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Abstract

Gene flow may be limited between urban and non-urban populations of wild animals that can influence their landscape-level
genetic structure and potential to adapt to new ecological conditions. To test this idea, we genetically characterized great tit
(Parus major) populations breeding in an urban and a forest area 3.5 km apart, differing in several phenotypic traits some
of which may contribute to adaptation to urban living. We used 16 microsatellite markers to genotype 189 breeding adult
individuals (119 urban and 70 forest birds) and (1) tested whether the two populations are genetically differentiated, and (2)
estimated the rate and direction of migration between the sites. Heterozygosity tended to be lower in the urban than in the
forest habitat. Genetic population structure analyses did not show a consistent clustering of breeding birds between the urban
and forest sites, and this conclusion was not affected by the inclusion of phenotypic data in the analyses. The pairwise fixa-
tion index (F,) was low (0.009) and only 1% of the total genetic variance was explained by variation between populations.
Finally, there was detectable gene flow between the two areas, and its estimated values did not suggest asymmetry in the
direction of migration. We conclude that great tits living in the city are genetically connected to the nearby forest population
by reciprocal migration, which may explain the low level of genetic differentiation.
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Introduction selection pressures on local wildlife, for example on their life
history, physiology, and behaviour (Seress & Liker 2015;

The extent of urbanized areas is constantly increasing glob- Johnson & Munshi-South, 2017; Liker 2020; Szulkin et al.

ally due to the increasing human population. To avoid habi-
tat loss and extinction, wildlife needs to adapt to rapidly
changing conditions, and as a response, some species are
finding their new ecological niche in urban areas (Szulkin
et al. 2020). Urban and natural habitats differ in a wide
range of environmental factors, however, that may exert new
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2020). Local adaptation by genetic changes requires both
sufficient variation within population and selection pressures
that are relatively strong compared to the effects of gene flow
(Morjan & Rieseberg 2004; Keller et al. 2013). Theoretical
studies suggest that many generations may be required to
generate significant genetic divergence even between geo-
graphically distinct populations, especially in species with
high mobility in which migrants can maintain some level of
gene flow (Evans et al. 2010; Landguth et al. 2010). Hence,
information on gene flow and genetic divergence (or the lack
of it) between urban and non-urban populations are crucial
for understanding the mechanisms of adaptive changes in
urban wildlife (Johnson & Munshi-South, 2017; Liker 2020;
Szulkin et al. 2020).

Urban populations may be genetically isolated from con-
specifics living outside of the cities for several reasons. First,
dispersal from and to urban habitats may be restricted by
habitat fragmentation and physical barriers like roads that
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characterize these areas (Bhattacharya et al. 2002; Benitez-
Lépez et al. 2010). Cities are often surrounded by other
kinds of highly transformed habitats (e.g. agricultural lands)
that may be avoided by dispersing individuals (Haas 1995;
Neuschulz et al., 2012). These features of the urbanized
landscape can make movements costly by inducing stress,
increasing mortality risk, and thus may select for reduced
dispersal (Cheptou et al. 2008; Adalsteinsson et al. 2018).
Some favourable characteristics of cities, like the milder
winter microclimate in the temperate climate zone, the
availability of water and nutrients (e.g. human waste, food
provided for birds) or lower predator abundance (Fischer
et al. 2012; Vincze et al. 2017; Stofberg et al. 2019) may
discourage members of the local populations to leave their
natal or breeding area. Thus, urbanization is predicted to
strongly influence population isolation and gene flow which
can induce significant changes in the genetic structure of
urban and non-urban populations (Johnson & Munshi-South,
2017).

The effects of urbanization on gene flow and genetic dif-
ferentiation between populations have been studied in an
increasing number of wild species. Several studies found sig-
nificantly reduced gene flow and a detectable genetic differ-
entiation in urbanized habitats, and the results vary between
studies and species with different ecological and dispersal
characteristics (Johnson & Munshi-South, 2017; Munshi-
South & Richardson 2020). For example, strong isolation
and consequent genetic differentiation were demonstrated
in small vertebrates with low spreading ability, such as the
red-backed salamander (Plethodon cinereus), the European
rabbit (Oryctolagus cuniculus), or the white-footed mouse
(Peromyscus leucopus) (Noel et al. 2007; Munsi-South
& Kharchenko, 2010; Ziege et al. 2020; Richardson et al.
2021). In contrast, particularly for birds and large mam-
mals, such as wild boars (Sus scrofa), genetic differentiation
between urban and non-urban populations is quite low due
to high levels of gene flow (Evans et al. 2009; Minias et al.
2017, Stillfried et al., 2017).

The great tit (Parus major) is a common Palearctic pas-
serine bird and is one of the most widely studied model
species in urban ecological and genetic research (Marzluff
2017). It occupies both urban and forest habitats, has the
potential to move relatively long distances in a short time,
but usually has a small home range (del Hoyo et al., 2007).
Although urban great tits typically have significantly lower
breeding success compared to their forest conspecifics in
the same geographical region (Seress et al. 2018; de Satgé
et al., 2019; Corsini et al. 2020; Bukor et al., 2022), their
urban populations often reach similar or higher density
(Mgller et al. 2012, and our unpublished data). These con-
trasting trends in reproductive success and density sug-
gest that some urban sites may act as population sinks for
great tits where immigrants from surrounding non-urban
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habitats can play a role in maintaining both high urban
population densities (Bukor et al., 2022) and gene flow
between habitats.

Studies on phenotypic variation and/or genetic signatures
of selection demonstrated likely contemporary adaptations
in great tits to anthropogenic effects including urbanization
(e.g. Laine et al. 2016; Perrier et al. 2017; Caizergues et al.
2021; Salmén et al. 2021; Vincze et al., 2021). A few studies
also tested if urban great tits are genetically differentiated
from non-urban populations. For example, Bjorklund et al.
(2010) found that genetic differentiation at neutral micro-
satellite markers was higher between urban parks in Bar-
celona (Spain) than between parks and a forest area close
to the city. The research of Markowski et al. (2021), also
using microsatellite markers, found a low but significant
divergence between urban, suburban, and forest sites in and
around L.6dz (Poland). A genome-wide SNP (single nucleo-
tide polymorphism) study comparing nine major cities in
Europe with their adjacent woodland areas showed weak
population structuring with small to moderate, but statis-
tically significant genetic differentiation between habitats
(Salmoén et al. 2021, Supplementary Tables 1-2). Another
study of SNPs also found that birds in urban areas have
lower heterozygosity values than in less urbanized areas,
and reported a low but significant neutral genetic differen-
tiation along the urbanization gradient (Perrier et al. 2017).
Overall, these studies suggest somewhat reduced gene flow
between urban and forest populations of great tits. Further-
more, Bjorklund et al. (2010) also found that the direction of
gene flow was the opposite of what would be expected by the
idea of urban sink populations: they inferred a significantly
higher migration rate from the city to the forest population
than vice versa.

In this study, we tested population differentiation and the
extent and direction of gene flow between two populations
of great tits living in a city and a nearby forest area. Both
populations have been extensively studied since 2013. Our
earlier research demonstrated several phenotypic differences
between these populations, including plumage morphol-
ogy (Séandor et al. 2021, 2022), behaviour (Preiszner et al.
2017; Vincze et al., 2021), and reproductive success (Seress
et al. 2018; Pipoly et al. 2019, 2022). Although our long-
term ringing data indicate some exchanges of individuals
between the two study sites (unpublished data), the detection
of migrants is very rare and gene flow has not been studied
so far in these populations by genetic markers. In general, all
the previous studies of population structure in great tits were
conducted in Western and Northern European populations,
and we have no similar information from other parts of the
species' range. Our specific aims in this study were to assess
the genetic diversity of the two populations, the degree of
their genetic differentiation, and the extent and direction of
gene flow between them.
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Material and methods
Sample collection and genotyping

For this study, we collected blood samples from 192 adult
great tits breeding in artificial nest boxes between 2013
and 2018. We captured parent birds with a nest box trap
6—15 days after their first nestling had hatched. Upon
capture, we determined the parents’ sex based on their
plumage characteristics and measured the body mass
with a Pesola spring balance (+0.1 g), the tarsus length
of the left leg with a vernier calliper (0.1 mm; follow-
ing Svensson’s ‘alternative’ method (Svensson 1992), and
the length of the longest primary feather of the right wing
with a ruler (+ 1 mm). We also ringed each bird with a
unique combination of a numbered metal ring and three
plastic colour rings that allows unique identification of
individuals. Individuals were captured in two study sites,
in the city Veszprém (47°05'17"N, 17°54'29"E) and in a
close forest site Vilma-puszta (47°05'02"N, 17°52'01"E).
Veszprém is a medium-sized city in Hungary (population
size in 2022: 57 145 (HCSO 2023)), with its vegetation
consisting of a mix of indigenous and introduced plant
species. Nest boxes were placed in four areas of public
green space, including public parks, university campuses,
and a cemetery, that are surrounded by built-up areas
and roads and experience frequent anthropogenic distur-
bance. These sites comprise one relatively large core site
(23.3 ha), and three smaller sites (3.1, 7.3, and 4.4 ha)
located approximately 60 m, 620 m, and 730 m from the
core site, respectively. Individuals were sampled from all
of these four plots to encompass our entire urban study
site. Individually marked breeding great tits have been
observed to move occasionally between these plots dur-
ing our long-term study of the population.

In contrast, Vilma-puszta is a homogenous, Natura 2000
protected forest area, where the dominant tree species are
the native downy oak (Quercus pubescens) and South
European flowering ash (Fraxinus ornus). This site has
low human disturbance, it has no paved roads, there is only
one nearby farm, and there is no logging activity; though
hikers and hunters occasionally visit the area. The study
plot in this area covers 48.1 ha. The sampling of individu-
als covered the whole study site. The distance between the
centres of the two study sites is 3.5 km. The forest site is
separated from the city boundary by high-traffic roads, and
open agricultural lands unsuitable for great tits, although
there are small forest patches that can provide corridors for
birds moving between the two areas (Fig. 1). We captured
and ringed the sampled individuals either as breeding
adults or as nestlings that hatched and were recruited later

as breeding birds in the same study site. For individuals
sampled as nestlings, we selected only one individual per
brood for genotyping to avoid statistical biases resulting
from the close genetic relatedness of siblings.

We collected blood samples with blood collection
syringes and needles in 1.5 ml Eppendorf tubes filled with
1 ml ethanol and stored them at -20 °C until further pro-
cessing. We extracted DNA with E.Z.N.A. Tissue DNA
Kit (Omega Bio-Tek Inc, Norcross, USA) following the
manufacturer's protocol, and stored them at -20 °C. We
performed PCR amplification of 17 microsatellite markers
(Table S1) designed by Saladin et al. (2003) and Saladin
& Richner (unpublished manuscript), which we further
optimized for the purpose of the study (Bjorklund et al.
2010; Bertrand et al. 2016; Delahaie et al. 2017). Each
PCR was carried out in a 15.6-ul reaction volume con-
taining 0.66 pl dNTP (2 mM, Fermentas, Massachusetts,
USA), 0.66 pul MgCI2 (25 mM, Fermentas, Massachusetts,
USA), 0.066 pl DreamTaq polymerase (Fermentas, Mas-
sachusetts, USA), 1.70 pl DreamTaq Buffer (Fermentas,
Massachusetts, USA), 10.5 pl MilliQ water, and 2 ul of
the respective primer pair (10 uM) mixed at a 1:1 ratio.
To avoid nonspecific fragments and to increase the speci-
ficity of PCR we used Touchdown PCR method. The
annealing temperature was progressively decreasing from
62 to 57 °C (PmaCAn2; PmaTAGAn71; PmaTAGAnNS&S,;
PmaTAGAN96e; PmaTGAn42; PmaGAn27; PmaTGAn33;
PmaTAGAN89; PmaTGAn54; PmaCAnl; PmaTAGAn73;
PmaTAGAnN78) and from 59 to 54 °C (PmaC25; PmaD105;
PmaD22; PmaTAGAn84; PmaTGAnS51) over the course of
successive cycles. The final PCR profile was: initial dena-
turation at 95 °C for 2 min, followed by 10 cycles of 95 °C
for 30 s with the TD-PCR steps and 72 °C for 45 s, after
that 28 cycles with 57 or 54 °C annealing temperature,
concluded by a final extension step at 72 °C for 7 min.

We amplified each marker separately by PCR, then
mixed the fluorescently labelled PCR products into two
pools (Table S1) for each individual. We separated the
products in these two pools on an ABI 3100 Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA, USA). Allele
sizes were checked using Peak Scanner v.1.0 software
(Applied Biosystems, Foster City, CA, USA). To assess
our genotype evaluation accuracy, 25% of the trace files
were surveyed by two experts (BM and EN), resulting in
95.06% consistency. We re-checked the inconsistently
evaluated genotypes to find the correct allele sizes. Allele
determination remained ambiguous for three individuals,
so these were excluded from the analyses resulting in 189
genotyped individuals (119 from Veszprém and 70 from
Vilma-puszta). If the amplification of a locus failed, we
performed two additional attempts before we recorded it
as a failed amplification.
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Fig.1 Map of the sampling sites: Veszprém (urban), and Vilma-
puszta (forest). The purple polygons show the areas of the artificial
nest boxes used by breeding great tits. Dark green, light green, and

Statistical analyses
Preliminary tests of data quality and main genetic indices

We checked the presence of null alleles, large allele drop-
out, and stuttering using the Micro-Checker v.2.2.3 soft-
ware (van Oosterhout et al. 2004). For finding null alleles,
we used all four methods (Oosterhout, Chakraborty,
Brookfield 1, and Brookfield 2) (Chakraborty et al. 1992;
Brookfield 1996; van Oosterhout et al. 2004), and tested
in the pooled samples (i.e. samples from the two sites
together) and in the two sites separately. Microchecker
analyses indicated the possible presence of null alleles in
10 loci when the entire dataset was analysed (i.e. the two
study sites combined). Only a single microsatellite marker
had a consistent result of null allele ratio> 0.2 (PmaTA-
GAn96; Table S1). Because of this high probability of
null alleles according to all four calculation methods, this
marker was excluded from the study (Table S1). The prob-
ability of null alleles was moderate (between 10 and 20%)
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yellow areas are forests, grassland, and agricultural fields, respec-
tively (base map and data from OpenStreetMap and OpenStreetMap
Foundation)

in another four markers (PmaCAnl, PmaCAn2, PmaT-
GAnS51, PmaTAGAnS84), and another five showed low
presence, under 10% (PmaC25, PmaGAn27, PmaTGAn54,
PmaTAGAN78, PmaTAGAN89). To ensure that markers
with potential null alleles did not cause bias in the results,
we performed the population genetic analyses with the full
set of 16 markers, as well as with two subsets consisting of
markers with 1) only less than 20% null alleles (12 mark-
ers) or 2) no signs of null alleles (7 markers). Because the
results of population genetics analyses were qualitatively
similar regardless of using all 16, or the subsets of 12 or
7 microsatellite markers (and in line with the conclusions
of Dakin & Avise 2004), in the main text, we present the
results of analyses with 16 microsatellite markers. The
analyses did not detect large allelic dropout in any locus,
and it detected possible scoring errors due to stuttering in
only one locus: PmaTAGAnS84. This latter marker was also
excluded from analyses that used the subsets of 12 and 7
markers. The possible presence of null alleles was also
checked separately for the two sites (Table S2).
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We measured the basic population genetic indices (num-
ber of alleles, number of effective alleles, heterozygosity
values, and deviation from Hardy—Weinberg equilibrium)
with GenAIEx v.6.5. (Peakall & Smouse 2012) and Genepop
v4.2.1 (Rousset 2008). Differences in these indices between
the two sites were tested by paired t-tests.

Population clusters

We calculated the most likely number of populations in
which the genotyped individuals could be divided with
Geneland v.3.4.2. (Guillot et al. 2012), testing the range
from 1 to 10 populations, with 100 000 iterations and 100
thinning. To strengthen the results and visualizing them in
a different way, a Bayesian clustering of genotype data was
also performed using Structure 2.3.4 (Pritchard et al. 2000)
software, with 1-10 populations, 3 repeats, burning period
length of 750 000 and MCMC repeats after burning was set
to 250 000. We accepted those birds clearly belonging to
the same population where the probability exceeded 75%.
We visualized the Structure results and calculated the most
probable group numbers with Structure Harvester (Earl &
von Holdt 2012). In this latter analysis, we estimated the
most probable number of genetic clusters both by log prob-
abilities L'(K) and the Evanno's method (AK). Furthermore,
we performed an expanded cluster analysis that uses both
genotypic and phenotypic data, as implemented in assign-
POP and klaR R packages (Rover et al. 2004; Chen et al.
2018). This method has the advantage that it may separate
groups by including new, easy-to-study variables, like mor-
phological traits, in the analyses. We used three types of
phenotypic data: tarsus length, wing length, and body mass
(see above). AssignPOP performs Monte-Carlo and K-fold
cross-validation procedures to estimate assignment accuracy
and membership probabilities and allows the building of pre-
dictive models based on classification functions including
linear discriminant analysis, support vector machine, naive
Bayes, decision tree, and random forest. We used the assign.
MC function with Monte-Carlo procedure and random forest
classification function in the analysis, and the accuracy.plot
function to visualize the result.

Finally, we conducted an analysis of molecular variance
(AMOVA) in GenAlEx v.6.5. software (Peakall & Smouse
2012) using default settings to partition total genetic vari-
ance into three components: among populations, among
individuals within populations, and within individuals.

Level of genetic differentiation and migration rates

To estimate genetic differentiation between populations, we
calculated pairwise F; using the Geneland v 4.0.9 software
(Peakall & Smouse, 2012). The migration rates between the
two areas were calculated with the Migrate v5.0.4. software
(Beerli 2006) using the default settings. This approach esti-
mates migration rate as M =m/u, where m is the fraction
of the new immigrants of the population per generation,
and p is the variability created by mutation. The software
allowed us to specify the direction of migration, thus we
could test whether the migration rate from the urban to forest
population is different from the migration rate in the reverse
direction.

Results
Main genetic indices

Successful amplification ranged from 170 to 188 samples
per microsatellite marker, and allele numbers varied from
11 (PmaTAGAnN73) to 33 (PmaTAGAN78), with an aver-
age of 20 alleles (Table S3). We estimated that the number
of effective alleles for the entire sample set varies between
22.01% (5.7 alleles, PmaTGAn54) and 55.71% (9.4 alleles,
PmaTAGAnN84) of the observed allele numbers, with an
average of 39.38% (Table S3). The expected heterozygo-
sity values were high (> 0.8) in all cases, but the observed
values were lower in most cases, ranging from 0.559 (Pma-
CAnl) to 0.881 (PmaTGAn33) (Table S3). Consequently,
six of the 16 markers showed a significant deviation from
the Hardy—Weinberg equilibrium (Table S3). The observed
heterozygosity (Ho) was higher in the forest area than
in the city (Table 1). On the other hand, no significant

Table 1 Summary statistics of the main genetic indices for the pooled samples (i.e. the two sites analysed together) and separately for the two

spatial groups (urban: Veszprém, forest: Vilma-puszta)

Two sites combined Urban site Forest site T (df=15) p
Na 16.47+1.834 17.12+1.553 15.82+1.384 1.835 0.086
Ne 7.578 +0.755 7.474+0.73 7.683+0.775 0.199 0.845
Ho 0.729+0.022 0.703+0.022 0.756 +0.027 2.171 0.046
He 0.853+0.010 0.847+0.01 0.859+0.012 0.703 0.493

Na: number of alleles, Ne: number of effective alleles, Ho: observed heterozygosity, He: expected heterozygosity. The table shows the
means =+ SE of the 16 loci and the results of paired t-tests comparing the two sites (see Tables S3 and S4 for values of each locus)
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differences were detected in allele numbers and expected
heterozygosity (Table 1). The measures of allelic richness
for each locus are shown separately for the two study areas
in Table S4.
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Fig.2 The results of population structure analyses using Geneland.
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the model assuming that individuals belong to a single population
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differentiation

The first set of population structure analysis by Geneland
using all 16 markers showed that the genotyped individu-
als belong to a single population (K=1) with the highest
probability (>60%, Fig. 2). The second most probable divi-
sion that clusters the birds into two populations (K=2) has
a much lower probability (<20%). We obtained similar
results when we repeated the analyses with 12 and 7 mark-
ers (Table S5).

The Bayesian clustering of individuals by Structure
largely confirmed these results. There were only 25 out of
the 189 birds (13.23%) that could be assigned to one of the
study sites (i.e. city or forest) with higher than 75% probabil-
ity in the two cluster (K=2) model, and Fig. 3 shows that the
population assignments of individuals did not differ consist-
ently between the two populations. We obtained the same
results when the subset of 12 or 7 microsatellite markers
was analysed (Fig S1 and S2). Structure Harvester analysis
provided the highest support for 4 genetic clusters (K=4;
AK=94.5; Table S6). However, the assignment of individu-
als to these 4 putative genetic clusters does not consistently
differ between the two habitats (i.e. both study sites contains
a mix of individuals from all clusters; Fig. 3). Please note
that in this set of analyses it was not possible to compare the
above scenarios (i.e. K=2 and 4) with K=1 because the AK
value cannot be calculated for the latter model. Finally, the
expanded clustering method that also included the three phe-
notypic variables (tarsus and wing length, and body mass)
produced similar results: the probability of the individuals'
assignments to the two groups was not consistently associ-
ated with the study sites (Fig S3).

In line with the above results of population structure, the
AMOVA analysis found that the between populations (i.e.
habitats) component of variance accounts only for 1% of the

Forest
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total genetic variance, while the variance within individuals
explained 81% (Table S7). Similarly, we found a low albeit
statistically significant genetic differentiation between the
two study sites (pairwise F,=0.009, p=0.001).

Migration rates

The mean estimate of migration rate (M) from forest site
to urban site was 0.995 (95% CI: 0.78-1.2), whereas its
estimate for the opposite direction was 0.934 (95% CI:
0.72-1.147). The almost completely overlapping credible
intervals of these estimates indicate a negligible difference
between the migration rates in the two directions (Fig. 4).

Discussion

Our study consistently indicated low genetic structuring
between the two spatially separated groups of great tits
living in an urban and a forest habitat close to each other.
None of the clustering approaches separated the individuals
according to their origin of habitat, even when we included
phenotypic data in the analysis. The pairwise F (0.009)
also indicated a low level of genetic differentiation, and
between habitats variation explained only 1% of the total
genetic variance. This lack of marked genetic differentia-
tion between nearby urban and non-urban great tits is in
line with the results of earlier studies of the species. For
example, similarly low F values (<0.05) were reported for
most urban—rural comparisons in other geographic areas
(using SNPs: Perrier et al. 2017; Salmén et al. 2021; using
microsatellites: Markowski et al. 2021), although higher F
was also found (Bjorklund et al. 2010, using microsatellites).

Nevertheless, some of our results suggest detectable
genetic differences between urban and forest birds: one
measure of genetic variation (observed heterozygosity) was
significantly lower in the urban than in the forest popula-
tion, and the F was statistically significant. Other studies of
great tits also reported statistically significant divergence of
urban populations (Bjorklund et al. 2010; Perrier et al. 2017,
Markowski et al. 2021; Salmoén et al. 2021), although not

universally (e.g. Salmon et al. 2021 did not detect reduced
heterozygosity in urban populations).

Several factors can contribute to this low but detectable
level of genetic differences between urban and non-urban
populations that appear to characterize the species over most
of its studied geographic range. On the one hand, birds are
likely to have smaller dispersal distances and/or home ranges
(Vangestel et al. 2010, 2011; Luna et al. 2019; O’Donnell &
delBarco-Trillo 2020) in urban compared to forested areas
due to specific habitat characteristics of the cities (e.g. higher
fragmentation, presence of food sources; see Introduction).
This may lead to some level of genetic isolation and higher
inbreeding rates in urban populations promoting genetic
divergence. On the other hand, as shown by our results, there
is gene flow between urban and adjacent non-urban popula-
tions of great tits. We estimated migration rates of about
0.78-1.20 from Vilma-puszta to Veszprém and 0.72-1.15
in the opposite direction; these results are broadly similar
to those found in great tits between city populations of Bar-
celona (Bjorklund et al 2010). Indeed, our ringing data also
confirm that individuals sometimes move between the two
habitats (but such instances are very rare in our database: 12
out of 8087 ringed individuals between 2011 and 2024; most
of them juvenile dispersers), and similar movements were
reported by Bjorklund et al (2010). Thus, this level of gene
flow may be sufficient to prevent strong genetic isolation and
quick divergence of urban great tit populations. Additional
factors that may act against genetic differentiation include
large population sizes of great tits that may mitigate the
effects of genetic drift on neutral markers, and the relatively
recent urban history of the species (Perrier et al. 2017).

Gene flow from urban areas to their surrounding land-
scapes (and vice versa) may be reduced compared to that in
natural habitats. For example, Salmén et al. (2021) found
that genetic differentiation between non-urban sites across
Europe was lower than between pairs of urban—rural sites or
between different cities in the same geographic region. Col-
lectively, these findings align with the expectations drawn
from the ecological characteristics of cities (see Introduc-
tion) that urbanization can limit gene flow and contribute
— albeit weakly — to genetic divergence. Similarly, Perrier

Fig.4 Posterior distribution

of migration rates (M) from

the forest (Vilma-puszta) to 0.0154 0.0154

the urban site (Veszprém,; left 5 5,

panel), and vice versa (right 2 0.0104 2 0.0104

panel). The calculation is based é‘ %«

on data from all (n=16) micros- S 0.005- S 0.005-

atellite loci. Red lines are the = =

prior distribution used in the 0.000 - 0.0004

model 0.0 05 .0 05 1.0

Migration rate (M)

Forest — Urban

Migration rate (M)

Urban — Forest
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et al. (2017) concluded that genetic differentiation due to
urbanization in great tits (and probably in other urbanized
birds as well) may be on the rise, and that reduced gene flow,
coupled with small genetic drift, is likely compatible with
local adaptation processes.

However, reduced gene flow is not exclusive to urban
areas but has also been documented in natural habitats.
So far, several studies reported limited gene flow between
populations of great and blue tits within mosaics of forest
patches, where habitat connectivity is hindered, e.g. by inter-
vening grasslands or agricultural landscapes. In such cases,
even over distances of just a few kilometres, similar (e.g.
Ortego et al. 2011; Garcia-Navas et al. 2014) or even higher
F, values have been reported (Garrido-Bautista et al. 2024)
than compared to urban populations (see above), suggesting
that the effects of reproductive barriers on genetic differen-
tiation may be similar or sometimes even more pronounced
in non-urban fragmented landscapes than in urban environ-
ments. Studies also reported local adaptation in tits at small
geographic scales in natural habitats (e.g. Garant et al. 2005;
Postma & Noordwijk. 2005; Garrido-Bautista et al. 2024).

So far, the analyses of gene flow in great tits did not sup-
port the idea that urban populations are population sinks
maintained by asymmetric immigration of individuals from
non-urban areas. The estimates of migration rates in our
study were close to identical from the city to the forest and
vice versa. Bjorklund et al. (2010) found a higher migration
rate from the city to the forest than in the opposite direc-
tion. These results suggest that the high density of great tits
often observed in urban areas may be a consequence of local
demographic processes, for example via better juvenile or
adult survival in cities than in rural areas. Interestingly, the
inferred direction of gene flow differs between our results
and the study of Bjorklund et al (2010), although the dis-
tance between study populations was similar. One reason
for the difference may be that these studies used distinct
sampling methods (we used data only of confirmed, locally
breeding individuals while this is not unambiguously the
case in the other study). Study sites may also differ in several
habitat characteristics (e.g. food abundance, predation risk,
habitat connectivity) that influence the movement decisions
of birds.

Despite the low level of genetic differentiation between
rural and urban populations, we found several kinds of
phenotypic differences between the individuals of the two
sites involved in this study (for example in plumage and
feather structure, reproductive effort, extra-pair behaviour,
problem-solving, and risk-taking; Preiszner et al. 2017;
Pipoly et al. 2019; Seress et al. 2018, 2021; Sandor et al.
2021, 2022; Vincze et al., 2021). These may be due to
selection acting on specific genes in the cities, even if neu-
tral markers remain undifferentiated (Laine et al. 2016;
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Salmon et al., 2021). It is likely that other mechanisms
may also be involved in generating urban phenotypes, for
example, phenotypic plasticity (Johnson & Munsi-South,
2017; Mercx et al., 2018), epigenetic mechanisms (Riyahi
et al. 2015; Caizergues et al. 2021), or environmental con-
straints like reduced quality and quantity of available food
(Seress et al. 2018, 2020) and climatic conditions like the
heat island effect (Pipoly et al., 2022).

One limitation of our study is that we used micro-
satellites to test genetic differentiation instead of using
SNPs, which have higher power due to the larger number
of informative markers. However, microsatellites are still
widely used due to the method's cost-effectiveness and its
suitability to test genetic isolation between groups (e.g.
Bjorklund et al. 2010; Bertrand et al. 2016; Delahaie et al.
2017), especially when the markers are highly variable as
in our study (20 alleles per marker on average).

Conclusions for future biology

In conclusion, our study supports the general agreement
of several other population genetic studies that, at neutral
markers, the differentiation between urban and non-urban
conspecific bird populations is low (Lemoine et al. 2016;
Neale & Wheeler 2019; Szulkin et al. 2020). Importantly,
our results suggest that the rate of movement between the
two habitats is similar in both directions. This latter result
does not support the hypothesis that urban populations are
population sinks maintained by birds immigrating from
forest areas. We suggest future studies to confirm this lat-
ter finding by other methods, for example by analysing
ringing recoveries and by radio tracking of the movement
of birds. Having a more complete knowledge on the degree
of isolation of urban animal populations from non-urban
ones can provide a better understanding of both their popu-
lation dynamics and also their potential for genetic adapta-
tions to local ecological conditions.
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