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ABSTRACT
Individual variation among and within natural populations can have eco-evolutionary implications by, for example, affecting spe-
cies interactions or evolutionary potential. Urban systems present a unique opportunity to evaluate how environmental change 
shapes variation since urban phenotypic differentiation is widely documented on contemporary timescales. We introduce and 
test three hypotheses to determine how urbanisation affects phenotypic variation at different population levels. Combining 21 
long-term datasets in a mega-analysis approach, we synthesise how urbanisation impacts variation in tarsus length and lay date 
among and within subpopulations of great and blue tits (Parus major, Cyanistes caeruleus ) at a continental scale. Our synthesis 
reveals that urbanisation is associated with increased phenotypic variation within subpopulations by 11% on average, and by as 
much as 25% across the species and traits examined. We also find some evidence (for tarsus length in great tits) that urbanisation 
increases differentiation between subpopulations. We did not, however, find that urbanisation increases differences between 
subpopulations in their within-subpopulation variation. Our synthesis provides novel insights into how urban contexts impact 
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individual diversity at different spatial scales and we highlight future directions that could establish the genetic and environmen-
tal effects that underlie these continental patterns of urban phenotypic variation.

1   |   Introduction

Environmental variation can drive differences between individu-
als as they adjust or adapt to local conditions and, in turn, these 
differences may affect how individuals interact with their environ-
ment. Thus, phenotypic variation can have important ecological 
and evolutionary consequences by, for instance, driving individual 
differences in resource use, predator defence or parasite resistance 
(Bolnick et al. 2011; Des Roches et al. 2018; Violle et al. 2012; Wolf 
and Weissing 2012). Investigating how ecological conditions affect 
phenotypic variation is, thus, an important first step to link sources 
of phenotypic variation (determined by (epi)genetic variation and 
plasticity; Falconer 1996; Lynch and Walsh 1998) to evolutionary 
outputs (e.g., result of selection acting on phenotypic variation; 
Bürger and Lynch 1995; Ghalambor et al. 2007).

Environmental conditions are dramatically altered in anthropo-
genic environments (e.g., due to novel resources, modified interac-
tions and urban heat island effects; Szulkin et al. 2020), providing 
a unique scenario to test how ecological conditions affect pheno-
typic variation on contemporary timescales. For example, environ-
mental heterogeneity, novel stressors and habitat fragmentation 
in cities can modify processes of selection, development, (epi)ge-
netic mutation or dispersal with cascading effects on the pheno-
typic variation contained within urban populations (reviewed in 
Thompson et al. 2022). Although divergences in mean phenotypes 
between urban and nonurban populations have been documented 
across diverse taxa and traits (Diamond and Martin 2021; Lambert 
et al. 2021; Szulkin et al. 2020), urban and nonurban population 
differences in phenotypic variation have only recently been stud-
ied. In populations of shrews, for example, urban individuals of 
Crocidura russula  were found to be more diverse in their aggres-
siveness and boldness compared to rural individuals (von Merten 
et al. 2022). In birds, two recent meta-analyses found that urban-
isation increases phenotypic variation in populations for mor-
phological (tit species across Europe; Thompson et al. 2022) and 
life-history traits (birds worldwide; Capilla-Lasheras et al. 2022). 
Although there is emerging evidence that urbanisation increases 
phenotypic variation, meta-analyses are limited to comparing ef-
fect sizes across diverse studies. Here we use a more standardised 
approach that synthesises long-term datasets (rather than pub-
lished estimates) providing invaluable replication across space and 
time, to address new hypotheses and importantly establish how 
environmental change can modify diversity at different scales in 
wild populations.

Ecological processes shape phenotypic variation at different spa-
tial scales in wild populations, for example, by modifying variation 
both among and within the subpopulations that comprise them (a 
subpopulation is defined here as a clustered group of individuals 
occupying the same local environment). We identified three possi-
ble hypotheses (H) that could explain recently reported increases 
in phenotypic variation in urban populations, which we term here 
the ‘among-subpopulation heterogeneity’, ‘within-subpopulation 
heterogeneity’ and ‘heterogeneity in heterogeneity’ hypotheses 
(Figure  1). First, under the among-subpopulation heterogeneity 

hypothesis (H1, Figure 1,1), we expect increased phenotypic dif-
ferences between urban subpopulations in cities compared to the 
phenotypic differences between nonurban subpopulations out-
side of cities. Cities have been described as more environmentally 
heterogeneous at larger landscape scales than surrounding areas 
(Cadenasso et  al.  2007; Niemelä et  al.  2011; Pickett et  al.  2017), 
which could lead to higher urban variation if subpopulations 
within a city occupy a wider range of habitats (e.g., city centre vs. 
urban green space) and are exposed to more diverse conditions 
than surrounding subpopulations in nonurban habitats (Alberti 
et al. 2020; Gorton et al. 2018; Rivkin et al. 2019). However, cities 
have also been referred to as more environmentally homogenous 
than surrounding areas (Groffman et  al. 2014; McKinney 2006; 
Santangelo et al. 2022) and so changes in urban phenotypic vari-
ation will ultimately depend on context (e.g., agents of selection 
for a given species, trait or scale). Further, human modification of 
landscapes (e.g., buildings, roads) can reduce dispersal throughout 
the urban matrix and increase isolation between subpopulations 
of a species, leading to increasing differences between subpopu-
lations in cities over time (Miles et al. 2019). Indeed, in support 
of the among-subpopulation heterogeneity hypothesis there is evi-
dence that urban subpopulations differentiate between each other 
to a greater extent than subpopulations outside cities, at both the 
phenotypic (Alarcón-Ríos et al. 2024; Gorton et al. 2018; Littleford-
Colquhoun et  al.  2017) and genetic levels (Miles et  al.  2019; 
Munshi-South et al. 2016; Schmidt et al. 2020).

Second, the within-subpopulation heterogeneity hypothesis (H2, 
Figure 1,2) predicts higher phenotypic variation within urban sub-
populations than nonurban subpopulations, and that each urban 
subpopulation contains similar amounts of phenotypic variation. 
Novel resources and stressors can vary at fine spatial and tempo-
ral scales even within an urban habitat (Charmantier et al. 2017; 
Corsini et al. 2019; Jensen et al. 2022; Monniez et al. 2022; Stofberg 
et  al.  2019), which could contribute to specialisations or differ-
ences between urban individuals occupying the same local area 
(Ghalambor et al. 2007). Within a species of terrestrial salaman-
ders (Salamandra Salamandra bernardezi ), some urban subpop-
ulations contained more individual diversity in head shape than 
forest subpopulations, presumably as urban factors could impair 
developmental canalisation (Alarcón-Ríos et  al.  2024) and in-
crease morphological deformities in cities (Velo-Antón et al. 2021).

Third, the heterogeneity in heterogeneity hypothesis (H3, 
Figure  1,3) predicts greater differences between urban 
subpopulations in the phenotypic variation they contain 
compared with nonurban subpopulations. Environmental het-
erogeneity or fragmentation in urban contexts may contribute 
to increases in urban phenotypic variation, but it is possible 
that these factors and processes like selection, plasticity or 
dispersal vary considerably in space across the urban matrix. 
Less uniformity in these factors and processes within cities 
than surrounding areas may mean that some urban subpopu-
lations contain high phenotypic variation and others low phe-
notypic variation, contributing to higher differences between 
subpopulations in their within-subpopulation variation in 
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urban habitats. For example, it has been suggested that higher 
environmental heterogeneity within cities could lead to spa-
tially variable selection pressures (Rivkin et  al.  2019) where 
relaxed selection could increase phenotypic variation within 
some urban subpopulations and stronger selection could re-
duce phenotypic variation within other urban subpopula-
tions, while selection pressures and resulting variation within 
nonurban subpopulations remain similar. To our knowledge, 
however, this third hypothesis is yet to be explicitly intro-
duced and tested. These three hypotheses are not mutually 
exclusive and determining how urbanisation increases phe-
notypic variation both among and within subpopulations will 
facilitate inferences towards which population level processes 
like selection, plasticity or dispersal modify variation in urban 
contexts.

Here we synthesise how phenotypic variation is spatially dis-
tributed along replicated urban gradients by partitioning phe-
notypic variation at different population levels in two European 
tit species (great tits, Parus major  and blue tits, Cyanistes 
caeruleus ). To build on findings from previous meta-analyses 
(Capilla-Lasheras et  al.  2022; Thompson et  al.  2022) we use a 
mega-analysis (Eisenhauer 2021; Koile and Cristia 2021; Sung 
et al. 2014) based on a large-scale European collaboration (here 
21 populations, 157 subpopulations and 21,968 individuals 
across 2 species, Figure 2). While a meta-analysis uses pooled 

summary statistics from previous studies, a mega-analysis is 
based on the pooled standardised raw data from multiple inde-
pendent studies (Eisenhauer 2021; Koile and Cristia 2021; Sung 
et al. 2014). Although mega-analyses are ambitious approaches 
often requiring coordination and collaboration across different 
research groups, this comprehensive approach allowed us to ex-
amine finer-scale patterns of phenotypic variation across repli-
cated urbanisation gradients with the additional benefits of (i) 
accounting for variance in the combined dataset in a single sta-
tistical model and (ii) ideally involving all data owners through-
out the research process. Great tits and blue tits are commonly 
studied in both urban and nonurban habitats, and the availabil-
ity of long-term datasets obtained using highly standardised 
methodology on these species provides a unique opportunity 
to address our three hypotheses and generalise our results in 
populations across most of the species' distributions. Our study 
focuses on variation in tarsus length and lay date. It has been re-
cently shown that urban bird populations tend to contain more 
variation in these traits than nonurban populations (Capilla-
Lasheras et al. 2022; Thompson et al. 2022), but which of our 
hypotheses lead to these global patterns is unknown.

We predict that higher urban variation will be driven by a com-
bination of higher differentiation between urban subpopulations 
(Hypothesis 1; Figure  1,1) and higher variation within urban 
subpopulations (Hypothesis 2; Figure 1,2) for both tarsus length 

FIGURE 1    |    Visual representation of three hypotheses concerning patterns of phenotypic variation among birds in five subpopulations (or clusters 
as defined in methods) along a theoretical urban gradient where urbanisation increases from left to right. Subpopulations contain groups of nonurban 
(green) and urban (blue) individuals that differ in body size where individuals are smaller on average in urban subpopulations. Higher phenotypic 
variation in cities could be driven by (1) among-subpopulation heterogeneity: Higher differentiation between urban subpopulations since there is 
higher variation among urban groups in their mean traits than nonurban ones (i.e., some urban subpopulations contain large individuals and others 
contain medium or small individuals, while nonurban subpopulations all contain large individuals), (2) within-subpopulation heterogeneity: Higher 
trait differences within urban subpopulations (i.e., small, medium and large individuals) compared to nonurban subpopulations (i.e., large individu-
als), (3) heterogeneity in heterogeneity: Differences between urban subpopulations drive higher variation among urban groups in the trait variation 
they contain (i.e., urban subpopulations contain different compositions of individual sizes).
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and lay date. Less is known about how variation changes across 
the urban matrix and so we explore whether differences between 
urban subpopulations in the variation they contain could also 
contribute to variation in these traits (Hypothesis 3; Figure 1,3). 
As great tits and blue tits are closely related species with similar 
niches, we expect parallel responses to urbanisation and make 
similar predictions for both species. Besides comparing trait 
variation between categorically classified urban and nonurban 
subpopulations, we also quantify urbanisation in a standardised 
way across all European populations to consider how the degree 
of urbanisation impacts trait means and variation at small and 
large spatial scales. Our results provide important insights on 
the eco-evolutionary processes that shape phenotypic variation 
in urban contexts, and we highlight outstanding knowledge 
gaps that can be addressed moving forward.

2   |   Methods

2.1   |   Datasets and Phenotypic Traits

Urban and nonurban populations of great tits and blue tits have 
been monitored as a part of long-term research programmes that 
involve following the reproduction of individuals in nest boxes. 
We combined datasets from 14 urban gradients (cities and sur-
rounding area; we term this here ‘study system’) across Europe 
(Figure  2). We obtained three full standardised datasets from 
the SPI-Birds network (Culina et  al.  2020) and the remaining 
datasets were received directly from data owners. These data-
sets varied greatly in the number of years of data collection, the 
number of subpopulations and nest boxes along each gradient 

(Figure  2), and the data collected for each species and trait 
(Figures S1–S3).

We focused on two phenotypic traits: tarsus length and lay date. 
Tarsus length is fixed early in life (i.e., end of post-hatching 
growth before fledging; Björklund 1997; Gebhardt-Henrich and 
Van Noordwijk 1994) and is an indicator of body size or com-
petitive ability in tits (Kempenaers et  al.  1992; Oddie  2000). 
We compared among- and within-subpopulation variation in 
tarsus length between nestling and adult life stages since sim-
ilarities or contrasts between patterns could reveal clues about 
the processes (e.g., selection via post-fledging survival) shaping 
tarsus variation in urban contexts. For tarsus length, we used 
individual-level data from capture events during the breed-
ing season from both adults and nestlings (adults: individuals 
that hatched before the current year and nestlings: the cur-
rent year). Nestlings were measured on average 15 days (range: 
13–17) after hatching before they fledged the nest. Individual 
tarsus length was measured using the Svensson's Alternative 
Method (Svensson  1992) or converted to this method if mea-
sured differently (see Supporting Information Methods 1.1 and 
Equations S1, S2).

In contrast, a female's laying date is highly plastic to annual 
environmental conditions like spring temperature and habitat 
phenology (Bourgault et al. 2010; Visser et al. 2009), even at 
small spatial scales (Cole et al. 2021; Hinks et al. 2015), and 
can have major implications for reproductive success (Marrot 
et al. 2018; Nager and van Noordwijk 1995). For lay date, nest 
boxes were monitored regularly during the breeding season 
and the lay date of each female was determined as the date 

FIGURE 2    |    Summary of European urban gradient datasets showing (A) list of study systems (N = 14 study systems; listed by decreasing latitude, 
range = 61°31′ to 41°23′ N) and their year range and number of subpopulations (=clusters adefined by clustering algorithm) in urban and forest habi-
tats, (B) map of Europe showing the location of each study system in A and whether the dataset included great and blue tits (circles) or great tits only 
(squares) and (C) the three traits examined and the number of study systems, individuals and subpopulations (=urban vs. forest clusters as defined 
in methods) of the full combined dataset. See also Tables S1 and S2 for further information.
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when the first egg of a clutch was laid (range: March 16–June 
1; 75–152 Julian days). We only considered nestling tarsus 
and lay dates from first clutches as not all datasets included 
monitoring of second broods, and the breeding season length 
and frequency of double brooding differ across Europe and 
between urban and nonurban habitats (Bukor et  al.  2022; 
Sinkovics et al. 2023; Verboven et al. 2001; Visser et al. 2003). 
First clutches were defined as the first clutch laid by a female 
in a breeding season and were within 30 days of the first lay 
date of a focal species in a focal year within a focal subpopula-
tion (Culina et al. 2020; Van Balen 1973).

We chose to evaluate phenotypic variation at population levels 
rather than the individual level since repeated individual mea-
sures in the full dataset were low (approx. 1.4 measures per 
adult) and could limit the ability to estimate within-individual 
variation. We hence included only one observation per indi-
vidual to estimate individual differences between and within 
subpopulations, while avoiding pseudoreplication in statistical 
models (see Supporting Information Methods 1.2–1.4 for fur-
ther justification of which measures were used). Since adult 
tarsus length should not change over repeated measures, we 
computed the mean tarsus length for each individual if they 
had more than one measure to reduce measurement error. To 
minimise model complexity for nestling tarsus length and ease 
comparability with results of adult tarsus length, we followed 
a similar approach for nestling tarsus by selecting one random 
nestling from each nest box within each year (one nestling per 
brood). We selected only the first appearance of each female 
with known identity in the dataset and their corresponding lay 
date. A summary of the combined datasets for the three traits is 
shown in Figure 2C.

2.2   |   Environmental Variables

As study areas defined by data owners differed in shape and size 
across study systems, we aimed to standardise the definition of 
a subpopulation by defining clusters of nest boxes (N = 119 clus-
ters; Tables  S1 and S2). We use the term ‘cluster’ here to rep-
resent subpopulations along urban gradients in this study (as 
shown in Figure  1), which were defined by a clustering algo-
rithm to contain at least 5 nest boxes within a 300-m distance 
of each other that tended to be contained in the same habitat 
type (for our rationale see Supporting Information Methods 
1.5; Table S3). Although sampling varied across clusters in the 
dataset (Figures  S1–S3) and clusters with lower sample sizes 
could have inflated variance by chance, our mixed modelling 
approach (see Statistical approach) allows robustness to this un-
balanced sampling.

We examined urbanisation at each cluster as (i) categorical 
(urban vs. forest) and (ii) continuous by quantifying impervious 
surface area (ISA) at a small and large spatial scale (100 and 
1000 m; see Supporting Information Methods 1.5 and Figure S4). 
We defined the habitat category of each cluster following data 
owners' categorisation, which was consistent across study sys-
tems; urban clusters were within close proximity to city centres 
with higher average ISA (0.46 proportion ISA at 100 m) and for-
est clusters were in forested areas outside cities with lower aver-
age ISA (0.01 proportion ISA at 100 m). Examining urbanisation 

more generally (categorical: combines imperviousness, human 
presence, light, supplementary food, etc.) and via the reduction 
of natural habitat (continuous: ISA) allowed us to determine 
whether these urbanisation effects had similar impacts on phe-
notypic variation. We also quantified large-scale land cover het-
erogeneity for each cluster using the Shannon Diversity Index of 
land cover classifications (see Supporting Information Methods 
1.5 and Figure S5).

2.3   |   Statistical Approach

We used double hierarchical generalised linear models, or 
DHGLMs, which are an extension of mixed models that quantify 
how residual variance varies among groups (Cleasby et al. 2015; 
O'Dea et al. 2022). In ecology and evolution, these models have 
been used to quantify between-individual differences in intra-
individual residual variance or ‘individual predictability’ (i.e., 
how consistent an individual is in a trait; Hertel et  al.  2021; 
Martin et al. 2017). These models require repeated observations 
per unit of analysis to estimate whether units are predictable and 
show low variation around their average characteristic, or un-
predictable and show high variation. Here, we used clusters (i.e., 
subpopulations) instead of individuals as the lowest grouping 
level, taking only one observation per individual or nestling per 
brood so that each cluster contained observations from multiple 
individuals. In this context, we could evaluate how ‘predictable’ 
or variable individuals sampled in different clusters are and if 
this phenotypic variation could be explained by environmental 
variables like urbanisation. Thus, within-cluster variation in-
cludes both among- and within-individual sources of variation 
for adult tarsus and lay date, and among- and within-brood vari-
ation for nestling tarsus.

We use DHGLMs to estimate three key parameters allowing us 
to test each of our main hypotheses. First, to evaluate the among-
subpopulation heterogeneity hypothesis (H1, Figure  1,1), we 
examined whether urban clusters' means are more variable 
than forest ones (parameter 1: among-cluster variance in mean 
trait; prediction: urban > forest). Second, to evaluate the within-
subpopulation heterogeneity hypothesis (H2, Figure  1,2), we 
determined whether more urbanised clusters contain more 
phenotypic variation than less urbanised clusters (parameter 2: 
slope coefficient of urbanisation effect on within-cluster resid-
ual variance; prediction: positive effect). Third, to evaluate the 
heterogeneity in heterogeneity hypothesis (H3, Figure 1,3), we 
explored whether variation within clusters differed by habitat 
type (parameter 3: among-cluster variance in within-cluster 
residual variance; prediction: urban > forest). Thus, both pa-
rameter 1 and 3 return two among-cluster variance estimates 
for urban and forest groups separately (fitted as random effects), 
while parameter 2 returns a single coefficient estimating how 
urbanisation (categorical or continuous) affects variation within 
clusters (fitted as fixed effect, see model descriptions below).

We fitted DHGLMs using tarsus length or laying date as 
our response variable in R (v.4.2.1) with the package brms 
(Bürkner 2017) using the Stan software (Carpenter et al. 2017; 
Stan Development Team 2023). We fitted fixed and random ef-
fects in both the mean (explains mean effects and among-level 
variation in mean trait values) and dispersion (explains residual 
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variance) parts of the model to control for known effects on trait 
means and estimate our three parameters of interest. We fitted 
the same model structures (described below) for great and blue 
tits separately to avoid fitting species interactions across model 
effects and ease interpretation. Response variables of the com-
bined datasets were standardised (Z-transformed; mean = 0, 
SD = 1) and fitted using a Gaussian distribution. We also stan-
dardised all continuous fixed effects to help with model fit and 
convergence. Since our response variables were Z-transformed 
(Hertel et al. 2021; McElreath 2020), we used weakly informa-
tive normal priors [N(location mean = 0, scale = 1)] for fixed 
effects, half-normal priors for random effects [N(0,1)] and a 
Lewandowski-Kurowicka-Joe correlation prior (LKJ prior; 
df = 2) for correlations of random effects. We ran four chains 
for 10,000 iterations each using a warm-up of 6000 iterations 
and a thinning interval of 4. Thus, model estimates and highest 
posterior density intervals (HPDIs) used posterior distributions 
consisting of 4000 samples. All models had appropriate conver-
gence with Rhat = 1 and effective sample sizes > 400 (Vehtari 
et al. 2021), and inspection of model diagnostic plots (traces, re-
siduals, posterior predictive checks) confirmed good model fit.

Following suggestions from the American Statistical Association 
(Wasserstein and Lazar 2016), we apply a more continuous ap-
proach to statistical inference (Dushoff et  al.  2019; Held and 
Ott 2018; Muff et al. 2022). We infer evidence in support of our 
hypotheses from effects whose 95% highest posterior density in-
terval (HPDI or credible interval) excludes zero. In addition, we 
infer weak evidence from effects whose 95% HPDIs overlap zero 
but for which the probability of direction (pd) in support of our 
hypothesis is > 0.90; where pd is estimated as the proportion of 
the posterior distribution that is in the direction predicted (Held 
and Ott 2018). Effects with pd < 0.90 (and 95% HPDI overlapping 
zero) were interpreted as an absence of evidence.

2.4   |   Adult Tarsus Length

Before analysis, we removed four clear outliers for adult tar-
sus measures visually outside the range of the other measures 
(12.70–25.49 mm; both species). Based on previously docu-
mented effects on mean tarsus length published on these spe-
cies (Biard et al. 2017; Caizergues et al. 2021; Corsini et al. 2021; 
Saulnier et al. 2023; Seress et al. 2020; Thompson et al. 2022) we 
included the fixed effects of cluster habitat type (urban vs. for-
est), mean latitude of each cluster (range = 41°23′—61°31′ N) and 
sex (female or male) in the mean part of the model. We included 
random intercept effects for each study system (i.e., N = 13, ex-
cludes Harjavalta dataset because of limited adult tarsus length 
data) and for each sampling year (range = 1991–2022) to estimate 
among-system and among-year variation. To evaluate whether 
urban clusters differentiate to a greater extent than forest ones 
in their means (parameter 1; Figure 1,1), we fit cluster variance 
(i.e., random intercepts) separately for urban and forest habitats, 
and thus obtained one variance estimate for urban and one for 
forest clusters.

In the dispersion part of the model, we fit the fixed effect of habi-
tat type (urban vs. forest) to explain tarsus variation within clus-
ters and test whether urban clusters contain more phenotypic 
diversity than forest clusters (parameter 2; Figure 1,2). Parameter 

2 is a single coefficient estimating the difference in the average 
within-cluster residual variation between urban and forest hab-
itats. Males are often more variable in their body sizes than fe-
males, especially in mammals (Zajitschek et al. 2020), but this 
trend could be reversed in birds (Reinhold and Engqvist 2013). 
As great and blue tits are dimorphic species, we also explored 
potential sex differences in tarsus variation by fitting sex as a 
fixed effect. We also included the fixed effects of land cover het-
erogeneity (Shannon diversity) and mean latitude to determine 
their contributions to variation within clusters. To account for 
differences between clusters in their size and number of years of 
data collection on the variation they contain, we also controlled 
for cluster area (median = 0.12 km2, range = 0.0065–226.6; see 
Supporting Information Methods 1.5) and number of years each 
cluster was studied (range = 1–28) as fixed effects. We fit random 
intercepts for study systems to estimate within-system variation. 
We then also fit heterogeneous variance for urban and forest 
clusters in the dispersion model to examine whether urban clus-
ters differ more in their tarsus variation than forest clusters (pa-
rameter 3 returns two variance estimates, one for urban and one 
for forest clusters; Figure 1,3). Following the format presented 
in O'Dea et al. (2022), we present mathematical model equations 
of the mean part of the model, the dispersion part of the model 
and their covariance for the analysis of adult tarsus in Table S9 
and Equations S3–S8. As an additional step, we ran Supporting 
Information Models by replacing the categorical habitat effect 
with proportion impervious surface area (ISA) at 100- and 
1000-m scales in the mean and dispersion parts of the model to 
evaluate how the mean and variation of tarsus were affected by 
standardised continuous urbanisation. We did not fit heteroge-
neous habitat variance for clusters in these models.

2.5   |   Nestling Tarsus Length

We included data from N = 12 study systems (excluding 
Harjavalta and Barcelona because of limited nestling tarsus 
length data) and removed nine outliers that were visually out-
side the range of measures of both species for nestling tarsus 
length (great tits: range = 10.2–25.9 mm, blue tits: range = 12.11–
21 mm). The DHGLM model structure for nestling tarsus in-
cluded the same fixed and random effects in the mean and 
dispersion parts of the model as for adult tarsus, but, as nestlings 
are unreliably sexed this early in life, we did not examine the 
effects of sex. Instead, we controlled for the effect of nestling age 
on the mean tarsus length (i.e., as a fixed effect in the mean part 
of the model, range = 13–17 days old).

2.6   |   Lay Date

We included lay date data from N = 13 study systems (exclud-
ing Barcelona because of limited lay date data) and the DHGLM 
model structure for lay date contained the same fixed and ran-
dom effects in the mean and dispersion parts of the model as for 
adult tarsus, with one exception. As lay date is a female trait, we 
did not include sex as a predictor in the model. We instead in-
cluded the age category of female breeders (yearling = 1 year old 
vs. older = 2+ years of age) as a fixed effect in the dispersion part 
of the model. As experience and learning could play a role in a 
female's perception of environmental cues and lay date decisions 
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(Bonamour et al. 2019), we explored whether yearlings or older 
birds differed in their lay date variation.

3   |   Results

Results related to our three hypotheses and parameters of in-
terest are reported below. See Supporting Information Results 
(Section 2 and Figures S6 and S7) for reporting on urban diver-
gence in trait means and other model effects.

3.1   |   Among-Subpopulation Heterogeneity 
Hypothesis (H1 and Parameter 1)

For adult tarsus length, the urban among-cluster variance in 
mean tarsus length was approximately four times higher than 
the forest among-cluster variance in both species; urban groups 
differentiated between each other to a greater extent than forest 
groups in their mean tarsus lengths (parameter 1: urban > for-
est among-cluster variance in mean trait, Tables 1A and S4). We 
had evidence for this result in great tits (Figures 3,1A and S8: 
95% HPDI of difference in variance not overlapping zero), but 
only weak evidence in blue tits (Figure 3,1A) since the 95% HPDI 
of difference in variance overlapped zero and posterior direc-
tion (pd) = 0.95 (Figure S8). For nestling tarsus in great tits, the 
among-cluster variance was twice as high for urban compared to 
forest clusters (parameter 1: urban > forest among-cluster vari-
ance in Table 1B; Figure 3,1B). However, the pattern for nestling 
tarsus length differed in blue tits as the among-cluster variance 
was slightly higher for forest than urban clusters (Table  1B; 
Figure  3,1B), and the difference in variance between habitat 
types had only weak support (pd = 0.96; Table  1B; Figure  S8). 
For lay date in great tits, there was similar among-cluster vari-
ance in mean lay date and largely overlapping HPDIs between 
the habitat types (parameter 1 great tits: urban ~ forest among-
cluster variance in means, Table 1C; Figures 3,1C and S8). For 
lay date in blue tits, the variance among forest clusters was five 
times higher than the variance among urban clusters; there was 
evidence that forest subpopulations differentiated to a greater 
extent in their mean lay dates compared to urban subpopula-
tions (parameter 1 blue tits: urban < forest among-cluster vari-
ance in means, Table 1C; Figures 3,1C and S8).

3.2   |   Within-Subpopulation Heterogeneity 
Hypothesis (H2 and Parameter 2)

For adult tarsus length, urbanisation increased the residual 
variance within clusters (parameter 2: positive habitat effect in 
Tables 1A and S4), with this effect having stronger evidence in 
blue tits (HPDI not overlapping zero) and weaker evidence in 
great tits (HPDI overlaps zero in great tits with pd = 0.93; similar 
results for ISA in Tables S5 and S6). The mean residual standard 
deviation for adult tarsus length in forest and urban great tits 
was estimated as 0.60 and 0.62 mm, respectively (a 4.1% increase 
in urban habitats; back-transformed estimates from Tables 1A 
and S7; Figure 3,2A). The difference in variation between habi-
tat types was higher in blue tits where the estimated mean resid-
ual standard deviation of adult tarsus length for forest and urban 
blue tits was estimated as 0.49 and 0.55 mm (an 11.5% increase 

in urban habitats; Figure  3,2A; Table  S7). For nestling tarsus 
length, there was evidence that urbanisation increased the vari-
ation within clusters for both species (parameter 2: positive es-
timates of habitat effect with HPDIs excluding zero in Table 1B; 
and ISA in Tables S5 and S6). The mean residual standard de-
viation of nestling tarsus length for forest and urban great tits 
was estimated as 0.83 and 0.92 mm (an 11% increase in urban 
habitats; Figure 3,2B; Table S7). The difference in variation be-
tween habitat types was higher in blue tits where the estimated 
mean residual standard deviation of nestling tarsus length for 
forest and urban blue tits was 0.65 and 0.81 mm (a 25% increase 
in urban habitats; Figure 3,2B; Table S7). For lay date, urbanisa-
tion increased lay date variation within clusters for both species 
(parameter 2: positive urban habitat effect on residual variance 
in Table 1C; same for ISA in Tables S5 and S6), with this effect 
having stronger evidence in great tits than blue tits (weak ev-
idence in blue tits with HPDI overlapping zero and pd = 0.94; 
Figure 3,2C). The mean residual standard deviations of lay date 
for forest and urban great tits were estimated as 5.6 and 6.1 days 
(8.9% increase in urban habitats; Tables 1C and S7), and 6.1 and 
6.6 days for forest and urban blue tits (an 8.2% increase in urban 
habitats).

3.3   |   Heterogeneity in Heterogeneity Hypothesis 
(H3 and Parameter 3)

For all three traits in both species, estimates of among-cluster 
variance in the residual variance did not differ between urban 
and forest habitat types; urban and forest clusters were similar 
in their variation in residual variance (parameter 3: urban ~ 
forest among-cluster variance in residual variance with largely 
overlapping HPDIs; Table 1A–C; Figures 3,3A–C and S8).

4   |   Discussion

Using a mega-analysis approach with long-term data from 21 
European urban and nonurban tit populations (13 great tit and 8 
blue tit populations), we confirm strong phenotypic divergence 
in mean urban tarsus morphology and breeding phenology 
(see Supporting Information Results), and find some evidence 
that urbanisation can increase phenotypic variation at multiple 
levels. Urbanisation is associated with increased differentia-
tion in tarsus length between urban subpopulations compared 
to forest subpopulations of great tits (i.e., clusters; H1: among-
subpopulation heterogeneity in Figures  1,1 and 3,1A,B), with 
weaker statistical support for this hypothesis in adult blue tits. 
This result, however, was lacking or even opposite when con-
sidering how urbanisation affected differentiation in lay date 
between subpopulations, with forest subpopulations of blue tits 
differentiating more than urban ones (Figure  3,1C). We also 
found statistical support in four out of the six species-trait com-
parisons that urbanisation increases the phenotypic variation 
contained within subpopulations (H2: within-subpopulation 
heterogeneity in Figures 1,2 and 3,2), a trend that was in the pre-
dicted positive direction across all comparisons, providing more 
general support that trait diversity exists at fine spatial scales 
in cities. We did not find support for higher differences in trait 
variation between urban subpopulations than forest ones (H3: 
heterogeneity in heterogeneity in Figures 1,3 and 3,3) suggesting 
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that subpopulations in cities do not differ in their phenotypic 
variation more than subpopulations outside cities. We discuss 
results related to H1 and H2 in more detail below but, since we 
do not find statistical support for H3, we do not discuss these 
results in further detail.

Collectively, our results show that (i) phenotypic variation can 
be associated with urban conditions and processes at local 
scales within subpopulations and (ii) urbanisation might also 
increase differences between subpopulations at landscape scales 
(i.e., larger spatial scales) depending on the trait. In two of the 
trait-species comparisons, we found evidence that urbanisation 
affects variation among and within subpopulations simulta-
neously, with these effects being in the same (nestling tarsus 
length in great tits: increases in variation at both levels) or op-
posite directions (lay date in blue tits: increases and decreases in 
variation at different levels). Despite numerous hypotheses on 
how ecological and evolutionary processes can affect phenotypic 
changes in urban populations (Alberti et al. 2020; Diamond and 
Martin 2021; Rivkin et al. 2019; Szulkin et al. 2020; Thompson 
et al. 2022), there are still limited empirical examples (Lambert 
et al. 2021). Although this synthesis does not directly evaluate 
the ecological and evolutionary processes acting in cities, it is 
a first step using a novel approach to generate hypotheses that 
may explain spatial patterns of urban phenotypic variation and 
consider the possible consequences of urban-modified variation 
at different population levels (Box  1). These results highlight 
exciting avenues to determine whether higher individual het-
erogeneity in cities may be associated with, for example, higher 
evolutionary potential, more plastic responses to environmental 
variation, or differential dispersal in urban birds.

4.1   |   Hypothesis 1: Among-Subpopulation 
Heterogeneity Hypothesis

In support of H1, we found higher differences in mean adult tar-
sus length between urban subpopulations of great tits than for-
est ones (adults and nestlings; Figure 3,1A,B). We found weaker 
evidence in adult blue tits for these higher urban subpopulation 
differences, and no clear support in blue tit nestlings (pattern 
in opposite direction; Figure 3,1A,B). For lay date, we did not 
find support for H1 as urbanisation was not associated with in-
creased lay date differences between subpopulations in great 
tits, and there was opposite support for this hypothesis in blue 
tits (Figure  3,1C). Less consistent support for H1 may suggest 
that the processes that drive changes in phenotypic variation at 
large spatial scales in cities are less generalisable across the spe-
cies and traits considered here.

Differentiation between urban subpopulations of great tits in 
tarsus length (and possibly adult blue tits) could be linked to 
heterogeneity in environmental conditions or dispersal between 
urban habitats. Differences between urban habitats in nestling 
food resources (and nutrients like carotenoids, Biard et al. 2006; 
Eeva et al. 2009; Isaksson 2009) might drive higher urban vari-
ation between subpopulations as it has been shown that food 
supplementation more strongly increases tarsus length in urban 
great tit nestlings than forest nestlings (Seress et  al.  2020). 
Further, if urban great tits have limited dispersal after fledging, 
then phenotypic (and potentially genetic) differences between 
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subpopulations reflect those seen in nestlings, especially since 
tarsus length is heritable and fixed early in life (h2 = 0.3–0.8 
in great tits, Young and Postma 2023). Further studies provid-
ing insights on the quantitative genetics and dispersal dynam-
ics of urban bird populations (Hanmer et  al.  2022; Senar and 
Björklund  2021) would help establish whether these patterns 
of tarsus length variation in adults could mirror genetic diver-
gences in these tit populations.

We did not find support that urbanisation is associated with 
increased lay date differences between subpopulations of 
great tits, which suggests that environmental conditions or 
underlying genetic variation related to lay date may not vary 
between subpopulations at larger landscape scales in cities. 
In blue tits, we found opposite support for H1, with blue tit 
subpopulations differing more in their average lay dates in 
forests compared to urban areas (Figure 3,1C). This was a sur-
prising result that has not been, to our knowledge, previously 
reported and so we are unable to offer a solid explanation for 
this pattern. Forests across Europe may be more diverse than 

cities in the environmental conditions that drive interannual 
differences in lay date timing (e.g., tree composition and phe-
nology; Bailey et al. 2022). However, this would not fully ex-
plain why this result was unique to blue tits, although some 
studies have reported habitat-dependent differences between 
these species in their lay date responses (Branston et al. 2021; 
Cuchot et al. 2024; Dhondt et al. 1984; Matthysen et al. 2021; 
Vaugoyeau et al. 2016). If great tits and blue tits differ in their 
perception of environmental cues (e.g., photoperiod or spring 
temperature), this could explain our results if processes like 
light pollution or the urban heat island effect homogenise 
these cues at larger spatial scales in cities (Branston et al. 2021; 
Yao et al. 2018). While these explanations are speculative, ur-
banisation clearly alters the phenological distribution (mean 
and width) of urban tit populations. Given the multitude of 
ramifications that can be triggered by the interactive effects of 
climate change and the urban heat island (Urban et al. 2024), 
it will be important to explore these patterns further to estab-
lish how urban and forest tits are differentially responding to 
advances in spring phenology under a warming climate.

FIGURE 3    |    Results of each hypothesis and associated predictions (columns) for (A) adult tarsus length, (B) nestling tarsus length and (C) lay date 
traits (rows). (1) Among-subpopulation heterogeneity hypothesis (parameter 1) shows the variance estimated among forest and urban clusters on 
the mean of the traits, (2) Within-subpopulation heterogeneity hypothesis (parameter 2) shows the urban effect on the residual variance of the traits 
(forest versus urban; positive values indicate more residual variation in urban habitats) and (3) Heterogeneity in heterogeneity hypothesis (parameter 
3) shows the variance estimated among forest and urban clusters on the residual variance of the traits. Model estimates related to each parameter 
are from Table 1 and their 95% (thin line) and 50% (thicker line) highest posterior density intervals (or CI = credible interval) are shown. Parameters 
1 and 3 are fitted as random effects in the model and return two variance estimates (urban = blue, forest = green), whereas parameter 2 is fitted as a 
fixed effect and returns a slope coefficient (effect of urbanisation = grey; see also Table 1). See also Figure S8 for results of 1 and 3 presented as the 
difference between urban and forest variance posterior draws. Estimates for great tits are represented by squares and blue tits by triangles.
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4.2   |   Hypothesis 2: Within-Subpopulation 
Heterogeneity Hypothesis

We found consistent support for H2 across the six species-trait 
combinations, with urbanisation increasing phenotypic varia-
tion within subpopulations by 11% on average (range: 4.5%–25%; 
Figure 3,2). More specifically, urbanisation was associated with 
an 8.5% increase in lay date variation. This effect is weaker than 
the average effect of urbanisation on lay date variation reported 
across 34 bird species globally (19.2% increase; Capilla-Lasheras 
et al. 2022). In contrast, the increase in variation that we report 
here is stronger than reported in a recent meta-analysis showing 
that human disturbances outside urban contexts (e.g., climate 
change, pollution, harvesting) have negligible effects on pheno-
typic variation, with most wild populations showing changes 
of only ~1% in variation on average (Sanderson et al.  2023). It 

is unclear whether these urban tit populations represent an ex-
treme case of how human disturbance impacts variation, like a 
few cases reported in Sanderson et al. or whether disturbance 
in urban environments can have similar impacts on pheno-
typic variation as manipulated stressors in experiments (O'Dea 
et al. 2019; Sánchez-Tójar et al. 2020). Further mega- or meta-
analyses that include studies from multiple taxa (especially out-
side birds) and traits in urban environments will be needed to 
further generalise how ecological conditions related to urbani-
sation impact phenotypic variation in the wild.

We found evidence that urbanisation increased tarsus length 
variation within subpopulations across both species and life 
stages examined (predicted positive direction; Figure  3,2A,B), 
aside from adult great tits where evidence was weaker. Higher 
tarsus diversity within urban subpopulations could be driven 
by similar processes discussed above for H1 acting at finer spa-
tial scales within urban habitats. For example, fine-scale tarsus 
length diversity could be driven by limited or non-random dis-
persal within an urban habitat related to the quality of breeding 
territories. Variation in body mass, for instance, is spatially vari-
able in a woodland population of great tits, and this fine-scale 
phenotypic diversity may be primarily driven and maintained 
by non-random dispersal related to habitat quality (Garant 
et al. 2005). If individuals recruit locally, this could drive a pro-
cess where more diverse urban nestlings lead to diverse adults 
within a subpopulation.

The estimated effect of urbanisation on tarsus length variation 
within subpopulations was larger and had stronger evidence in 
nestlings than adults. Note that we use direct urbanisation data 
related to the environment that nestling tarsus developed in, 
whereas adults were measured in the environment they chose 
after dispersing, which could create noise around urbanisation's 
effect on adult tarsus length. However, selective processes that 
cause non-random disappearance from the population between 
the nestling and adult stages (e.g., lighter nestlings less likely to 
fledge; Corsini et al. 2021) could also explain less tarsus length 
variation observed in urban adults. Individual-based demo-
graphic models would be useful to evaluate how certain pheno-
types (e.g., being smaller or larger than average) affect survival 
probabilities after fledging in urban and nonurban populations 
(DeAngelis and Grimm 2014; Dunlop et al. 2007).

Within subpopulations, we found evidence that urban females 
tend to have more diverse lay dates than forest females, suggest-
ing that previously reported increased lay date variation in urban 
bird populations (Capilla-Lasheras et al. 2022) could arise at local 
spatial scales in cities (evidence in great tits and weak evidence in 
blue tits; Figure 3,2C). Increased lay date diversity within urban 
areas could be driven by variation among urban females in (i) lay 
date plasticity to fine-scale heterogeneity in urban environmen-
tal conditions (e.g., temperature, artificial light at night, vegeta-
tion cover, tree species and their phenology; Bailey et  al.  2022; 
Bonamour et al. 2019; Dominoni et al. 2020; Jensen et al. 2022; 
Matthysen et al. 2021; Monniez et al. 2022; Shutt et al. 2019) or 
(ii) lay date timing (and associated genetic variation) which might 
result from relaxed urban selection on breeding phenology (as 
shown in great and blue tits: Branston et  al.  2021; Caizergues 
et al. 2018). Additional data collection across these urban tit popu-
lations would allow a more ambitious approach that incorporates 

BOX 1    |    Consequences of urban variation at different 
population levels.

Beyond identifying plausible processes that shape varia-
tion in urban populations, we also discuss here the possible 
consequences of increased variation at different popula-
tion levels (Bolnick et  al.  2011; Mimura et  al.  2017; Violle 
et  al.  2012). At the within-subpopulation level, fine-scale 
phenotypic variation could give urban subpopulations the 
ability to respond to new or fluctuating selection pressures 
and buffer environmental variation and, if this phenotypic 
variation is underlined by similar patterns in genetic vari-
ation, the ability to adapt to further environmental change 
(Mimura et  al.  2017; Moran et  al.  2016). For example, the 
cues predicting optimal lay date timing could be less clear 
in urban environments (Schlaepfer et  al.  2002) and so the 
fine-scale variation in lay dates observed here could buffer 
unpredictable annual variation in optimal timing in urban 
environments. More diverse urban lay dates could also im-
pact urban food webs by, for example, having top-down 
selective consequences for the phenology of urban insect 
communities, with further consequences for phenology in 
urban tree communities (Jensen et al. 2022).
At the among-subpopulation level, morphological variation 
in urban contexts could contribute to higher intraspecific 
diversity. In mammals, lower interpopulation variation 
in body size was correlated with a species' Red List sta-
tus and vulnerability to extinction (González-Suárez and 
Revilla 2013), which could suggest that higher tarsus length 
differences observed here between urban subpopulations 
could buffer the risks of local extinctions. Higher differences 
between urban subpopulations in the variation they contain 
compared to nonurban subpopulations (Hypothesis 3) could 
indicate that subpopulations in cities may vary more in their 
ability to adjust their phenotypic plasticity or adapt to fur-
ther environmental change, but we did not find clear evi-
dence here for this scenario. Evaluating dispersal between 
urban subpopulations will be particularly important for 
identifying further consequences at this population level. 
For example, if movements between subpopulations are lim-
ited within the urban matrix in less dispersive species, this 
could lead to further phenotypic (or genetic) differentiation 
in cities, with possible implications for adaptive radiations 
or speciation (Littleford-Colquhoun et  al.  2017; Thompson 
et al. 2018).
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pedigrees in our models, allowing an evaluation of whether ge-
netic variation of lay date (or tarsus length) underlies these pat-
terns of phenotypic variation at these population levels.

4.3   |   Limitations and Moving Forward

Our synthesis takes advantage of a large collaborative effort 
that is pushing to standardise research approaches and combine 
long-term data (SPI-Birds; Culina et al. 2020) and, although these 
large collaborative efforts will be key for establishing broad con-
clusions across replicate populations or cities, there are relevant 
limitations here that warrant discussion. Our data include some 
long-term studies on great and blue tits that were initially stud-
ied in forest habitats. Therefore, it is unclear whether differences 
in phenotypic variation reported here between urban and forest 
populations also extend to how variation differs between urban 
and nonurban (e.g., grassland or marsh) populations more gener-
ally. Further, our dataset comprises more replicate populations 
that exist across a larger geographical range for great tits than 
blue tits, and so population-level patterns that differ between the 
species here should be interpreted with this in mind.

We found no clear associations between large-scale land cover 
heterogeneity and phenotypic variation across the traits and 
species examined. This null result may be due to the cruder res-
olution of the Europe-wide land cover data we used (1 × 1 km 
classification as opposed to 10 m resolution of impervious sur-
face area), rather than a true absence of an effect. Environmental 
heterogeneity can occur at fine spatial scales (within meters) 
and could be more likely to drive the fine-scale trait variation we 
observed here since our clusters contained nest boxes that were 
within 300 m. Studies measuring fine-scale environmental data 
will be needed to explore further how environmental variation 
translates into phenotypic variation. Establishing this link will be 
especially meaningful in urban habitats since they are assumed 
to be more environmentally heterogenous, but this assumption 
may depend on the environmental axis and scale considered 
(Thompson et al. 2022). Accumulating data on different axes of 
environmental variation, such as temperature, vegetation cover 
or artificial light at night and examining how these factors dif-
ferentially impact traits would allow a more comprehensive ex-
amination of how urbanisation impacts variation at local scales.

It is also important to reiterate that our estimates of trait vari-
ation do not distinguish among- and within-individual vari-
ation, or importantly underlying genetic and environmental 
components of this variation. Although our approach consti-
tutes an initial synthesis of how urbanisation modifies indi-
vidual diversity across the continent, further efforts will be 
needed to decipher the underlying components of this varia-
tion. More complex approaches including double hierarchical 
animal models (e.g., Martin et al. 2017) or fine-scale genomic-
based population analyses (e.g., Whitaker et  al.  2020) could 
be useful complements to this end. Future studies that aim to 
examine similar hypotheses in different urban systems should 
importantly consider how best to define a subpopulation. We 
outline how the spatial scale used to define subpopulations 
could impact how variation is captured among and within sub-
populations in Box 2.

5   |   Conclusions

Urbanisation is associated with increases in variation within 
subpopulations, although the strength and statistical evidence 
for this pattern depend on the species and trait examined. 
This suggests that processes like selection, dispersal or plas-
ticity affect phenotypes at fine spatial scales in cities which, in 
turn, have consequences at different population levels (Box 1). 
Urbanisation can also impact variation at multiple population 
levels simultaneously; we found clear statistical support for nest-
ling great tit tarsus lengths (urbanisation increases variation at 
both levels) and blue tit lay dates (urbanisation has opposing 
effects at the different levels). Large collaborative efforts will 
be powerful approaches for synthesising more generally how 
urbanisation is impacting wildlife as these large datasets open 
new research possibilities and the ability to draw broad insights 
across replicate cities. Single system research using experiments 
or finer scale data will be necessary complements to these mega-
analyses, and together single and multi-population approaches 
can make timely fundamental and applied contributions in 
urban ecology and evolution. Determining how ecological con-
ditions like urbanisation affect phenotypic variation is an espe-
cially significant research avenue to establish the programmes 
needed to conserve wild populations and ecological communi-
ties in cities (Mimura et al. 2017), so that nature's contributions 
to society (Des Roches et al. 2021) are maintained in the face of 
the Anthropocene.

BOX 2    |    Considerations when defining subpopulations.

Subpopulations in wild systems are generally defined as 
being genetically differentiated groups of individuals within 
a larger population (Verity and Nichols 2016). However, in-
formation on the genetic population structure of most wild 
systems is not always available, especially in cases where 
several replicate populations are studied at broad spatial 
scales. Therefore, researchers rely on defining subpopula-
tions by grouping observed individuals in space, but should 
be aware that the spatial scale used to define subpopulations 
could impact how phenotypic variation is captured among 
and within subpopulations. For example, if subpopula-
tions are defined to be larger in space, then the processes 
that drive phenotypic differences between subpopulations 
(H1 and H3) could be captured by increasing the amount of 
phenotypic variation within populations (H2). Conversely, 
if subpopulations are defined too small, then the processes 
that increase phenotypic variation within populations (H2) 
could contribute to phenotypic differences between popula-
tions (H3). Individuals in wild populations are rarely stud-
ied intensively in space and so study designs that involve the 
monitoring of individuals across spatially separated study 
sites (like tits monitored here in, for example, forest patches 
or urban green spaces) will have limited capacity to explore 
how altering the spatial extent of subpopulations could 
change conclusions. Nonetheless, this is a caveat that should 
be considered by researchers wishing to address similar hy-
potheses and we choose here to define subpopulations using 
biologically relevant spatial scales linked to the space use of 
tits during breeding (see Supporting Information Methods 
Section 1.5).
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