homola,	Loftin,	&	Kinnison,	2019).	Although	the	
effect of landscape features on patterns of gene flow was beyond the 
scope of this study, we found a broadly similar effect of urbanization 
on both studied species. Common toads and smooth newts are gen-
eralists that are tolerant to a wide range of habitats (Juszczyk, 1987; 
Speybroeck et al., 2016). Both species have rather high levels of site 
fidelity	but	can	move	more	than	1 km	from	natal	ponds,	regularly	and	
exceptionally in the case of toads and newts, respectively (Beebee & Sp
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    |  15 of 20BABIK et al.

F I G U R E  5 Genomic	scans	for	SNPs	
associated with urbanization in Lissotriton 
vulgaris.	Both	Latent	Factors	Mixed	
Models	(LFMM)	and	BayPass	analyses	
were performed for the entire dataset 
(all regions combined) and for each 
region	separately	(NO,	PL	N,	PL	S).	The	
minimum	per	RAD	locus	p-	values	from	
LFMM	analysis	are	presented	as	grey	dots,	
arranged in all panels according to the 
p-	value	in	the	entire	dataset.	The	dashed	
blue line indicates the false discovery rate 
(FDR)	threshold	of	0.05.	The	red	outlined	
circles are SNPs identified as significant 
by BayPass.

TA B L E  4 Overlap	between	urbanization	candidates	identified	by	Latent	Factors	Mixed	Models	(LFMM)	and	BayPass	for	the	same	dataset.

Species Level Dataset Nonsig in both Sig LFMM only Sig BayPass only Sig LFMM & BayPass p

Bufo bufo SNP ALL 36,493 5 44 3 0

B. bufo SNP NO 26,830 0 76 0 –

B. bufo SNP PL N 30,380 0 54 16 0

B. bufo SNP PL S 32,159 1 38 1 0

Lissotriton vulgaris SNP ALL 425,534 1902 799 84 0

L. vulgaris SNP NO 278,495 8 1760 31 0

L. vulgaris SNP PL N 310,152 0 683 2 0

L. vulgaris SNP PL S 336,761 140 1965 160 0

L. vulgaris RAD	locus ALL 44,328 728 337 57 0

L. vulgaris RAD	locus NO 36,457 4 464 14 0

L. vulgaris RAD	locus PL N 40,510 0 215 2 0

L. vulgaris RAD	locus PL S 41,668 63 577 78 0

Note:	Level	indicates	whether	testing	was	performed	at	the	level	of	individual	SNPs	or	at	the	level	of	RAD	loci;	Dataset:	ALL,	all	populations	analyzed	
together; NO, only Norway; PL N, only northern Poland; PL S, only southern Poland. p – significance of the overlap of candidates between datasets, 
“–” indicates that the test could not be performed, and “0” indicates p < 2e-	16.
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Griffiths, 2000; Kovar et al., 2009; Schmidt et al., 2006; Sinsch, 1988). 
One possible explanation for the lack of influence of urbanization on 
population differentiation is that the landcover types in the studied 
areas are relatively easy to move through and therefore may not be 
predictive of functional disconnectivity across a larger landscape for 
either of the species. For instance, vegetated urban corridors or wa-
terways may allow for weak to moderate gene flow between urban 
populations of toads and newts in our study areas, countering the ge-
netic effects of population isolation.

Another	possible	explanation	for	our	results	may	be	a	time	 lag	
between urbanization and its effect on population structure of 
the	 newt	 and	 toad	 populations.	 Time	 lags,	 that	 is,	 the	 number	 of	
generations between landscape perturbations and a discernible 
population genetic response, could be particularly severe in urban 
areas because a rapid pace of urbanization may prevent genetic 
parameters of populations from approaching new equilibrium val-
ues (Epps & Keyghobadi, 2015).	However,	 recent	work	has	 shown	
that L. vulgaris rapidly responds to changes in landscape structure 
with	no	evidence	for	 time	 lags	 (Antunes,	Dudek,	et	al.,	2023), and 
retains high connectivity in modified habitat, for example, forest 
edges	 (Antunes,	Figueiredo-	Vázquez,	et	al.,	2023).	 In	 city-	dwelling	
salamanders, Lourenço et al. (2017) did not find an effect of demo-
graphic history and time since isolation on genetic diversity within 
populations. On the other hand, anthropogenic landscapes decrease 
connectivity and effective population sizes in L. vulgaris	 (Antunes,	
Figueiredo-	Vázquez,	 et	 al.,	2023). Out of all urban populations of 
both studied species, only one Norwegian smooth newt population 
(Lv_NO_9)	showed	differentiation	attributable	to	extremely	strong	
genetic drift possibly associated with a founder event as this popula-
tion inhabited a highly urbanized area.

4.2  |  Inconsistent influence of urbanization on 
genetic diversity

Urbanization had different impacts on levels of genetic diversity 
within populations for smooth newts and common toads. We did not 
find	any	effect	of	urbanization	on	genome-	wide	or	MHC	diversity	in	
B. bufo.	However,	genome-	wide	genetic	diversity	and	allelic	richness	
in	MHC-	I	decreased	with	increasing	urbanization	level	in	L. vulgaris. 
Our results suggest that urban smooth newt populations have gone 
through recent bottlenecks, although we cannot rule out that these 
predate the expansion of the cities. On the other hand, the lack of 
genetic evidence for recent bottlenecks in the studied toad popula-
tions suggest that they have persisted in the local landscape since 
before	the	onset	of	urbanization.	The	contrasting	responses	of	the	
two studied species imply that within cities, toads have larger ef-
fective population sizes and higher connectivity among populations 
than newts. Bufo bufo	occurs	 in	many	semi-	natural	spaces	such	as	
parks and community gardens, suggesting that it is less strongly af-
fected by urban fragmentation. Bufo bufo exhibit explosive breed-
ing in which most adult individuals congregate at ponds for a short 
but	 intense	 breeding	 period.	 This	 mating	 strategy	 may	 increase	

local effective population sizes in comparison to species with a pro-
tracted breeding period, such as newts. Unexpectedly high values 
of genetic diversity within populations were also found in salaman-
ders inhabiting putatively isolated, small patches of suitable habitat 
in the city of Oviedo, despite high differentiation between popula-
tions (Lourenço et al., 2017).

The	effects	of	urbanization	on	genetic	variation	were	found	to	be	
consistent in some vertebrate groups, for example, mammals, but not 
birds or amphibians (Schmidt et al., 2020; Schmidt & Garroway, 2021), 
suggesting	that	the	responses	have	group-		as	well	as	species-	specific	
determinants. For instance, birds are more vagile than mammals or 
amphibians and may therefore be less sensitive to fragmentation. 
Interestingly, Schmidt and Garroway (2022) showed a parallel nega-
tive influence of urbanization across vertebrates (including amphib-
ians) within cities. Our replicated design involving two common and 
relatively	 abundant	 city-	dwelling	 amphibians	 adds	 evidence	 to	 the	
contrary, that is, that the effects of urbanization on genetic variation 
are	indeed	species-	specific.	Nonetheless,	in	areas	of	fast-	paced	urban	
growth, species less susceptible to the onset of genetic erosion in cit-
ies, such as common toads, may become extirpated before the effects 
of urbanization become detectable at the genetic level.

4.3  |  Regional differentiation prevails

We found evidence for a strong regional signal of genetic dif-
ferentiation	 and	 levels	of	 genetic	 diversity	 in	 genome-	wide	SNP	
and	MHC	variation	 in	both	amphibian	species.	All	 three	 regional	
groups were differentiated from one another, but the Norwegian 
populations	have	experienced	more	population-	specific	drift	com-
pared	 to	 the	 Polish	 sites.	 Post-	glacial	 colonization	 history	 could	
account for the general differences between regions, with the 
more northerly Norwegian populations most affected by historical 
founder events. Both species are thought to have colonized north-
central Europe from more southerly Pleistocene refugia (Babik 
et al., 2005;	Garcia-	Porta	et	al.,	2012; Pabijan et al., 2015; Recuero 
et al., 2012). Interestingly, we found some evidence for substruc-
ture in B. bufo in Norway and northern Poland, areas that were 
previously shown to have remarkably little genetic differentiation 
using	microsatellites	and	mtDNA	(Brede	&	Beebee,	2006;	Garcia-	
Porta et al., 2012; Recuero et al., 2012), implying that the use of 
more informative molecular markers such as large SNP datasets 
could be used to reveal the historical biogeography of this species 
in northern latitudes.

4.4  |  Inconsistent genetic- environment 
associations among regions

Both	 applied	GEA	methods	 identified	 a	 number	of	 SNPs	 associ-
ated	with	urbanization	in	each	species.	However,	the	most	remark-
able feature of these urbanization candidates was their regional 
specificity. While the sets of candidates identified by BayPass and 
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LFMM	overlapped	considerably	 for	 the	 same	dataset,	 there	was	
virtually no overlap between candidates identified in different 
geographic regions, and the signal of association with urbaniza-
tion	in	the	entire	dataset	was	driven	by	single	regions.	There	may	
be several explanations for the lack of repeatability. First, adap-
tation to urbanization may not occur or be detectable with our 
study design, and both methods may have picked up the same ar-
tifactual signal, for example, due to insufficient correction for geo-
graphic	 structuring.	A	 simple	 lack	of	adaptation	cannot	be	 ruled	
out, but other studies of amphibians have suggested rapid adap-
tation	 to	 human-	modified	 environments,	 such	 as	 the	 vicinity	 of	
roads (Brady, 2012;	Hopkins	et	al.,	2013)	and	urban	areas	(Homola,	
Loftin, Cammen, et al., 2019). Second, the genomic basis of ad-
aptation	may	 indeed	differ	between	geographic	 regions.	This,	 in	
turn, may result from differences in the strength and mode of se-
lection imposed by the urban environment due to inherent differ-
ences between cities (Santangelo et al., 2020).	However,	it	is	also	
possible that similar phenotypic responses have different genomic 
bases.	 The	 probability	 of	 this	 scenario	 depends	 on	 the	 genomic	
architecture of the responding traits (Sella & Barton, 2019), with 
reduced likelihood of genetic parallelism despite phenotypic par-
allelism for highly polygenic traits (Barghi et al., 2020). Finally, 
regional differences in response to urbanization could also result 
from geographically variable interactions between urbanization 
and other environmental factors such as temperature that varies 
with latitude (Palomar et al., 2023).

Typically,	both	parallel	and	region-	specific	signals	of	adaptation	
to urbanization are detected in genomic scans (Reid et al., 2016; 
Salmón et al., 2021), although some studies have found little evi-
dence for a parallel genomic response to urbanization (Babik 
et al., 2023; Caizergues et al., 2022;	Mueller	et	al.,	2020).	A	replica-
ble signal of adaptation to urbanization has been detected in another 
amphibian,	the	wood	frog	(Homola,	Loftin,	Cammen,	et	al.,	2019).

5  |  CONCLUSIONS

Understanding	 the	 origins	 of	 evolutionary	 change	 in	 city-	dwelling	
species is important for conservation and natural resource manage-
ment in the urban network. Counter to our expectations, urbaniza-
tion does not seem to have resulted in increased differentiation of 
urban amphibian populations in our study areas, compared to rural 
counterparts, suggesting that gene flow between them is relatively 
unaffected.	The	landscape	elements	that	maintain	weak	or	moder-
ate connectivity among these populations have yet to be identified, 
although our results suggest that they may be common to all three 
of	the	studied	cities.	A	consistent	reduction	of	genetic	diversity	at	
urban sites was found in only one of two studied species, suggesting 
that newts are more prone to urban bottlenecks (through founder 
events or sharp demographic declines) than toads. We conclude 
that, overall, the extent of urbanization has not yet reached levels 
significantly affecting nonadaptive evolutionary processes for newt 
and toad populations in the studied areas. Our replicated design 

involving two common and relatively abundant species supports 
species-	specific	 responses	 to	 urbanization	 in	 amphibians	 (Schmidt	
& Garroway, 2021). Our data also indicate that genetic variants as-
sociated with an urban environment, which can be interpreted as 
genomic beacons of adaptation, occur locally and are not subject 
to	parallel	evolution.	The	effect	of	urbanization	may	depend	on	its	
interactions and synergies with other environmental factors and 
hence, the adaptative response to urban life in the examined am-
phibians	 seems	 to	 be	multi-	faceted	 and	 the	 consequence	 of	 city-	
specific urban features. Our results do not preclude a deleterious 
effect of urbanization on amphibians in the studied cities. Indeed, 
we	 found	 diminished	 levels	 of	 genome-	wide	 variation	 in	 newts.	
Moreover,	we	suspect	that	due	to	the	rapid	pace	of	city	expansion	
occurring particularly in the Polish cities, urban amphibian popula-
tions	may	become	extirpated	before	urban-	induced	genetic	effects	
become detectable.
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