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Urban development is rapidly expanding across the globe and is a major driver of
environmental change. Despite considerable improvements in our understanding of
how species richness responds to urbanization, there is still insufficient knowledge
of how other measures of assemblage composition and structure respond to urban
development. Functional diversity metrics provide a useful approach for quantifying
ecological function. We compare avian functional diversity in 25 urban areas, located
across the globe, with paired non-urban assemblages using a database of 27 functional
traits that capture variation in resource use (@amount and type of resources and how
they are acquired) across the 529 species occurring across these assemblages. Using
three standard functional diversity metrics (FD, MNTD, and convex hull) we quantify
observed functional diversity and, using standardized effect sizes, how this diverges
from that expected under random community assembly null models. We use regression
trees to investigate whether human population density, amount of vegetation and city
size (spatial extent of urban land), bio-region and use of semi-natural or agricultural
assemblages as a baseline modulate the effect of urbanization on functional diversity. Our
analyses suggest that observed functional diversity of urban avian assemblages is not
consistently different from that of non-urban assemblages. After accounting for species
richness avian functional diversity is higher in cities than areas of semi-natural habitat.
This creates a paradox as species responses to urban development are determined by
their ecological traits, which should generate assemblages clustered within a narrow
range of trait space. Greater habitat diversity within cities compared to semi-natural areas
dominated by a single habitat may enhance functional diversity in cities and explain
this paradox. Regression trees further suggest that smaller urban areas, lower human
population densities and increased vegetation all enhance the functional diversity of
urban areas. A city’s attributes can thus influence the functional diversity of its biological
assemblages, and their associated ecological functions. This has important implications
for the debate regarding how we should grow the world’s cities whilst maintaining their
ecological function.

Keywords: bird community, habitat loss, functional diversity, land sparing and land sharing, species trait,
urbanization, urban and non-urban comparison
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INTRODUCTION

Globally, urban land cover is predicted to triple in extent
from 2000 to 2030, with nine-fold rates of increase in some
biodiversity hotspots (Seto et al., 2012). Urbanization drives
significant habitat loss and fragmentation, pollution (chemical,
noise, light, and heat) and other changes in selection pressures
that radically restructure biotic communities (Grimm et al., 2008;
Pautasso et al., 2011). At local scales this restructuring typically
generates a unimodal pattern in native species richness along
urbanization gradients, with richness peaking at intermediate
levels of urbanization intensity (e.g. Tratalos et al, 2007).
Studies documenting these unimodal patterns have primarily
been conducted in highly developed regions (Marzluff, 2017).
Richness may decline more linearly with increasing urbanization
in regions where anthropogenic impact outside cities is more
limited, due to a sharper contrast between the occurrence of
semi-natural vegetation outside cities and its rarity inside urban
areas (Luck and Smallbone, 2010; Norton et al., 2016). Urban
development also restructures biotic communities at larger
spatial scales, such as the entire urban area. Analyses conducted
at city scale suggest that cities typically contain fewer species
than equivalent sized rural areas, but such studies are much
rarer than those focusing on local scale responses to urbanization
and there is limited understanding of factors driving variation
in biodiversity across cities (Norton et al., 2016; Lepczyk et al.,
2017).

The restructuring of biotic communities in urban areas is
strongly associated with the loss of species with limited tolerance
to urban development, i.e. urban avoiders, and increased
abundances of more tolerant species (Blair, 1996; Sol et al., 2014;
Fischer et al., 2015). These shifts in community composition
are non-random, with urban environments filtering species
according to their ecological and life-history traits, for example,
across numerous taxonomic groups, specialized species tend to
respond negatively to urbanization (Clark et al., 2007; Evans
et al,, 2011; Sol et al,, 2014). This filtering process occurs across
all three stages of the biotic urbanization process, i.e. arrival,
adaptation and spread (Evans et al., 2010). These ecological
and life-history traits that filter species’ responses to urban
development also determine how species contribute to and
modulate ecosystem processes and services (Luck et al., 2009;
Villéger et al., 2010; Dehling et al, 2016). As an example
urbanization can alter avian communities in a manner that
changes seed dispersal functions which promote invasive plant
species over closely related native species (Caughlin et al., 2012).
The non-random urban filtering of biotic communities can
thus alter the nature and diversity of functions performed by
species retained within urban communities. Functional diversity
indices are powerful tools that go beyond simple measurements
of biodiversity, allowing the quantification and comparison
of functional diversity among communities (Pla et al., 2012).
Assessing whether observed functional diversity differs from that
expected by chance provides a metric of the dispersion of traits
across the functional trait space, with increasing clustering or
over-dispersion of traits indicating stronger biotic or abiotic
filtering of the focal community (Botta-Dukat and Cztcz, 2016).

Assessing functional diversity responses to land use changes can
thus help to understand community assembly patterns and shifts
in community function. Despite this, very little attention has
been paid to the functional significance of biotic homogenization
in cities, even in well studied groups such as birds (McKinney,
2008; Marzluft, 2017). Initial studies assessing variation in
functional diversity at a local scale within a city suggests that
functional diversity declines in more urbanized locations, and
that habitat composition can influence the functional diversity
of avian communities at local scales (Schiitz and Schulze, 2015).
Negligible work has been conducted, however, to assess how the
functional diversity of urban assemblages at the scale of entire
cities compares to that of rural areas, and how these patterns
are influenced by the characteristics of those cities. Indeed, many
characteristics of cities such as their size and amount of green-
space, are likely to influence a wide range of biodiversity metrics
but such research has until recently been limited by lack of
sufficient data (Aronson et al., 2014; Norton et al., 2016).

Our overall goal is to assess how urbanization influences
functional diversity, another crucial aspect of biodiversity,
which complements the current focus on more traditional
measures of biodiversity, such as species richness. In addition,
the quantification and investigation of the patterns of
trait distribution, allows the observation of non-random
compositional shifts that ultimately could affect ecosystem
functions and related services therein. We use data from paired
urban and rural, ie. non-urban, assemblages across three
continents and focus on assessments at large spatial extents, i.e.
city level analyses. In doing so we distinguish between impacts
that arise when comparing urban areas to surrounding rural
environments, ie. sites dominated by semi-natural habitats,
and those comparing urban areas to agricultural ones in which
natural vegetation is more limited. In addition, we assess how key
features of urban areas (their size, human population density,
and amount of vegetation) modify the impact of urbanization
on avian functional diversity. Our analyses thus help to develop
further understanding of how urbanization influences trait
dispersion, its significance for community function and how
to manage urban development to limit adverse impacts on
functional diversity.

METHODS
Avian Assemblage Data

Our general approach is to extract data on assemblage
composition from peer-reviewed studies that adopt equivalent
methods to survey avian assemblages in an urban location and
a nearby paired rural site. We do not use data from studies
only conducted in urban areas, as whilst the composition of
surrounding rural assemblages could be estimated by extracting
data from species distribution maps these distributional data
are a summary of intensive survey effort accumulated over a
substantial time period. Survey effort would thus be much greater
for rural sites thus potentially biasing estimates of their functional
diversity and increasing it relative to urban sites with less
intensive sampling effort. We take habitat definitions from the
original papers, but all urban areas are distinguished from rural
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areas by the dominance of impervious surfaces in the former. We
do not place any additional restrictions on the definition of urban
areas as one of our objectives is to assess how variation in the
characteristics of urban areas influences functional diversity, and
we thus wish to maximize variation in the type of urban areas
included in our analyses. We distinguish between non-urban
areas dominated by semi-natural habitats (such as woodland,
referred to as semi-natural assemblages) and those dominated by
agricultural habitats.

Our literature search was conducted in April 2012 using Web
of Knowledge and combinations of the terms “avian™” “birdx,”
“urban,*” “cit*” (truncated to include papers using the term city
or cities) and “assemblage*.” Additional urban ornithological
literature has accumulated since our initial search, but our
database is representative of the current spatial distribution of
ornithological research (Marzluff, 2017). We excluded studies
whose survey design was likely to under-record the urban
avian community due to a primary focus on certain species or
taxonomic groups. We also excluded studies from bio-regions for
which there was only one study available. We did this because
the construction of a regional species pool is a crucial step when
comparing observed values of functional diversity metrics to
null models (see below) and the regional species pool should
be composed of a greater set of species than those in a single
community. Our criteria were met by 32 papers that described
the assemblages of 25 cities (Figure 1). Four cities (Montpellier,
in the Western Palearctic; and Oxford, Palo Alto, and Tucson in
North America) were represented by more than one study and we
combined these studies to construct a single urban assemblage
for each city, together with its paired natural or agricultural
assemblage. In addition, for four urban assemblages (Western
Palearctic: Montpellier; South America: La Paz, Esquel, Palermo)
we had paired data for both a semi-natural and agricultural
assemblage. Our data comprised 529 bird species in 29 paired
urban to non-urban assemblages, of which 19 were for natural
assemblages (Table S1).

Avian Trait Data

Our functional diversity metrics are based on the approach
developed by Petchey et al. (2007) for British birds and
subsequently used in other studies of avian functional diversity
(e.g.- Mendez et al., 2012; Trindade-Filho et al., 2012). We expand
the suite of traits beyond those used by Petchey et al. (2007)
to ensure applicability to the full suite of species in our much
more globally distributed assemblages, e.g. nectar was added
as an additional food source. We also included nest site as an
additional trait axis. Our trait database (Supplementary Material -
Data Sheet 1) thus contains 27 traits that capture inter-specific
variation across six trait axes that describe the quantity and type
of resources acquired by each species, and the methods used to
obtain them (Table 1; Table S2). When possible we used data
that was specific to the location or region represented in our
assemblage composition data (e.g. if a species is distributed across
the northern hemisphere but within our data was only present
in European assemblages we only used trait data from European
populations). We used mean values for continuous traits. Binary
traits were classified according to species’ typical behaviors, with
the primary dietary components classified when taking both adult
and nestlings into account (e.g. if a species feeds primarily on
seeds as an adult but invertebrates as a nestling, we coded both
plants and insects as primary food sources).

Body mass data was obtained from Dunning (2007), and the
Handbook of the Birds of the World (hereafter HBW; del-Hoyo
et al,, 1992-2011) was the primary source for all other traits,
although Natuhara and Imai (1996) provided much additional
data on nest sites. If data were unavailable from these sources we
used regional field guides and handbooks (see Table S3 for list),
but data remained unavailable for 140 trait values (0.9% of the
total). These missing values were for 20 species for which we used
a family mean value calculated only using data for species from
the same bio-region, and that occurred at similar latitudes to the
location represented in our dataset that contained the species
with missing trait data.

FIGURE 1 | The location of 25 study sites for which data were available on the composition of paired urban and rural assemblages.
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TABLE 1 | The 6 trait axes and 27 specific traits used to characterize avian
functional diversity.

Trait axis Trait Variable type
1. Resource quantity 1. Body mass Continuous
2. Average clutch size Continuous
2. Main dietary components 3. Vertebrates Binary
4. Invertebrates Binary
5. Plants Binary
6. Nectar Binary
3. Main foraging method(s) 7. Pursuit Binary
8. Gleaning Binary
9. Pouncing Binary
10. Grazing Binary
11. Digging Binary
12. Scavenging Binary
13. Probing Binary
4. Main foraging substrate(s) 14. Water Binary
15. Mud Binary
16. Ground Binary
17. Vegetation Binary
18. Air Binary
19. Rocks Binary
5. Main foraging period 20. Nocturnal Binary
6. Nesting sites 21. Ground (open nesting) Binary
22. Cavities in cliffs, rocks or Binary
the ground
23. Tree cavity Binary
24. Other vegetation Binary
25. Artifacts Binary
26. On water surface in Binary
vegetation
27. Obligate brood parasite Binary

Foraging behavior and nesting site definitions are provided in Table S2.

Functional Diversity Metrics

We measured functional diversity using three metrics that
require information on species presence/absence; alternative
metrics that use data on species’ relative abundances could not
be used as such data were not provided sufficiently frequently
by our focal studies. Our two continuous traits (body mass and
clutch size) were standardized to vary from zero to one and thus
match the range of values of the binary traits. Trait matrices
for each community were converted into distances matrices
using the Gower distance method, which can deal with both
continuous and binary data to calculate pair-wise dissimilarities
(Gower, 1971). Using these distances matrices, we calculated (i)
functional diversity (FD; Petchey and Gaston, 2002), (ii) mean
nearest taxon distance in functional space (MNTD; Webb, 2000),
and (iii) convex hull volume (CHV; Cornwell et al., 2006).
We select these metrics due to their complementary nature

and recommendations of Trisos et al. (2014). FD describes the
functional relationships shared by species, and theoretically can
reveal the net effects of major assembly processes (Mayfield and
Levine, 2010; Trisos et al., 2014). FD and MNTD are particularly
good at detecting over-dispersion in trait distribution across an
assemblage, a pattern that is compatible with strong effects of
inter-specific competition. In contrast, CHV is more sensitive
to detecting trait clustering, a pattern that is more indicative
of strong filtering generating a community with highly similar
trait values (Mouchet et al.,, 2010; Aiba et al., 2013). We also
use MNTD as it is one of the most commonly used measures
of community relatedness, thus aiding comparison with other
studies (Kraft et al., 2007). Full details regarding the calculation
of functional diversity metrics are provided in Supplementary
Material. All analyses were done in Rv.3.3.1 (R Core Team, 2015).

We compare observed functional diversity with that of
random assemblages, to assess how functional diversity varies
between our focal assemblages when taking into account
differences in their species richness. The spatial definition of the
pool of species on which null models are based can strongly
determine conclusions regarding community assembly processes
(Chalmandrier et al., 2013; Herben et al., 2013). Therefore, we
constructed a specific trait matrix for the regional pool of species
occurring within each of our main bio-regions (the Western
Palearctic, North America and South America). The comparison
of the patterns of observed and expected functional diversity was
performed by calculating a standardized effect index (SES) as
proposed by Mendez et al. (2012).

Observed — Expected
SES =

Oe

Where Observed is the observed value of functional diversity,
o, is the standard deviation of 1,000 simulations of expected
functional diversity for the focal community, and Expected
is the mean of the functional diversity of the simulations.
This standardized effect index allows comparison between the
differences of observed and expected functional diversity across
studies and facilitates the visualization of outlier assemblies. The
standardized effect size is a z-score of the absolute functional
diversity values and measures the number of standard deviations
that the observed index is above or below the mean index
of the simulated communities. SES values lower than zero
are compatible with environmental filtering (trait convergence)
influencing community structure, whilst SES greater than zero
are compatible with effects of limiting similarity (i.e. trait
divergence, Figure 1 in Petchey and Gaston, 2007). Nevertheless,
in an analysis of species relatedness patterns in communities,
Mayfield and Levine (2010) suggest that competitive exclusion
could generate clustering, over-dispersion or no pattern on
species traits. Other mechanisms can also contribute to trait
clustering or over-dispersion, complicating inferences regarding
assembly processes. Resource mismatch and specialization, for
example, can generate signals of trait over-dispersion (Pontarp
and Petchey, 2016). Consequently, our focus is on how trait
distribution responds to environmental variables.
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Our 27 traits are separated into six axes: resource quantity,
main dietary components, foraging methods, foraging substrates,
foraging periods and nesting sites (Table1). We calculate
our three functional diversity metrics using all 27 traits in
combination. However, we also calculate our three functional
diversity metrics separately for the five trait axes that contained
multiple traits, ie. resource quantity, dietary components,
foraging method, foraging substrate and nesting site. This
enables us to test how urbanization separately influences different
functional diversity axes. This decreases the likelihood of not
detecting an effect of urbanization on overall functional diversity
due to opposing effects on different trait axes that cancel each
other out, and thus mask an effect on functional diversity
calculated across all trait axes (Trisos et al., 2014). This analysis
of separate trait axes also provides additional information to test
specific hypotheses derived from the literature regarding how
urbanization filters avian communities, e.g. that urbanization
promotes birds with particular foraging niches or nest site
attributes (Evans et al., 2011; Sol et al., 2013).

We also conduct two additional checks to explore factors
that may influence estimates of urban functional diversity.
It is plausible that urban bird survey data incorporate some
species that migrate through cities but are not an established
part of the avifauna, despite being established in nearby non-
urban areas. This could create a bias that increases estimates
of urban functional diversity. We assess this by calculating our
three functional diversity metrics with and without including
migratory species (coded per city based on range maps from
HBW Alive - www.hbw.com). These two sets of functional
diversity metrics were strongly and positively correlated (FD
r = 091, MNTD r = 0.86, CHV r = 0.83; P < 0.0001 in
all cases), and we thus consider this potential bias to have
negligible influence on our results. Whilst urban areas can
contain a number of migratory species that do not breed
there we expect that the studies from which we extract data
were typically conducted in a manner to avoid incorporating
such species. In addition, cities often contain water-bodies
that support a range of wetland birds, whilst our focal non-
urban areas are typically dominated by a single terrestrial
habitat type. There is thus also the potential for the greater
diversity of waterbirds in urban areas to enhance estimates of
urban functional diversity. We conducted a second robustness
check by assessing the correlation between functional diversity
metrics including and excluding waterbirds. These metrics
are strongly and positively correlated (FD r = 0.99, MNTD
r=0.98, CHV r = 0.96; P < 0.0001 in all cases) suggesting
that increased species richness of waterbirds in urban areas
is not driving the patterns in functional diversity that we
report.

City Characteristics

We use three metrics that describe key features of the urban
landscape that are likely to influence the composition of
avian assemblages. The spatial extent of an urban area can
influence assemblages by changing selection pressures, such as
the magnitude of the urban heat island effect and contributing to
large scale habitat fragmentation impacts by changing the degree

of connectivity between central urban locations and surrounding
rural areas (Norton et al., 2016). City size is difficult to
measure from an ecological perspective as a city’s administrative
boundaries often do not coincide with the boundary between
areas dominated by built up land and less urbanized locations.
We thus defined the spatial extent of our focal cities using an
urban cluster methodology that manually delimited a polygon
that encompassed all areas dominated by impervious surfaces
within each focal city using Google Earth Pro software, and
using aerial imagery from as close as possible to the year(s) in
which avian data were collected for that urban area (Figure S1).
The defined urban area could thus be much smaller or larger
than administrative city size and more accurately captured the
spatial extent of a city than other commonly used metrics of city
size, such as the extent of administrative boundaries or human
population size.

We use human population density as an alternative measure
of urbanization intensity (Gaston, 2010). This metric captures
the potential for human disturbance, and is directly relevant to
addressing policy questions regarding how to meet the growing
need to house people in urban areas whilst minimizing impacts
on biodiversity. Indeed, human population density is often
associated with assemblage species richness and composition,
including at fine spatial scales within urban areas (Evans et al.,
2006; Fontana et al., 2011). We thus obtained data on human
population density within each of our urban areas for the year
2000 using data at the 1km resolution from the Global Human
Settlement Layer (GHSL) project, supported by European
Commission [European Commission, Joint Research Centre
(JRC); Columbia University, Center for International Earth
Science Information Network (CIESIN), 2015]. The density
values were obtained by a bilinear interpolation of values stored
at the raster image provided by the dataset for each study point.

Numerous studies have documented strong associations
between the structure and composition of urban bird assemblages
and the amount of green-space within the survey location,
which provides an additional measure of urbanization intensity
(Marzluff, 2017). Indices derived from remote sensing images
that measure the proportions of reflected light in different
wavelengths (such as the Normalized Difference Vegetation
Index, NDVI, and Enhanced Vegetation Index, EVI) provide
robust estimates of the amount of vegetation and correlate
positively with avian species richness in urban areas (Bino
et al, 2008; Silva et al, 2015). We use EVI rather than
NDVI as the former provides a better correction for bare
ground and residual atmospheric contamination effects and
more accurately captures spatial variation when vegetation is
abundant (Xiangming et al., 2003). We used EVI data collected at
a 30 x 30 m pixel resolution from Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite images, retrieved from the
Oak Ridge National Laboratory data server (ORNL DAAC, 2011).
Within each city, we use EVI data from a 16.25 km? grid that is
centered on the ornithological survey area used in each study,
and use the MODIS landmasks to correct for the presence of
water features (Table S4). We calculate EVI as the mean of all
EVI estimates during spring and summer (defined as March to
August for studies in the northern hemisphere, and September to
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February in the southern hemisphere) for each city using remote
sensing data from the year closest to that of the ornithological
surveys.

Statistical Analysis of Urbanization Effects
All analyses were conducted in R 3.3.1. We start by using paired
tests to compare species richness and functional diversity metrics
of our paired assemblages. We conduct separate tests for urban
assemblages paired with semi-natural sites and those paired with
agricultural sites. Species richness and observed FD, MNTD,
and CHV data met the assumptions of parametric tests and we
thus analyzed these data using paired ¢-tests. Paired data on SES
values from FD, MNTD and CHV data were, however, analyzed
using a Wilcoxon signed rank test as the data did not meet the
assumptions of parametric tests. We conduct these tests using
our global data-sets but also conduct separate tests for data from
each of our three regions in case heterogeneity in the direction
of effects across regions influences the detection of patterns at a
global scale, i.e. positive and negative effects in different regions
canceling each other out in a global analysis. We interpret the
results of these regional tests cautiously due to low sample sizes
in some cases. Similarly, to assess if heterogeneity in the impacts
of urbanization on different trait axes influences the detection of a
global pattern in functional diversity measured across all six trait
axes in combination we conduct separate paired tests for each
functional diversity trait axis. These single trait axes analyses are
only conducted for FD and MNTD functional diversity metrics
as the code for calculating CHV does not perform well when only
using binary traits that comprise most of our single trait axes
(Table 1). Our heterogeneity analyses provide robustness tests
but find negligible impact of heterogeneity in the direction of
effects across regions or different trait axes (see Section Results).
Consequently, our further analyses (regression trees, see below)
only focus on global patterns using functional diversity metrics
constructed across all six trait axes.

We then explore how the magnitude of divergence in
the functional diversity of our global paired urban and rural
assemblages is associated with key features of the paired
assemblages using a regression tree approach. Regression
trees deal better with non-linearity and interactions between
explanatory variables than regression based generalized linear or
additive models; regression trees can also find interactions missed
by other methods (Zuur et al., 2007). We calculate an index
of divergence in functional diversity between paired urban and
non-urban assemblages by subtracting the non-urban functional
diversity metric from the urban functional diversity metric.
We do this using (i) observed FD, MNTD, and CHV (which
does not take species richness of the assemblages into account),
and (ii) SES values based on FD, MNTD and CHV (which
focuses on how observed functional diversity varies relative
to expected functional diversity given the number of species
present in each assemblage). We use five predictor variables:
EVI as a measure of the amount of urban vegetation, urban
human population density (km~2), city size (km?), non-urban
habitat type (agriculture or semi-natural habitat), and region
(Western Palearctic, North America and South America). Prior
to analysis city size and human population density were logjo

transformed to reduce the skew in their distributions. Regression
trees were constructed using the package “Tree” (Ripley, 2016).
The tree fitting function adopts a pre-pruning strategy which
has a number of control settings which limit how much the
tree grows. Our trees were pre-pruned using the default settings,
i.e. a minimum number of 5 observations per branch and
the within-node deviance being at least 0.01 times that of the
root node for the node to be split (Ripley, 2016). The pre-
pruning approach can lead to over-fitting with terminal branches
explaining relatively little additional variation (Zuur et al., 2007).
We thus adopt a conservative approach that also uses a post-
pruning strategy and only retain final branches if they contribute
an additional 5% explanatory capacity. Whilst this threshold is
somewhat subjective, when sample sizes are limited it is more
appropriate than alternative P-value based post-pruning rules
(Alvarez-Iglesias et al., 2017). The explanatory capacity was
calculated using McFadden’s pseudo R?> (McFadden, 1974) for
trees with and without each terminal branch. This post-pruning
strategy led to the removal of one branch from each of two trees
(SES FD and SES CHV).

RESULTS

Our data comprise a total of 529 species, of which 141 species
occurred at sites in the Western Palearctic (urban sites: 106
species; non-urban sites: 135 species), 199 species in North
America (urban: 163; non-urban: 172) and 207 in South America
(urban: 130; non-urban: 169). The majority of species co-
occurred in urban and non-urban sites, but species also occurred
exclusively in each habitat type. A greater number of species
were restricted to non-urban areas than urban ones (globally:
142 exclusively non-urban species, 66 exclusively urban species;
Western Palearctic: 35 exclusively non-urban, 6 exclusively
urban; North America: 36 exclusively non-urban, 27 exclusively
urban; South America: 77 exclusively non-urban, 38 exclusively
urban). Species that, within our dataset, were exclusively found in
urban sites included a small number of classical urban exploiters,
such as feral pigeon Columba livia, but primarily comprised a
wide range of native species: e.g. mallard Anas platyrhynchos,
peregrine Falco peregrinus, burrowing owl Athene cunicularia,
hooded crow Corvus cornix, bronzed cowbird Molothrus aeneus
and black-and-rufous warbling finch Poospiza nigrorufa. Non-
native species were rare in urban assemblages (mean species
richness =+ standard error: 1.4 & 0.3).

Paired Analyses
Urban assemblages tended to comprise fewer species than
assemblages at natural sites, which also tended to support more
species than agricultural sites (Figure 2). However, there were no
significant differences in species richness when comparing paired
urban and natural assemblages, or paired urban and agricultural
assemblages at the global scale or for individual regions, i.e. the
Western Palearctic, North America and South America (Table 2).
When comparing observed functional diversity of paired
urban and non-urban assemblages the only significant difference
was between CHV of urban and natural assemblages in North
America, with higher CHV in urban assemblages (P = 0.04;
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Table 2; Figure 3). The same pattern was observed, but with P-
values just above the significance threshold (¢ = 0.05) in North
America for FD (P = 0.06). There was no evidence that the lack
of significant differences in observed functional diversity at the
global scale was due to significant heterogeneity in the direction
in which each single trait axes responded to urban development
(Table 3; Figure 4).

When comparing standardized effect sizes (SES) of functional
diversity, i.e. taking species richness into account, there was
a globally statistically significant pattern of higher functional
diversity in urban assemblages than ones in natural habitats
(FD P = 0.005; CHV P = 0.004; MNTD P = 0.04; Table 2;
Figure 4). Identical and statistically significant patterns occurred
in North America (Table 2; Figure 5). A similar and marked
trend occurred in South America (Figure 5), but the sample size
was small and the trend was not statistically significant (Table 2).
Analyses of single trait axes SES metrics suggested that for FD the
higher functional diversity of urban assemblages was driven by
three single trait axes: dietary components (P = 0.02), foraging
methods (P = 0.02) and foraging substrates (P = 0.01; Table 3;
Figure 4). Similar patterns were exhibited by single trait axes for
resource quantity and nesting sites, albeit well above the o = 0.05
significance threshold (Table 3; Figure 4). Global comparisons
of single trait MNTD metrics did not find any evidence of
heterogeneity in the responses of single trait axes between paired
urban and non-urban assemblages, either natural or agricultural
ones (Table 3; Figure 4).

Regression Trees
We used regression trees to assess how the difference in
functional diversity of urban and non-urban assemblages is

related to the features of each city (amount of vegetation, size,
and human population density), the nature of the non-urban
assemblages (semi-natural or agricultural sites) and region. These
regression trees explained large amounts of the variation in the
divergence in observed functional diversity (FD 54%, CHV 40%,
MNTD 43%) and SES metrics of functional diversity (FD 47.6%,
CHV 28.4%, MNTD 50.7%). The regression trees of observed
and standardized effect size functional diversity metrics varied
with the functional diversity metric that was used. All six trees
provide evidence, however, that the characteristics of urban areas
were associated with the magnitude of divergence between the
functional diversity of urban and non-urban avian assemblages
(Figure 6).

The regression tree for observed FD only retains EVI as a
predictor and splits urban assemblages into three groups with
contrasting amounts of vegetation. Cities with the highest EVI
values (>0.275) have bird assemblages with functional diversity
metrics that are closest to those of non-urban assemblages.
The influence of EVI on differences in the observed functional
diversity of urban and non-urban assemblages is, however, not
consistent as urban avian functional diversity is higher than non-
urban ones in cities with the lowest EVI values (<0.25), and cities
with intermediate EVI values (0.25-0.275) have lower functional
diversity than non-urban sites.

The regression tree for observed CHV shows that observed
functional diversity in urban bird assemblages is lower than that
in paired assemblages from agricultural sites (left hand branch).
When urban assemblages are compared to those in natural sites
(right hand branch) the direction of the differences between
urban and natural sites depends on the human population
density within the city. Cities with lower human population
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TABLE 2 | Results of paired tests for differences in species richness, observed
functional diversity metrics, and standardized effect size (SES) functional diversity
metrics that take species richness into account between paired urban avian
assemblages and those in natural habitats, and between paired urban and
agricultural assemblages.

Response Region Urban vs. natural Urban vs. agricultural
Species richness Global P=0.72;,n=19 P =0.80;n=10
" WP P=029n=28 P=058n=5
" NA P=044,n=8 P=1.00;,n=2
" SA P=1.00;,n=3 P=010;n=3
Observed FD Global P=041;n=19 P=0.92;n=10
" WP P=035n=38 P=063n=5
" NA P=0.06;n=8 P=1.00;,n=2
" SA P=1.00;,n=3 P=075n=3
Observed CHV Global P=0.09;n=19 P=0.62;n=10
” WP P=025n=38 P=0.46;n=5
" NA P=0.04n=38 P=1.00;,n=2
" SA P=0.50;n=3 P=1.00;n=3
Observed MNTD Global P=0.16,n=19 P=0.85n=10
” WP P=093n=38 P=1.00;n=5
" NA P=011;n=38 P=1.00;n=2
” SA P=0.75n=3 P=1.00;n=3
SES FD Global P =0.005;n =19 P=0.38n=10
” WP P=084n=8 P=081;,n=5
" NA P =0.008;n=8 P=1.00;n=2
" SA P=025n=3 P=025n=3
SES CHV Global P =0.004;n =19 P =1.00;n=10
" WP P=0.38n=38 P=063n=5
" NA P=0.07;n=8 P=1.00;n=2
" SA P=025n=3 P=050;n=3
SES MNTD Global P=0.04;n=19 P=0.92,n=10
" WP P=025n=38 P=031;n=5
" NA P=0.016;n=8 P=1.00;,n=2
" SA P=025n=3 P=050;n=3

Comparisons are conducted globally and also, but note the small sample sizes for some
comparisons, for paired assemblages in the Western Palearctic (WP) North America (NA)
and South America (SA). Results in bold indicate those with P < 0.05, and those in gray
font ones with P < 0.10. In all highlighted comparisons, functional diversity is higher in
urban assemblages (see Figures 2, 3).

density (logl0 population density <3.66) have higher observed
functional diversity than assemblages in semi-natural sites, but
in more densely populated cities observed functional diversity is
lower than in semi-natural sites.

The regression tree for observed MNTD shows that when
cities have high human population densities (logl0 population
density > 3.61) the differences between the functional diversity
of their avian assemblages and those in non-urban assemblages
depends on the amount of vegetation. In cities with less
vegetation (EVI < 0.265) observed functional diversity is lower
in urban areas than paired non-urban assemblages. In contrast,
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FIGURE 3 | Boxplot comparing observed functional diversity metrics (FD,
MNTD, and CHV) for urban avian assemblages and their paired natural and
agricultural assemblages at the global scale and for the Western Palearctic
(WP), North America (NA), and South America (SA). See Table 2 for statistical
results.

when cities contain more vegetation (EVI > 0.265) observed
functional diversity is higher in urban areas than non-urban
sites.

Regression trees using standardized effect sizes (which takes
species richness into account) of the FD and CHV metrics find
a number of splits which reveal that differences in the functional
diversity of urban and non-urban assemblages are influenced by
complex interactions between city size and EVI. The first branch
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TABLE 3 | Results of paired tests for differences in species richness, observed functional diversity metrics, and standardized effect size (SES) functional diversity metrics
that take species richness into account between paired urban avian assemblages and those in natural habitats, and between paired urban and agricultural assemblages.

Response

Axis

Region

Urban vs. natural

Urban vs. agricultural

Observed FD

Resource quantity
Dietary components
Foraging methods
Nesting sites
Foraging substrates

Global

P =0.559;n=19
P=0.102;n =19
P=0.129;n =19
P =0.244;n=19
P=0.118;n=19

P =0.695;n=10
P =0.100;n =10
P =0.635;n=10
P =0.625;n=10
P =0.498;n =10

Resource quantity
Dietary components
Foraging methods
Nesting sites
Foraging substrates

P=0.383;n=19
P=0.755,n=19
P=0.151,n=19
P =0.459;n =19
P=0.276;n=19

P=0.492;n=10
P =1.000;n =10
P =0.375,n=10
P =0.322;n =10
P =0.625n=10

Resource quantity
Dietary components
Foraging methods
Nesting sites
Foraging substrates

P=0.352;n=19
P =0.016;n =19
P =0.018;n =19
P=0.134;n=19
P =0.014,n =19

P =0.375;n =10
P=0.131;n=10
P =0.232;n=10
P =0.846;n =10
P=0.131;n=10

Resource quantity
Dietary components
Foraging methods
Nesting sites
Foraging substrates

P=0.293;n=19
P=0.225n=19
P=0.312;n=19
P =0.890;n=19
P=0.168;n =19

P =0.769;n =10
P =0.695n=10
P=0.375n=10
P=0.322;n=10
P =1.000; n =10

Comparisons are conducted globally for paired assemblages in the Western Palearctic (WP) North America (NA) and South America (SA). Results in bold indicate those with P < 0.05,
and those in gray font ones with P < 0.70. In all highlighted comparisons, functional diversity is higher in urban assemblages (see Figures 2, 3).

of the regression tree for both these metrics show that urban
functional diversity is higher than that of non-urban assemblages
when cities are small. The subsequent interactions between EVI
and city size do not reveal any consistent patterns. The regression
tree for the standardized effect size of MNTD show that the
higher functional diversity of urban avian assemblages, compared
to non-urban assemblages, is greater for cities in North and South
America than the Western Palearctic. The length of this branch
indicates that this split contributes greatly to the tree’s overall
explanatory power.

DISCUSSION

Our results are only applicable to cities with similar
characteristics to those within our dataset, which is dominated
by urban clusters with spatial extents between 4 and 3,500 km?
(52% of cities lower than 100 km? and 16% above 1,000 km?),
with low to intermediate population densities, between 875 and
16,300 people km~2 (80% of the cities between 1,000 and 10,000
people km~2). Whilst our results thus cannot inform discussions
of the impacts of megacities on functional diversity, they are
relevant to the small and medium sized urban areas in which
most of the projected future urban growth is predicted to occur
(United Nations Human Settlements Programme, 2006).

Within each of our bio-regions fewer species occurred
exclusively in urban assemblages than non-urban assemblages.

This is compatible with the ecological literature demonstrating
that some species are excluded from urban areas, and thus
urbanization is a potent driver of species loss at regional and
global scales (Blair, 2001; McKinney, 2006; Ibéafiez-Alamo et al.,
2016). Although there was a trend toward lower urban species
richness, the difference was not statistically significant perhaps
due to relatively small sample sizes, especially within some
regions. A number of studies show that species richness can be
maintained even in highly modified landscapes as specialized
species are replaced by a similar number of more generalist and
less sensitive species (Mayfield et al., 2010; Litteral and Shochat,
2017). Indeed, the urban locations in our study contain diverse
avian assemblages and their species richness at our focal city level
scale could be maintained by persistence of rarer species within
remnants of high quality habitats within the urban area.
Globally, urban and non-urban assemblages did not exhibit
significant differences in their observed functional diversity,
and there was no evidence that this was due to heterogeneity
of responses between different regions or between different
functional trait axes. These results were consistent when
comparing urban assemblages with those in semi-natural or
agricultural areas. Notably, however, when taking into account
the number of species within an assemblage, we found consistent
evidence across each of our three functional diversity metrics
that avian functional diversity is higher in cities than areas
of natural habitat. At first sight this seems a remarkable
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FIGURE 4 | Boxplot comparing single trait axis functional diversity metrics at the global scale for (A) resource quantity, (B) dietary components, (C) foraging methods,
(D) foraging substrates, and (E) nesting sites for observed and standardized effect size FD and MNTD metrics in urban assemblages and paired natural and
agricultural assemblages. There is no evidence for heterogeneity in the impacts of urbanization across different functional trait axes.

result that is highly unexpected given the plethora of studies
showing that urbanization acts as a strong filter of biotic
communities favoring species with a particular set of ecological
and life history traits (Blair, 1996; Evans et al, 2011; Sol
et al, 2014; Fischer et al, 2015) and negative effects of
urbanization on avian taxonomic and evolutionary diversity (e.g.
Marzluff et al., 2001; Chace and Walsh, 2006; McKinney, 2008;
Ibdfiez-Alamo et al., 2016) the other two major components
of biodiversity. One would thus expect urban assemblages to
be characterized by functional trait clustering that reduces
functional diversity. Divergent responses of different biodiversity
metrics to environmental change are, however, not uncommon

(e.g. Devictor et al., 2010) including in an urbanized context
(Morelli et al., 2016).

One potential explanation for enhanced functional diversity
in urban areas is greater numbers of non-native species, that
contribute unique traits—but this seems unlikely given their
rarity in our focal urban assemblages. Our analysis focuses
at a large spatial scale, i.e. entire urban areas which typically
contain a wide diversity of different habitat types, primarily as
a consequence of human planting and management decisions
(Forman, 2014). We compare urban avian assemblages with
those from rural semi-natural or agricultural areas that are
typically dominated by a single habitat type, which is likely to
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FIGURE 5 | Boxplot comparing standardized effect size functional diversity
metrics (FD, MNTD, and CHV) that take species richness into account for
urban avian assemblages and their paired natural and agricultural
assemblages at the global scale and for the Western Palearctic (WP), North
America (NA), and South America (SA). See Table 2 for statistical results.

support species that are specialized on that single habitat type
and thus exhibit stronger clustering of their functional traits.
Consequently, greater habitat diversity within cities compared
to similarly sized areas of semi-natural or agricultural vegetation
may explain the apparent paradox of higher functional diversity,
when taking species richness into account, in urban areas. Whilst
more work is required to test this hypothesis it suggests that

maintaining high levels of habitat diversity across urban areas will
be important for maximizing their functional diversity.

Increases in urban functional diversity, when taking species
richness into account, appears to be driven by traits related to
foraging behavior as we only found significant differences for
the three functional axes related to such function (i.e. dietary
components, foraging methods and foraging substrates; Table 3).
Whilst this finding contrasts with a global comparison in which
diet type was not significantly different between urban exploiters
and avoiders (Sol et al., 2014), several more local studies have
found that urbanized and non-urbanized species differ in their
diet or foraging behavior (e.g. Blair, 1996; Kark et al., 2007).
This finding is also consistent with studies demonstrating that
urbanization induces shifts in ecological functions linked to
foraging, such as seed dispersal (Caughlin et al., 2012). Direct or
indirect provision of anthropogenic food sources (such as garden
bird food, garbage or nectar from ornamental plants) may also
influence the distribution of foraging traits within urban bird
assemblages, as such sources can supply additional resources that
help to retain some (occasionally specialized) species in urban
areas (Pauw and Louw, 2012).

Our results provide strong evidence that cities’ characteristics
determine how avian functional diversity compares to that of
paired non-urban assemblages. The most notable pattern that
emerges when taking species richness into account is the effect
of city size, with elevated functional diversity being much more
marked in smaller cities. This pattern does not arise when using
observed functional diversity metrics, presumably because of
species-area effects which increase the total number of species
in larger urban areas (Norton et al., 2016). Regression trees that
use observed functional diversity metrics provide evidence that
cities with lower human population densities, and that contain
more vegetation, have higher functional diversity. These results
provide a novel extension of previous work on factors influencing
urban biodiversity (e.g. Pellissier et al., 2012; Aronson et al., 2014;
Bellocq et al., 2017; Chen and Wang, 2017) and extends the work
of a study conducted within a single city at a finer spatial scale
that found higher avian functional diversity in locations with
greater vegetation cover (Schiitz and Schulze, 2015). Crucially
we demonstrate that less densely populated cities with a greater
amount of vegetation will enhance functional diversity at the city
scale. This information can guide policy makers and city planners
who seek to increase avian functional diversity and associated
ecological functions.

CONCLUSIONS

We demonstrate that urban areas can retain significant amounts
of functional diversity, adding to previous work indicating that
they can support a large and diverse range of species including
endangered ones (Miiller et al., 2013; Aronson et al, 2014;
Threlfall et al., 2016). Remarkably, urban areas can contain
significantly higher avian functional diversity than natural
habitats, a pattern that is probably a reflection of greater habitat
diversity in the urban areas facilitating the occurrence of species
with a greater range of functional types than more specialized
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FIGURE 6 | Regression trees of differences in the functional diversity between urban and non-urban avian assemblages as a function of city traits EVI, a measure of
the amount of vegetation, log area, log1g of the spatial extent of the urban area (km2) and log.pop.density, log1g of the human population density (km—z), nature of
the non-urban assemblages (natural habitat or agricultural land) and bio-region. Regression trees are presented for (A,B) FD, (C,D) CHV, and (E,F) MNTD functional
diversity metrics using observed values and standardized effect size metrics (SES) that take species richness into account. The left-hand branch of each tree is
followed when the condition stated at the top of the branch is met. The length of each branch is proportional to the deviance explained by each split, the values at the
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species that occur within a single natural habitat. Crucially,
we provide some preliminary evidence that smaller cities, with
lower human population densities and more green space can
support greater avian functional diversity. This has important
implications for the debate regarding how we should grow the
world’s cities.
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