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Abstract Urban bird communities are homogenized across
large spatial scales, suggesting that the urban environment acts
as an environmental filter. We hypothesize that large scale
commonness is a better predictor of urban affinity of birds
than any particular species trait. We estimated the relative
importance of taxonomy, reproductive, ecological and morphological traits, and commonness of individual bird species.
We compiled data on i) breeding bird communities of 41
European cities from urban bird atlases, and ii) regional bird
assemblages defined by nine grid cells of the Atlas of
European Breeding Bird around each city, and quantified the
urban affinity of each species by comparing its incidence in
cities and in randomly drawn communities from respective
regional assemblages. Conditional inference tree-based random forest analysis was utilized to assess the importance of

individual predictors. A sign test was used to detect differences between congeneric pairs of species with contrasting
affinity to cities. Birds associated with woody habitats and
those having altricial chicks had higher affinity for cities. Of
the other reproductive traits, only clutch size showed an association with urban affinity. Different bird orders differed significantly in their urban affinity, exemplifying the homogenizing effect of cities. However, by far the most important factor
associated with bird tolerance to the urban environment was
species commonness, indicating that either the traits associated with commonness, or population effects driven by commonness, are responsible for their presence in cities.
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Urbanization is a transformation of the environment with far
reaching influences on biota, including loss of species and
functional diversity, and altered ecological processes
(McKinney 2006; Aronson et al. 2014). Considerable evidence for the homogenizing effects of urbanization
(McKinney 2006; La Sorte et al. 2007; Ferenc et al. 2014;
Sol et al. 2014) suggests that urban areas act as environmental
filters and probably systematically favour some species based
on their traits, as shown, for example, by plants and invertebrates (Chocholoušková and Pyšek 2003; Bates et al. 2011;
Duncan et al. 2011). Identification of biological traits associated with persistence in cities has recently received considerable attention in birds, but the outcomes are ambiguous (e.g.
Bonier et al. 2007; Croci et al. 2008; Lepczyk et al. 2008; Hu
and Cardoso 2009; Evans et al. 2011; Sol et al. 2014).
Although many authors agree that off-ground nesting birds
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have an advantage in urban areas due to reduced nest predation pressure (Croci et al. 2008; Conole and Kirkpatrick 2011;
Evans et al. 2011; Leveau 2013; Cardoso 2014; Jokimäki et al.
2014; Dale et al. 2015), results regarding other traits are often
inconsistent. For example, some claim that birds that tolerate
urban environments tend to be larger (Croci et al. 2008), while
others show that they are of intermediate size (Conole and
Kirkpatrick 2011) or that body size is unimportant (Sol et al.
2014). Conflicting results have also been reported in regard to
fecundity (Kark et al. 2007; Croci et al. 2008; Evans et al.
2011; Sol et al. 2014). Kark et al. (2007) were unable to find
a difference in reproductive mode between urban avoiders and
exploiters. Findings by Evans et al. (2011) and Sol et al.
(2014) do not support other studies showing that omnivores
or granivores are advantaged in comparison to insectivores
(Croci et al. 2008; Conole and Kirkpatrick 2011; Leveau
2013), and that migratory species are disadvantaged under
urban conditions (Kark et al. 2007; Croci et al. 2008;
Leveau 2013). However, some traits, such as bill morphology
that reflects the utilized food type (Schoener 1965; Lederer
1975) or tarsus length which is linked to habitat preference,
have not been explored in this respect so far.
If some traits determine the urban tolerance of birds and if
these traits are phylogenetically conserved, related species
should respond to urbanization in a similar manner (Sol
et al. 2014). However, contrasting patterns have been revealed
at different spatial scales. Phylogenetic signal is recognizable
on a global scale, as some bird families (e.g. Columbidae,
Corvidae, Sturnidae) tend to have urban representatives in
most parts of the world (Sol et al. 2014). In contrast, at a
smaller scale Evans et al. (2011) and Cardoso (2014) found
that closely related species often responded to urbanization in
different ways, and that sensitivity to urbanization was rather
randomly distributed across phylogeny. This indicates that
various urban-adapted birds may not necessarily share any
common features that affect their tolerance to urbanization.
Different species may benefit from the urban environment
for very different reasons, and unique sets of traits characterizing different species may have unique selective advantages
in the urban environment. If this is the case, it is reasonable to
look for factors other than particular morphological or lifehistory traits that are potentially responsible for the success
of species in cities.
For these reasons, we hypothesize that generally widespread and common species are better able to colonize and
persist in urban environments than less widespread and less
common species. Our hypothesis thus accentuates the functional equivalence hypothesis emphasizing random community assembly where common species are advantaged, in contrast to the urbanisation tolerance hypothesis that assumes that
specific traits determine urban success of individual species
(Sol et al. 2014). The advantage of commonness may be due
to, e.g., mass effects supporting colonization events
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(Shmida and Wilson 1985) and/or functioning metapopulation
dynamics that reduce the extinction probability (Hanski
1998), or just due to a greater ability to adapt to any environment, including the urban one. We have previously shown that
bird communities of European cities are more homogeneous
than their species pools (Ferenc et al. 2014), i.e. they are more
similar to each other than communities of adjacent landscapes.
Here we ask whether these homogenized urban bird communities are dominated by species with certain biological traits
or, alternatively, by species that are generally widespread and
common. Towards this aim we attempted to assess the role of:
i) ecological and morphological traits, ii) reproductive traits,
iii) taxonomy, and iv) large-scale commonness in determining
bird species affinities to European cities.

Materials and methods
Study area and data
We collated data on the occurrence of breeding bird species in
cities from 41 atlases of European cities (see Ferenc et al.
2014, and Supporting Information therein for details on the
analysed cities). Since we were interested in the effects of
urbanization on native European avifauna, non-native species
were omitted from this study. Data on regional species assemblages were obtained from the 50 km × 50 km grid cells of the
EBCC (European Bird Census Council) Atlas of European
Breeding Birds (Hagemeijer and Blair 1997). Regional species assemblages for each city were defined as the set of bird
species breeding in nine (if available) grid cells around each
city, which has been previously shown to be a suitable definition of regional assemblages (Ferenc et al. 2014, and
Supporting Information therein).
The European breeding range size of each species was
calculated as the total number of occupied grid cells of the
EBCC atlas. Data on European population sizes and global
breeding range sizes were retrieved from BirdLife
International (2013). To quantify species affinities to urban
areas in Europe, we developed a ranking scheme relating the
incidence (i.e. frequency of occurrence) of species in cities to
their incidence in communities randomly composed from species of respective regional assemblages. It is not feasible to
compute an exact average number of cities that would be
occupied by a species if the communities were random subsets
of the regional assemblages. Therefore we adopted a simulation approach: bird communities were simulated for each city
by random resampling of regional assemblages, where the
species richness of a real-city community and its simulated
counterpart was held equal. After repeating this procedure
1000 times we calculated an approximate average number of
cities which would be occupied by each species if the communities were randomly assembled. The ratio between the
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incidence of each species in real cities and its average incidence across simulated city-assemblages gave the urban affinity score. This indicates if a species is present in cities more
or less often than would be expected based on random
sampling of species from the regional assemblages (score
of 1.0 represents completely random occurrence in cities,
i.e. a species occurs in cities with the same probability as
anywhere else). Species ranks based on this scoring were
further used as the response variable in subsequent analyses (see Online resource 1).
We also developed another ranking scheme: the urban affinity scores were multiplied by the frequency of species occurrences in regional assemblages across our study area, and
species were ranked according to these new scores. The
weighted ranking of urban affinity typically gives lower ranks
to species occurring in, e.g., only one species pool and city,
which thus have low sample size and the calculated urban
affinity rank can be rather imprecise (see Online resource 1).
However, because the analyses based on the weighted ranks
gave similar results and brought no changes to the interpretations, we present these analyses only in Online resource 2.
We used two sets of traits to explain the affinity of species
to urban areas: (i) Ecological and morphological traits: body
mass, tarsus and bill length; habitat association (open, wetland, woodland); migratory strategy (sedentary + short distance migrants, long distance migrants); diet (carnivore, piscivore, granivore, herbivore, omnivore, feeding on insects or
invertebrates); (ii) Reproductive traits: number of broods per
year, clutch size, reproductive mode (altricial, semi-altricial,
precocial), nest type (arboreal, ground, hole). The data on
ecology, morphology and reproduction were extracted from
the interactive version of the Birds of the Western Palearctic
handbook (Cramp 2006). The taxonomy (classification to orders) of bird species was based on IOC World Bird List v2.11
(Gill and Donsker 2012). We ran separate analyses (except for
the pairwise comparisons of congeneric species) for all birds
and for passerines only (order Passeriformes) to verify if the
results concerning all birds also hold for a phylogenetically
and morphologically homogeneous group representing a substantial part of urban bird communities (Ferenc et al. 2014).
The taxonomy and reproductive mode were not included as
predictors in the case of passerines.
Analyses
To rank explanatory variables according to their importance in
predicting urban affinity of birds, we applied a modified random forest analysis (Breiman 2001; Cutler et al. 2007) utilizing conditional inference trees as base learners (Hothorn et al.
2006). Binary recursive partitioning-based conditional inference trees (hereafter CIT) are suitable for the description of
complex datasets (Hothorn et al. 2006; Strobl et al. 2009). The
CIT approach is similar to traditional regression trees; both are
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non-parametric methods insensitive to the frequency distribution of variables resulting in no need for their transformation
(Jarošík 2011). Further common advantages are their ability to
deal with nonlinear relationships and higher-order interactions, as well as their robustness to the collinearity of predictors (Breiman et al. 1984; De'ath and Fabricius 2000; Jarošík
2011). In the first step, the basic dataset was divided (if possible) into two groups which were as homogeneous as possible, based on a specific value (cut-off point) of a selected
predictor (spliting criterion). Next, each new sub-group
(node) was recursively split by a cut-off point of any splitting
criterion, including the one(s) used in previous step(s). The
lower nodes contained increasingly homogeneous groups of
response variables, with terminal nodes being the most homogeneous in respect to the explanatory variables (Strobl et al.
2009). However, traditional regression trees tend to be biased
in split criterion selection towards variables with a high number of potential cut-off points or many missing values
(Hothorn et al. 2006; Strobl et al. 2007), and rely on crossvalidation and pruning of overgrown trees while selecting the
resulting tree (Breiman et al. 1984; Jarošík 2011). In contrast,
CITs utilize permutation tests: i) to perform unbiased variable
selection at each split and ii) to apply early stopping (instead
of pruning) to prevent overfitting (Hothorn et al. 2006). The
drawbacks of both methods are their strong dependence on the
learning sample and thus their sensitivity to small changes in
the data (Strobl et al. 2009).
To prevent potentially incorrect conclusions derived from a
single tree we utilized the random forest approach (Breiman
2001; Cutler et al. 2007) based on CITs (hereafter CIT-RF).
Individual CITs were fitted to 500 different subsamples (without replacement) of the original dataset instead of
bootstrapped samples (Hothorn et al. 2006; Strobl et al.
2007). Data not appearing in the subsamples are called outof-bag (OOB) data and were used for assessing the predictive
ability of each tree (Breiman 2001; Cutler et al. 2007). The
importance of predictors can be calculated by randomly
permuting the values of a predictor for the OOB data and
calculating the reduction in model accuracy in comparison
to the original OOB data (Cutler et al. 2007; Strobl et al.
2007; Jarošík 2011). We calculated the importance of each
variable under the conditional permutation scheme ensuring a lower preference for correlated predictors (Strobl
et al. 2008). Finally, the raw predictor importance values
were converted into percentages. This analysis was separately run for i) reproductive traits and ii) ecological and
morphological traits. Although the commonness of species
is a qualitatively different variable, analogical CIT-RF
analyses were run with European range size included in
the explanatory datasets to directly compare its importance
with the importance of other traits. All analyses were conducted in R software (R Core Team 2013) using the `party´
package (Hothorn et al. 2013).
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To test for the differences in continuous traits between
bird species with high versus low urban affinity we conducted pairwise comparisons of closely related species
(using absolute scores instead of ranks). Pairs of congeners were selected such that one of them had a higher and
the second a lower score than the median urban affinity
score. In some cases it was possible to select multiple
pairs of congeners; therefore the contrasted pairs were repeatedly randomly chosen (100 randomizations) to ensure
a non-arbitrary comparison of species pairs. Subsequently
we tested the differences between congeners using the
sign test in the R package `BSDA´ (Arnholt 2012), and
the proportion of significant tests at the Bonferroni
corrected significance level was recorded. The shortcoming of this analysis is that only a restricted number of pairs
of bird species could be used (52 pairs), because some
species could not be contrasted in respect to the median
score (as all had either higher or lower scores than the
median) or because some genera were represented by a
single species only.
The non-parametric Kruskal-Wallis test of analysis of variance was used to test for the differences in ranks of urban
affinity among groups of birds characterized by specific categorical variables. Correlations between continuous traits and
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Fig. 1 The relative importance of
ecological and morphological (a,
c) and reproductive (b, d) traits in
determining bird species urban
affinity ranks based on CIT-RF
analyses. Analyses were run for
all species (a, b) and passerines
(c, d) separately
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the ranks of urban affinity of birds were evaluated using nonparametric Spearman’s rank correlation coefficients.
Correlations of global breeding range size, European breeding
range size and European population size (all, except for
European breeding range size, were ln-transformed) with the
rank of urban affinity were analysed using parametric
Pearson’s correlation coefficients. In all tests, the significance
threshold was set to 0.05.

Results
Ecological and morphological traits
Of the ecological and morphological traits tested, the CIT-RF
revealed taxonomic status (order identity) to be the most important predictor of bird urban affinity ranks (Fig. 1a).
Relatively species-poor orders of Columbiformes,
Apodiformes, Bucerotiformes and Caprimulgiformes had the
highest ranks, followed by more numerous Piciformes and
Passeriformes (Fig. 2). Orders with the lowest urban affinity
included Otidiformes, Procelariiformes, Galliformes,
Suliformes and birds of prey. The habitat association was the
second most important predictor of bird urban affinity (Fig.
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Fig. 2 Boxplots of urban affinity ranks of individual bird orders.
Boxplots show the median, interquartile ranges, whiskers extending to
1.5 times the interquartile range, and outliers. Numbers in brackets
indicate the number of species in each order

clutch size
broods/year

0.24 *
0.29 *

0.18 *
0.09 (NS)

NS non-significant
*p < 0.05

importance (Fig. 1c). Simple correlations suggest that passerines with longer bills tend to avoid urban areas. The sign test
showed no significant differences between congeners with
different urban affinity scores.

Reproductive traits
The taxonomic status (order identity) and reproductive mode
were among the most important predictors of urban affinity
ranks for all bird species (Fig. 1b). Altricial species showed
significantly higher affinity to cities compared with the other
two strategies (Kruskal-Wallis test: H = 46.71, p = 0.0000; see
Online resource 4). Simple correlations suggested that birds
with larger clutch sizes and two or more broods per year have
higher probability to occur in cities (Table 1).
For passerines, the clutch size and number of broods per
year were also identified as relatively important predictors of
urban affinity (Fig. 1d). A significant positive correlation was
detected for clutch size, but not for the number of broods per
year (Table 1). None of the reproductive traits was significantly different among congeneric species with different urban
affinity scores.
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1a). Species associated with woodlands showed a higher affinity to cities than species of open habitats and wetlands
(Kruskal-Wallis test: H = 38.18, p = 0.0000, Fig. 3). Simple
correlations of morphological traits with urban affinity ranks
showed that larger birds tend to avoid urban areas (Table 1).
All the other predictors included in the CIT-RF analysis had
relatively low importance.
The CIT-RF analysis based on passerines confirmed the
importance of habitat associations in explaining bird urban
affinities (Fig. 1c). Passerines associated with woodland habitats tended to have the highest urban affinity ranks (KruskalWallis test: H = 10.66, p = 0.0049; see Online resource 3).
Body size variables had a much smaller effect on urban affinity in passerines, although bill length showed some
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Table 1 Spearman’s rank correlation coefficients between urban
affinity ranks and continuous traits of bird species (all species and
passerines only) considered in this study
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Fig. 3 The differences in urban affinity ranks between bird species
associated with open, wetland, and woodland habitats. Boxplots show
the median, interquartile ranges, and whiskers extending to 1.5 times
the interquartile range

When European range size was included among the predictors in the CIT-RF analysis, all the other ecological and morphological or reproductive traits had a negligible relative importance (Fig. 4). We found a strong positive correlation between the urban affinity of birds and their European and
global range sizes and population abundance. The European
range size was the strongest predictor of urban affinity,
followed by population size in Europe and global geographic
range (Table 2; Fig. 5). Similar results hold for passerines
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Table 2 Pearson’s correlation coefficients between urban affinity ranks
and the range size and population abundance of bird species (all species
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and woodland and non-woodland species separately
(Table 2, Fig. 5, Online resource 5).
The analyses comparing congeners showed that species
with higher affinity to urban areas have significantly larger
European and global breeding range sizes, as well as
European population sizes. All 100 out of 100 sign tests at
the Bonferroni corrected significance level were significant,
except for the global geographic range size with only 42 significant tests out of 100.
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species and their European population sizes are by far the best
predictors of their affinity to cities. Additionally, woodland
birds seem to be advantaged in urban areas in contrast to birds
of open or wetland habitats, and species with different urbanization tolerance have been shown to be non-randomly distributed among taxonomic groups (orders). Importantly, other
ecological, morphological and reproductive traits received relatively weak support throughout our analyses. We therefore
suggest that factors determining the overall bird rarity or commonness (either expressed in terms of their geographic distribution or population size) also determine their ability to pass
the urban environmental filter and to persist under urban conditions (see also Dale et al. 2015; Aronson et al. 2016). This
could be due to the fact species able to survive in large numbers in the human dominated landscape of Europe are preadapted for life in cities (Cardoso 2014). In other words, the
traits responsible for widespread distribution and/or high
abundances may simultaneously directly and positively influence bird survival in cities. An obvious example is wider
environmental tolerance (Bonier et al. 2007; Croci et al.
2007). Alternatively, traits may act indirectly by enabling
some species to be widespread and/or abundant, so that their
potential for successful colonization of cities is higher
(Symonds and Johnson 2006). We propose several nonexclusive mechanisms translating rarity/commonness into
the urban affinity of birds: First, widespread species tend to
be locally abundant (Gaston et al. 2000), so that common
species are more resistant to local extinction due to their high
local abundances (Purvis et al. 2000). A favourable metapopulation dynamics can further enhance their persistence in urban areas via the rescue effect (Brown and Kodric-Brown
1977; Hanski 1998). Rare species, on the other hand, may
be absent from a city, because their abundances are too low
in the surrounding habitats to enable invasion and establishment in the city. Second, the currently expanding urban environment represents an extreme form of environmental alteration, which requires new adaptive responses of species
(Partecke and Gwinner 2007; Ibáñez-Álamo and Soler
2010). Initial urban populations of less common species might
be too small for the emergence and fixation of beneficial mutations (Kimura 1983), resulting in their lower adaptability
and persistence. Third, abundant species may have a higher
probability of early colonization of cities. Birds inhabiting
cities for longer periods of time become gradually adapted to
this type of environment and attain higher within-city densities (Møller et al. 2012) resulting in higher urban population
stability and persistence.
In our analyses, birds primarily associated with woodlands
showed higher urban affinity in comparison to birds of open
and aquatic habitats (cf. Dale et al. 2015). The absence of
many non-woodland species from cities might be caused by
the lower availability and/or inferior quality of non-woodland
habitats in urbanized areas (Croci et al. 2008). Alternatively,
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the dramatic decline in the population sizes of many farmland
and wetland birds in Europe, due to intensifying agriculture
and aquaculture (Voříšek et al. 2010; Wetlands International
2010), potentially contributes to the low incidence of these
species in urbanized areas.
A clear taxonomical pattern in the urban affinity of birds
was also revealed, consistently with Sol et al. (2014) who
found a non-random phylogenetic pattern in bird sensitivity
to urbanization. This indicates that specific combinations of
traits represented by individual taxa determine the tolerance of
species to urbanized areas (Kark et al. 2007; Croci et al. 2008;
Leveau 2013). Our findings therefore explicitly demonstrate
the non-random filtering of the assemblages entering cities
(Bonier et al. 2007; Croci et al. 2008; Evans et al. 2011;
Leveau 2013; Meffert and Dziock 2013), which may ultimately lead to the taxonomically and functionally homogenized
avifauna of cities (McKinney 2006; Luck and Smallbone
2011; Ferenc et al. 2014; Sol et al. 2014). In contrast, no
phylogenetic signal in urban tolerance was detected by
Cardoso (2014) and Evans et al. (2011). However, the former
study considered only passerines, and the latter disregarded
species completely avoiding the urban environment.
Morphological traits as predictors of bird urban affinity
received relatively weak support in our CIT-RF analyses, being surpassed by the influence of taxonomy or habitat choice.
Moreover, the comparison of congeneric species did not reveal any morphological differences between species with high
versus low affinity to cities. Similarly, reproductive traits did
not appear to strongly affect the urban affinity of birds.
Although our data suggest that birds with altricial nestlings
are more frequently found in human settlements, it is not clear
whether this strategy genuinely enhances their ability to persist in cities or if it is just a reflection of the taxonomic bias in
urban tolerance. Clutch size was moderately correlated with
urban affinity, and there was some indication of its importance
in passerines, but the results are not clear-cut. Moreover, the
lack of differences in reproductive traits between congeners
indicated that closely related species with similar reproductive
traits can have differing levels of urban tolerance. Higher potential reproductive output (i.e. larger clutches and/or the presence of replacement clutches) has been suggested to enable
birds to be better urban exploiters (Chace and Walsh 2006;
Croci et al. 2008), but this was not supported by other studies
(Kark et al. 2007; Evans et al. 2011) and the role of reproductive traits remains ambiguous.
The strong support for large-scale commonness as a determinant of the response of an individual bird species to urbanization and the much weaker support for other traits (see also
Lepczyk et al. 2008) might seem to contradict the conclusions
of Sol et al. (2014). These authors suggest that mainly adaptive differences between species cause their differential responses to urbanization. However, our finding that closely
related species with differing affinities to cities systematically
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differed only in their large-scale commonness indicates that
non-adaptive effects may be quite important. Unfortunately, it
is not possible to tease apart the independent influence of
adaptive vs. non-adaptive features based on our analyses.
Some unmeasured traits responsible for the large-scale commonness of a species might be similar or identical to the traits
providing an advantage in urbanized areas (e.g. wider environmental tolerance; Bonier et al. 2007; Croci et al. 2007) and
thus the urbanization tolerance hypothesis (Sol et al. 2014)
would still apply in such a case. Our results only show that
species commonness is a much stronger predictor of urban
affinity than any of the traits we explored.

Conclusions
Our key finding is that the large-scale homogenization of urban bird communities (Ferenc et al. 2014) is caused by an
urban environmental filter preventing rarer birds to invade
and/or persist in cities. Traits associated with the ability of bird
species to colonize urban environments are thus indistinguishable from traits associated with their geographic distribution
and abundance. The relevant traits might act either directly by
influencing the urban adaptability and broader environmental
tolerance of species, or indirectly by influencing bird population dynamics.
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