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Abstract. Contrasting trajectories of biodiversity loss and urban expansion make it imperative to under-
stand biodiversity persistence in cities. Size-, local-, and landscape-level habitat factors of greenspaces in
cities may be critical for future design and management of urban greenspaces in conserving bird biodiver-
sity. Most current understanding of bird communities in cities has come from disparate analyses of single
cities, over relatively short time periods, producing limited understanding of processes and characteristics
of bird patterns for improved biodiversity management of the world’s cities. We analyzed bird biodiversity
in 112 urban greenspaces from 51 cities across eight countries, using eBird, a broadscale citizen science pro-
ject. Species richness and Shannon diversity were used as response variables, while percent tree cover, per-
cent water cover, and vegetation index were used as habitat predictor variables at both a landscape (5 and
25 km radius) and local-scale level (specific to an individual greenspace) in the modeling process, retrieved
using Google Earth Engine. Area of a greenspace was the most important predictor of bird biodiversity,
underlining the critical importance of habitat area as the most important factor for increasing bird biodiver-
sity and mitigating loss from urbanization. Surprisingly, distance from the city center and distance from
the coast were not significantly related to bird biodiversity. Landscape-scale habitat predictors were less
related to bird biodiversity than local-scale habitat predictors. Ultimately, bird biodiversity loss could be
mitigated by protecting and developing large greenspaces with varied habitat in the world’s cities.
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INTRODUCTION with all conservation, requires the application of

traditional biodiversity concepts such as scale,

Continued global urbanization is contributing
to global biodiversity loss. Consequently, there
are calls for improved understanding of urban
biodiversity (Marzluff et al. 2008, McDonnell
et al. 2009), reflecting its importance for human
well-being (Fuller et al. 2007) and as an indicator
of environmental change (Dearborn and Kark
2010). Conservation of urban biodiversity, as
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hierarchy, and fragmentation effects (Savard
et al. 2000, Faeth et al. 2011), relevant to survey
methods. Birds are easy to survey, sensitive to
environmental change (Croci et al. 2008, Ferenc
et al. 2014a), and popular with non-scientific
public (Cocker et al. 2013, Hedblom et al. 2017),
making an excellent focal taxon for studying eco-
logical patterns and mechanisms within urban
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ecosystems (Cramp 1980, Marzluff 2016), enab-
ling assessment at a global scale.

Cities can support high densities of some native
bird species, compared with the density of these
species in the surrounding landscapes (Fuller
et al. 2008). Broadly, composition of bird commu-
nities changes with gradients of urbanization (La
Sorte et al. 2014, Sol et al. 2014, Beninde et al.
2015), driven by different abiotic and biotic vari-
ables: Species richness decreases with increasing
urbanization, and bird abundance and density
increase with urbanization (Blair 1996, Germaine
et al. 1998, Chace and Walsh 2006, Sandstrom
et al. 2006, van Heezik et al. 2008). Species biodi-
versity in individual cities has been attributed to
the overall amount of remnant native vegetation
within a city (Parsons et al. 2003, Aronson et al.
2014, 2016) and the city’s area (Fuller and Gaston
2009). Urban greenspaces (e.g., woodlots, parks,
gardens, vegetation corridors, golf courses, and
cemeteries) are key biodiversity hotspots within
cities (Khera et al. 2009), as they make up most
vegetation cover in a city (Fuller et al. 20104, Try-
janowski et al. 2017) and serve multiple uses,
including biodiversity conservation (Ives et al.
2016). However, greenspace infrastructure greatly
varies both within (Davies et al. 2008) and among
cities (Fuller and Gaston 2009).

Habitat characteristics within greenspaces are
critical for urban bird biodiversity (Chace and
Walsh 2006, McKinney 2008), with a positive
relation between native vegetation and native
bird species richness (Chace and Walsh 2006).
Bird diversity is commonly predicted by a myr-
iad of urban greenspace characteristics (Mort-
berg and Wallentinus 2000, Chamberlain et al.
2004, 2007, Sandstrom et al. 2006, Fuller et al.
2008, van Heezik et al. 2008, Palmer et al. 2008,
Khera et al. 2009, Carbo-Ramirez and Zuria
2011, Fontana et al. 2011, Ferenc et al. 2014a).
For example, greenspace area (Chamberlain
et al. 2007, Palmer et al. 2008, Khera et al. 2009,
Carbo-Ramirez and Zuria 2011, Svein 2018),
diversity of vegetation (Bohning-Gaese 1997,
Evans et al. 2009, Khera et al. 2009), vegetation
density (Sandstrom et al. 2006, Khera et al.
2009), amount of green area within a city (Hed-
blom and Soderstrom 2010), and presence of
water bodies (Chamberlain et al. 2007) explain
much of the variation in bird biodiversity in
urban greenspaces.
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Most current understanding of patterns of bird
biodiversity within urban greenspaces has come
from investigations of particular habitat associa-
tions, such as woodland bird species (Ferenc
et al. 20144); particular functional groups (Sand-
strom et al. 2006, Chamberlain et al. 2007); or
comparisons between non-native and native spe-
cies (van Heezik et al. 2008). The predominant
spatial extent has generally been a single city
(Mortberg and Wallentinus 2000, Sandstrom
et al. 2006, Chamberlain et al. 2007, Palmer et al.
2008, Khera et al. 2009, Carbo-Ramirez and
Zuria 2011, Ferenc et al. 20144), with high varia-
tion in the number of greenspaces investigated,
ranging from 17 (Jokimaki and Suhonen 1993) to
474 (Hedblom and Soderstrom 2010). There are
also inevitable temporal limitations, due to the
large amount of effort involved in bird surveys,
with temporal scales often covering a single
breeding season (Mortberg and Wallentinus
2000, Fuller et al. 2008, Khera et al. 2009) or a
single year (Palmer et al. 2008, Carbd-Ramirez
and Zuria 2011). Such studies have greatly added
to our understanding and knowledge of urban
greenspace characteristics (Chace and Walsh
2006), but the opportunity for global generaliza-
tion, using individual greenspaces as a sampling
unit, is consequently limited given the limited
temporal and spatial scales.

Fortunately, broadscale citizen science (Cooper
et al. 2007, Bonney et al. 2009, 2014, Kobori et al.
2015) can provide large temporal and spatial
coverage of bird biodiversity (McCaffrey 2005,
La Sorte et al. 2018). Sightings may be dispropor-
tionately biased toward cities (Kelling et al.
2015), but this provides unique opportunities to
investigate ecological patterns of bird biodiver-
sity in urban environments (McCaffrey 2005, Cal-
laghan and Gawlik 2015, Callaghan et al. 2018).
Arguably, eBird (Sullivan et al. 2009, 2014) is the
world’s largest global citizen science project with
over 500 million observations, submitted by
more than 250,000 participants (Sullivan et al.
2017). It therefore may have the potential to pro-
vide the data necessary for a global analysis of
the relationships between urban greenspaces and
bird biodiversity, enabling an additional method
for elucidating such generalizable patterns and
processes.

We investigated the relationships between
urban greenspaces and bird biodiversity,
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measured using species richness and Shannon
diversity, two commonly employed biological
diversity metrics (Magurran 1988), at 112 green-
spaces and 51 cities across eight countries. Our
study focused on broadscale habitat variables
that predict overall bird biodiversity (cf., La Sorte
et al. 2014), calculated over a four-year period,
while accounting for differences throughout the
year. This study differs from those studies which
investigate the overall role of urban bird commu-
nities throughout the urban matrix (La Sorte
et al. 2014, Morelli et al. 2016, Lepczyk et al.
2017b, Batary et al. 2017), as we are particularly
focused on the relationship between distinct
urban greenspaces and bird diversity. We exam-
ined the importance of habitat variables both
within a greenspace and within the surrounding
landscape of a greenspace (Major et al. 2001,
Melles et al. 2003), based on multi-temporal
satellite imagery, using Google Earth Engine
(Gorelick et al. 2017). We test the ability of eBird
data to address long-standing hypotheses for
urban greenspaces, and discuss the potentials
and limitations of said data. Specifically, we
investigated the relationship between (1) green-
space area and bird biodiversity; (2) habitat com-
plexity (water, tree, and vegetation cover) and
bird biodiversity; (3) the quantity of habitat in
the landscape and local bird biodiversity; and (4)
waterbirds and landbirds in their responses to
habitat variables.

METHODS

Bird surveys

Bird data were collected in eBird checklist for-
mat, whereby an observer submits a list of birds
seen or heard at a given location, over a user-
determined duration and survey area (see Wood
et al. 2011 and Sullivan et al. 2014, 2017). The sub-
mitted list of species and counts are auto-checked
against predetermined filters for expected metrics,
based on the spatiotemporal coordinates of the
survey site. Conflicting data are reviewed by
regional experts. We used only those eBird check-
lists in which an individual observer submitted a
list of all birds seen or heard, and depending on
the statistical analysis, we applied additional fil-
ters for survey area and location—see Predictor
variables and response variables. eBird data are
accessible to any researchers or practitioners
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(Sullivan et al. 2014). We downloaded the eBird
basic dataset (version ebd_relFeb-2017), 1 January
2013-2031 December 2016, chosen for this recent
period when eBird data were richest, with rela-
tively high sample size and potentially less bias.
We wused post-2010 satellite imagery which
ensured that the imagery and derived explanatory
variables matched the timing of the eBird surveys
and the habitats used by the birds.

Study sites

Starting with the 1,022 most populated cities
of the world (Demographia World Urban Areas
2016), we used R statistical software (R Core
Team 2017) to return the coordinates (lat/long) of
each city using ggmap (Kahle and Wickham
2017). For every locality (i.e., eBird location) in
the eBird data with >250 filtered checklists (Cal-
laghan et al. 2017), we returned the nearest city
(using the geosphere package; Hijmans 2016),
excluding any locality that was >20 km from the
city center. Only greenspaces which were eBird
hotspots  (see  http://help.ebird.org/customer/
portal/articles/1006824-what-is-an-ebird-hotspot)
were included in the analysis; that is, personal
locations were disregarded. For each remaining
greenspace, we visually inspected the greenspace
using ArcMap 10.3 (ESRI 2016) and included it in
our working data set if it met the following three
criteria: (1) The greenspace was completely sur-
rounded by urban/built up area (i.e., suburbs,
housing districts, major roads/highways, or
sealed urban area; (2) the greenspace was not
directly adjoined by another greenspace; and (3)
the greenspace was not adjoining a major water
body (i.e., river, lake, or ocean). For five green-
spaces, there were multiple “hotspot pins”
within that greenspace, and so they were aggre-
gated to one location for the purpose of analysis.
The boundary of each greenspace was manually
delineated using ArcMap 10.3 (ESRI 2016) to cal-
culate the projected area.

Predictor variables and response variables
Greenspace-level and landscape-level predic-
tor variables were calculated for each greenspace,
where the latter was represented by three buffers
around the greenspace of 5, 15, and 25 km. These
potential buffer sizes were chosen to incorporate
any potential changes in the habitat attributes at
different landscape scales, relevant to the birds
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(Radford et al. 2005). Average percent tree cover,
water cover, and enhanced vegetation index
(EVI) values were calculated for each greenspace
and its buffers using Google Earth Engine (Gore-
lick et al. 2017). Tree and water datasets were
derived globally, from multi-temporal time series
of both MODIS and Landsat satellite imagery, at
a 30 m resolution (see Sexton et al. 2013). We cal-
culated an average annual composite (2013—
2016) EVI which approximates vegetation and
canopy structure (Huete etal. 2002), an
improved version of NDVI which better accounts
for the structural variation of the canopy. Dis-
tance to the coast and city center were, respec-
tively, calculated using rgeos package (Bivand
and Rundel 2017) and the geocode function from
ggmap, which relies on Google maps (Kahle and
Wickham 2017). Some areas lacked sufficient
satellite data for the global tree cover map,
requiring removal of two greenspaces from our
analysis. These predictor variables were chosen
as they have been used in previous analyses of
bird biodiversity within urban ecosystems (e.g.,
Chace and Walsh 2006 and references within),
and because we assessed patterns on a global
scale which restricted the spatial resolution for
which predictor variables were available.

We performed two types of analyses on the
data (Statistical analyses). For the first analysis,
the response variable was greenspace species
richness, calculated from all checklists at that
greenspace. This can be thought of as an overall
richness for each greenspace. In addition to the
greenspace species richness model, we modeled
proportional species richness at each greenspace,
which was the proportional species richness rela-
tive to all species within a 100 km buffer of the
greenspace in the corresponding time frame (cf.,
Cam et al. 2000). This was done to account for
known latitudinal gradients of species richness
and ensure robustness of our results. Further,
overall species richness was split between land-
bird and waterbird classification (Appendix S1:
Table S1) and both were modeled separately. We
calculated species richness using all available
checklists (i.e., no additional filtering conditions
were applied to the data) across the full annual
cycle as we were interested in the cumulative
richness at a given greenspace.

We then modeled the relationship between
predictor variables and both species richness and
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Shannon diversity for each individual checklist.
This can be thought of as each greenspace having
repeated measures. Before this analysis of indi-
vidual checklists, the dataset was filtered further,
according to the following criteria (sensu Cal-
laghan et al. 2017): (1) Where multiple observers
contributed to and submitted a checklist, it was
only counted once; (2) checklists were excluded
if they recorded a travel distance > the perimeter
of the associated greenspace; (3) checklists were
excluded if they recorded an area search > the
area of the associated greenspace; (4) checklists
were included only if the recording duration was
5-240 min; and (5) checklists were included only
if they followed the stationary, traveling, or
exhaustive protocols (see Sullivan et al. 2014).
Species richness was calculated as the total num-
ber of species on a checklist. For Shannon diver-
sity, any checklists which included an X (an X
signifies presence and does not provide an abun-
dance estimate) were eliminated, and Shannon
diversity was calculated using the diversity func-
tion, from the vegan package (Oksanen et al.
2016).

Statistical analyses

Owerall species richness.—After exclusion of
greenspaces that failed to meet the aforemen-
tioned criteria, 112 greenspaces from 51 cities
among eight countries were included in this
analysis (Appendix S2: Table S1). We employed a
linear mixed-effects model (Bolker et al. 2009), in
a multimodel selection framework (sensu Grue-
ber et al. 2011). Before modeling, exploratory
data analysis of predictor variables (Grueber
et al. 2011) revealed relatively high collinearity
between the 15 km buffer values (i.e., EVI, tree,
and water variables) and the 5 and 25 km buffer
values. Accordingly, the 15 km buffer values
were excluded from analyses (Cade 2015). Before
modeling, we also scaled and centered predictor
variables, to ensure commensurate and inter-
pretable results among models (Cade 2015). City
and country were treated as random effects, as
they represented just a sample of the possible
greenspace choices and would contain local vari-
ation that is of low intrinsic interest. By treating
each city as a random effect, this allowed for
valid comparisons among cities, despite an inher-
ent difference in bird communities among cities.
In order to ensure the richness patterns were not
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solely an effect of sampling effort, we included
an offset in the models for total number of check-
lists for each greenspace.

We employed model averaging where all pos-
sible subset models of a global model were fitted,
and all top models with AAIC < 3 included in a
full model-averaging process (Grueber et al.
2011). This resulted in a list of predictor variables
with their relative importance (hereafter RI) to
the models, their inclusion proportion (0-1) in the
top models (Grueber et al. 2011). Predictor vari-
ables whose confidence intervals did not overlap
zero were considered significant. Model assump-
tions (i.e., normality and heteroscedasticity) were
assessed after modeling, and R* values (Naka-
gawa and Schielzeth 2013, Nakagawa et al. 2017)
for each of the global models were calculated by
averaging the R” values among the respective top
selected model-set. Analyses were carried out
using R statistical software (R core team 2017).
The Ime4 package (Bates et al. 2015) was used for
model-fitting, and the MuMIn package was used
for model-averaging (Barton 2009). Four models
were fitted (1) using standard species richness as
the response variable; (2) proportional species
richness as the response variable; (3) landbird
richness as the response variable; and (4) water-
bird richness as the response variable.

Repeated measured analyses.—The second analy-
sis used the same general framework with the
same predictor variables, but as a repeated-
measures analysis (Baayen et al. 2008) in which
an observer’s visit was assumed to be an inde-
pendent sample. This analysis was done to stan-
dardize survey effort among greenspaces with
different numbers of checklists, albeit that overall
richness begins to asymptote below the 250
checklist threshold (Callaghan et al. 2017) that
we imposed on the dataset. This analysis pro-
vided rigor to the results from our previous anal-
ysis. Given we were interested in habitat
associations, and not changes in the full annual
cycle, we accounted for the inherent differences
among greenspaces by treating month and
greenspace as nested random effects. Duration of
a checklist (mins) was included in the model as
an offset (Bates et al. 2015). Any greenspaces
with <50 viable checklists (see Methods above for
criteria) were excluded from this analysis.

See Appendix S3 for a list of the six different
models included in the analysis as well as
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associated notes about the response variables
and sample sizes.

REsuLTs

We analyzed 112 greenspaces from 51 cities
and eight countries (Appendix S2: Table S1), with
broad representation of cities from four conti-
nents, despite a bias toward North American
cities (eBird originated in New York State, USA).
On average, there were 2.19 greenspaces per city
in the analysis, with a range from 1 to 7
(Appendix S2: Table S1). The final dataset com-
prised 104,318 checklists where the mean =+ stan-
dard deviation (SD) number of checklists per
greenspace was 931 & 1847 (range: 256-17,905).
The mean + SD area of a greenspace was
130.8 & 172.6  (range: 3.014-813.5) hectares
(Appendix S4: Fig. S1).

The mean + SD species richness per green-
space was 138.0 £ 39.5, ranging from a low of 38
species in Dixie Woods, Toronto, Canada, to a
high of 248 species in Central Park, New York,
USA. The city with the highest overall mean spe-
cies richness (236) and highest mean landbird
species richness (168) was New Orleans, USA,
while the highest mean waterbird richness (69)
was found in Ciudad Juarez, Mexico (Fig. 1).
Conversely, the city with the lowest overall mean
species richness (57) and lowest mean waterbird
species richness (3) was Belgrade, Serbia, while
the lowest mean landbird richness (51.5) was in
London, UK (Fig. 1).

In terms of explaining this variation in species
richness and Shannon diversity, predictor vari-
ables included in our models accounted for a
substantial proportion of the variation in the
response variables. Among the six different anal-
yses, the top models (i.e., those with AAIC < 3)
accounted for between 44% (repeated-measures
species richness) and 76% (overall landbird spe-
cies richness) of variation (Tables 1-6). Area of a
greenspace was significantly positively related to
overall species richness (Fig. 2, Table 1), and it
was the most important variable, reflected in its
inclusion in all 73 top models (RI: 1.00; Table 1).
The amount of tree cover within a greenspace
was also important in predicting species richness
(RI: 0.85; Table 1), while water cover within a
greenspace was relatively unimportant (RL: 0.33;
Table 1). Distance to the coast and distance from

July 2018 ** Volume 9(7) ** Article e02347



CALLAGHAN ET AL.

New Orleans = [ ] Ciudad Juarez [ ]
St. Louis = L] New Orleans [ ]
Monterrey = [ J Las Vegas [ ]
New York = | | Salt Lake nK ——A
Buffalo = L] Pertl *
Austin = [ London —— .
CEpledo - '_.:| SanSDc;ego o T J
icago = ne
_Houstgn - HH Po{‘tlang —e—
Milwaukee = [ ] Quebec —a—i .
Dayton [ ] Brisbane —
BaQItlmk?re k| —— I\slew Yotrk . i
uebec = - arasota
Las \ﬁgas - [ 4 IZE)se%vler I_C. —
iami = —e— uffalo
Sarasota - [ ] Vancouver ——
_Boston = —e— Chicago —a—
Cincinnati = [ ] Colorado Springs [ J
Montreal = —e— Tucson e
Pittsburgh = [ J Omaha [ ]
Quito = L 4 Orlando . J
Cleveland = [ ] Cape Coral L a——
Columbus = [ ] Melbourne —e—
Orlando = —e— St. Louis S |
> Minneapolis I & J > Phoenix ]
= Philadelphia - —e— = Milwaukee . [] .
O Tucson —e— O Baltimore i 4 1
Atlanta - L] Minneapolis ——
San Francisco = —e— Toledo [ 4
s O[r)n_ ha = L 'fﬁ?v&dslsnﬁe [ ]
an Diego —e— iladelphia k & J
Abu Dhabi = [ ] Botton > a)
Siud dgnland = I—.—|. Sat:'\rllamtentoI I—.—||_._|
iudad Juarez = ontreal
Vancouver = e Miami —e—i
Denver = —— San Francisco ——
Sacramento = —_—e— Houston >
Providence - (] Cincinnati (]
hoenix = HH onterrey L]
Calgary = —_—— Austin [ ]
Brisbane = —e— Toronto —e—
Sydney = [ ] Dayton [ ]
Salt Lake City - —e— Abu Dhabi [ ]
San Juan = o . olumbus [ ]
Toronto o 1 San Juan [ ]
Melbourne = —— Pittsburgh [ ]
Cape Coral o —G@—-i Calgal =
Perth = [ ] Cleveland [ ]
ColoradoBSr)nn s - ° L] AtCI.)ultv:) ..
elgrade - anta
Ehdon - |—I.—| r T e T T T
50 100 150 0 25 50 75
Landbird richness Waterbird richness
New Orleans = [ ]
as Vegas - . _0 .
New York = k i i
St. Louis —6ee—
CEuffalo - ®
icago = ——
Quebgc = HH
Toledo = [ ]
Sarasota - L]
_ Milwaukee = °
Ciudad Juarez - . 9 R
N?alttlmore = k s 1
onterrey =
Austi% - @
Houston = ——
oston = e S
Miami o —&
San Diego k 4 i
Orlando -| e
Montreal = . —— .
Wi TucscIJ_n = N k & J .
inneapolis = I 4 1
Dap on = L]
Portland | —e—
> Cincinnati - . ) d
= Phlla(d)elpr;]la = k r
maha =
O salt Lake City 1 . . )
enver = I & {
Vancouver = —_—
Pittsburgh = [ ]
Columbls - L]
Sydney - [ ]
Quito 5 [ ]
Cleveland = . o .
San Francisco = . I —& i
isbane = I &
Providence = [ ]
Perth 1]
Phoenix = o
Atlanta o . o R
Sacramento = k & 1
Abu Dhabi o . _ e ]
Melbourne = I & J
London = - —a— =
Cape Coral k . g 1
Colorado Springs - _®
Calgary - I & i
S?_n u?n = = o R
oronto = k & J
Belicide = °
T T T T T
50 100 150 200 250

Total species richness

Fig. 1. The 51 cities included in the analysis, ranked by mean (£SD) overall species richness (bottom panel),
landbird species richness (top left panel), and waterbird species richness (top right panel), 2013-2016. Some cities
had only one greenspace included in the analysis; hence, their SDs are not shown (see Appendix S2: Table S1 for
a detailed list of greenspaces and associated cities).
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Fig. 2. Relationship between overall species richness (the total species richness at a site, as derived from eBird
data between 1 January 2013-2031 December 2016) and greenspace area, the most important and positive predic-

tor at 112 urban greenspaces, in 51 cities.

the city center were not contributors to explain-
ing variance, with a RI of 0.06 for each (Table 1).
While accounting for the species pool for a
given greenspace (i.e., proportional species rich-
ness model; Appendix 53), area of the greenspace

remained significantly positive (RI: 1.00; Table 2),
along with tree cover within a greenspace (RI:
1.00; Table 2). Landscape predictors (tree and
water cover within 25 km and tree cover within
5 km) were least related (Table 2) but distance to

Table 1. Variable estimates, standard errors, 95% confidence intervals, and relative importance of the predictor
variables in the averaged model results, which predicted species richness at 112 greenspaces from 51 cities

across eight countries.

Variable Estimate Standard error Confidence interval Relative importance
(Intercept) 119.98 10.61 98.94, 141.02 -
Area (ha) 16.69 3.06 10.64, 22.75 1.00
Percent tree, greenspace 6.34 4.51 —2.55,15.23 0.85
Percent water, greenspace 1.21 2.39 —3.51,5.93 0.33
Percent water, 5 km buffer 1.30 2.67 —3.96, 6.56 0.30
EVI, 5 km buffer -1.49 3.12 —7.64, 4.65 0.28
EVI, 25 km buffer -1.36 3.29 —7.83,5.11 0.25
EVI, greenspace —0.82 2.29 —5.32, 3.69 0.21
Percent tree, 5 km buffer —-0.79 2.57 —5.86, 4.29 0.16
Percent water, 25 km buffer —0.09 1.89 —-3.82,3.64 0.10
Percent tree, 25 km buffer —0.21 1.38 —2.94,2.52 0.08
Distance to coast (km) 0.09 1.03 —1.95,2.13 0.06
Distance from city (km) 0.08 0.83 —1.55,1.72 0.06

Notes: EVI, enhanced vegetation index. Variables are ranked by their relative importance across 73 models which were
model-averaged. Mean R? (£8D) for top models was 0.60 + 0.02 and 0.22 £ 0.01 for conditional and marginal R?, respectively.
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Table 2. Variable estimates, standard errors, 95% confidence intervals, and relative importance of the predictor
variables in the averaged model results, which predicted proportional species richness at 112 greenspaces from

51 cities across eight countries.

Variable Estimate Standard error Confidence interval Relative importance
(Intercept) 0.329 0.031 0.267, 0.391 -
Area (ha) 0.046 0.008 0.029, 0.062 1.00
Percent tree, greenspace 0.028 0.011 0.006, 0.050 1.00
Distance to coast (km) 0.021 0.015 —0.010, 0.051 0.80
EVI, greenspace 0.007 0.010 —0.027, 0.014 0.42
Percent water, 5 km buffer 0.002 0.006 —0.010, 0.015 0.22
EVI, 25 km buffer —0.003 0.009 —0.021, 0.014 0.21
Percent water, greenspace 0.001 0.004 —0.007, 0.010 0.16
EVI, 5 km buffer —0.001 0.006 —0.012, 0.010 0.13
Distance from city (km) —0.000 0.001 —0.006, 0.005 0.10
Percent tree, 25 km buffer —0.001 0.005 —0.010, 0.009 0.09
Percent water, 25 km buffer 0.000 0.004 —0.008, 0.009 0.09
Percent tree, 5 km buffer —0.000 0.004 —0.008, 0.008 0.08

Notes: EVI, enhanced vegetation index. Proportional species richness was calculated as the species richness at a greenspace
divided by the species richness within 100 km buffer of the greenspace. Variables are ranked by their relative importance across
43 models which were model-averaged. Mean R* (+SD) for top models was 0.67 & 0.02 and 0.22 + 0.02 for conditional and

marginal R°, respectively.

the coast was positively related to proportional
species richness, with a RI of 0.80. When species
richness was considered separately for landbirds
and waterbirds, both response variables were
still positively related to greenspace area (Fig. 3,
Tables 3, 4). Water within a greenspace was posi-
tively related to waterbird species richness, but
negatively related to landbird species richness
(Fig. 3, Tables 3, 4). Conversely, waterbirds were
negatively associated with tree cover within a
greenspace (Table 3), while landbirds showed a
positive association (Table 4).

After filtering checklists for the repeated-mea-
sures analysis of species richness, there were
61,123 checklists among 102 greenspaces across
50 cities and seven countries, with an average of
599 + 1273 (range: 55-11,878) checklists per
greenspace. The model-averaging procedure,
using a repeated-measures model, showed that
area of a greenspace was again significantly
related to species richness (RI: 1.00; Table 5).
Water cover within the greenspace was also sig-
nificant and important (RI: 1.00), whereas tree
cover within a greenspace (RI: 0.23) and tree
cover within the landscape (5 km, RI: 0.36 and
25 km, RI: 0.13) were all weakly related
(Table 5).

After filtering checklists for the repeated-mea-
sures analysis of species diversity, there were
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44,452 checklists among 101 greenspaces across
49 cities and six countries with an average
440 £ 820 (range: 59-7,722) checklists for each
greenspace. Model-averaged results again
showed area to be the most important predictor
variable, significantly and positively related to
species diversity (RI: 1.00; Table 6). The EVI
within a 5 km buffer was also important and sig-
nificant and positively related to species diver-
sity (RL: 1.00; Table 6). Further, the amount of
tree cover within a greenspace and within 5 km
of a greenspace were positively associated with
species diversity and included in more than half
of the top models (Table 6). Conversely, water
within a greenspace and within 5 km of a green-
space was relatively unimportant for species
diversity (Table 6).

DiscussioN

With considerable loss of biodiversity partly
driven by increasing urbanization, there is a need
to understand which characteristics of urban
greenspaces might be preserved or manipulated
to improve biodiversity conservation outcomes
(Lepczyk et al. 2017a). We identified a positive
relationship between greenspace area and bird
biodiversity (Fig. 2, Tables 1-6), supporting pre-
vious results across multiple taxa (Goddard et al.
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Fig. 3. Relationships between three predictor variables (i.e., greenspace area, percent tree cover, and percent

water cover) and waterbird (blue) and landbird (gold) species richness among 112 urban greenspaces from 51
cities (2013-2016).

Table 3. Variable estimates, standard errors, 95% confidence intervals, and relative importance of the predictor
variables in the averaged model results, which predicted waterbird species richness at 112 greenspaces from 51
cities across eight countries.

Variable Estimate Standard error Confidence interval Relative importance
(Intercept) 30.028 1.531 26.991, 33.064 -
Area (ha) 7.416 1.315 4.807,10.024 1.00
Percent tree, 5 km buffer —3.989 1.798 —7.550, —0.428 1.00
Percent water, greenspace 8.621 1.304 6.035, 11.208 1.00
Percent water, 5 km buffer 0.479 1.116 —1.719, 2.677 0.25
Distance from city (km) 0.354 0.922 —1.464,2.172 0.22
Percent tree, 25 km buffer 0.285 1.149 —1.981, 2.551 0.13
EVI, 5 km buffer 0.051 0.675 —1.284, 1.387 0.10
Percent water, 25 km buffer 0.067 0.480 —0.881, 1.015 0.07
Distance to coast (km) —0.061 0.488 —1.027, 0.901 0.06
EVI, greenspace 0.008 0.356 —0.697,0.714 0.06
EVI, 25 km buffer —0.005 0.412 —0.821, 0.811 0.06
Percent tree, greenspace —0.001 0.469 —0.930, 0.928 0.06

Notes: EVI, enhanced vegetatlon index. Variables are ranked by their relative importance across 13 models which were
model-averaged. Mean R? (+SD) for top models was 0.56 + 0.01 and 0.45 + 0.00 for conditional and marginal R?, respectively.
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Table 4. Variable estimates, standard errors, 95% confidence intervals, and relative importance of the predictor
variables in the averaged model results, which predicted landbird species richness at 112 greenspaces from 51

cities across eight countries.

Variable Estimate Standard error Confidence interval Relative importance
(Intercept) 93.264 10.333 72.775,113.752 -
Area (ha) 8.323 2.201 3.960, 12.687 1.00
Percent tree, greenspace 9.376 2.799 3.830, 14.922 1.00
Percent water, greenspace —2.136 2.403 —6.870, 2.599 0.59
EVI, 5 km buffer —1.804 2.905 —7.526,3.919 0.41
EVI, 25 km buffer —1.292 2.761 —6.731,4.147 0.28
Percent water, 5 km buffer 0.227 1.126 —1.996, 2.450 0.13
Distance from city (km) —0.251 1.034 —2.290, 1.789 0.13
Percent tree, 25 km buffer —-0.292 1.375 —3.007, 2.422 0.11
EVI, greenspace —0.115 1.045 —2.179,1.948 0.09
Percent water, 25 km buffer 0.113 1.210 —3.007, 2.422 0.09
Percent tree, 5 km buffer —0.087 1.069 —2.204, 2.030 0.08
Distance to coast (km) 0.065 0.830 —1.578, 1.709 0.06

Notes: EVI, enhanced vegetation index. Variables are ranked by their relative importance across 45 models which were
model-averaged. Mean R? (+SD) for top models was 0.76 + 0.01 and 0.15 + 0.01 for conditional and marginal R?, respectively.

2010, Beninde et al. 2015), but relationships
between diversity and habitat features were less
striking (Tryjanowski et al. 2017).

Area was the only predictor that was consis-
tently significant across all analyses, for species
richness, standardized species richness, and spe-
cies diversity. This supports the long-standing
species—area relationship (Schoener 1976, Lomo-
lino 2000), generalizable to greenspaces within

cities (Goddard et al. 2010, Ferenc et al. 2014b).
Positive relationships between bird biodiversity
and greenspace size, based on localized studies,
identify a threshold of greenspace area of 10—
35 ha for most urban bird diversity (Fernandez-
Juricic and Jokimaki 2001, Chamberlain et al.
2007). It is difficult to dissociate this relationship
from that of habitat complexity/quality and
greenspace area (Holtmann et al. 2017). For

Table 5. Variable estimates, standard errors, 95% confidence intervals, and relative importance of the predictor
variables in the averaged model results, which predicted species richness within a checklist (N = 61,123) at 102

greenspaces from 50 cities across seven countries. Duration per checklist, in minutes, was included in the

model as an offset.

Variable Estimate Standard error Confidence interval Relative importance
(Intercept) 19.742 1.980 15.861, 23.622 -
Area (ha) 2.505 0.701 1.131, 3.879 1.00
Percent water, greenspace 0.983 0.405 0.190, 1.777 1.00
EVI, 5 km buffer 1.777 0.980 —0.143, 3.697 0.90
Percent water, 25 km buffer 0.851 0.822 —0.759, 2.461 0.68
EVI, 25 km buffer —0.405 0.920 —2.209, 1.398 0.41
Percent tree, 5 km buffer 0.306 0.566 —0.803, 1.414 0.36
Distance from city (km) 0.153 0.332 —0.497, 0.804 0.31
Percent tree, greenspace 0.180 0.452 —0.706, 1.067 0.23
Percent water, 5 km buffer —0.153 0.444 —1.023, 0.717 0.19
Percent tree, 25 km buffer —0.067 0.336 —0.726, 0.592 0.13
EVI, greenspace 0.068 0.298 —0.517, 0.652 0.13
Distance to coast (km) —0.010 0.130 —0.264, 0.245 0.06

Notes: EVI, enhanced vegetation index. Variables are ranked by their relative importance across 42 models which
were model-averaged. Mean R* (£SD) for top models was 0.44 & 0.004 and 0.05 + 0.004 for conditional and marginal R?,

respectively.
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Table 6. Variable estimates, standard errors, 95% confidence intervals, and relative importance of the predictor
variables in the averaged model results, which predicted Shannon diversity within a checklist (N = 44,452) at

101 greenspaces from 49 cities across six countries.

Variable Estimate Standard error Confidence interval Relative importance
(Intercept) 2.208 0.103 2.007,2.410 -
Area (ha) 0.118 0.041 0.038, 0.198 1.00
EVI, 5 km buffer 0.174 0.058 0.061, 0.287 1.00
Percent tree, 25 km buffer —0.086 0.070 —0.224, 0.051 0.78
Percent tree, greenspace 0.057 0.053 —0.047, 0.160 0.70
Distance from city (km) 0.028 0.029 —0.029, 0.085 0.64
Percent water, 25 km buffer 0.043 0.051 —0.057,0.143 0.54
Percent tree, —5 km buffer 0.050 0.063 —0.074, 0.173 0.53
Distance to coast (km) —0.030 0.040 —0.107, 0.048 0.50
EVI, 25 km buffer —0.042 0.062 —0.163, 0.079 0.48
EVI, greenspace 0.018 0.035 —0.050, 0.086 0.36
Percent water, greenspace 0.001 0.014 —0.020, 0.026 0.15
Percent water, 5 km buffer —0.001 0.014 —0.027, 0.030 0.10

Notes: Duration per checklist, in minutes, was included in the model as an offset. EVI, enhanced vegetation index. Variables
are ranked by their relative importance across 126 models which were model-averaged. Mean R* (+SD) for top models was
0.49 £ 0.005 and 0.08 + 0.007 for conditional and marginal R?, respectively.

example, small greenspaces can support a sur-
prising amount of bird diversity (Carb6-Ramirez
and Zuria 2011, Matthies et al. 2017), given high-
quality habitat. Indeed, we found considerable
variation in species richness in relation to green-
space area (Figs. 2 and 3), where several small
greenspaces had proportionately higher species
richness (i.e., were in the upper left-hand corner
of Fig. 2), potentially indicative of high habitat
quality. Conversely, some large greenspaces sup-
ported surprisingly low bird diversity (Figs. 2
and 3), likely reflecting their poorer habitat qual-
ity and diversity. We did not assess habitat qual-
ity within the greenspaces, a limitation which
could be further investigated in the future as large
datasets continue to improve in their granularity
of habitats. A greenspace’s avifauna is inherently
influenced by the potential regional species (Szla-
vecz et al. 2010), and our results are robust as we
show the positive relationship between propor-
tional species richness and greenspace area
(Table 2) in addition to species richness.
Although area was the most important vari-
able, the nature of the greenspace was also signif-
icant, supporting the general understanding that
increased areas of specific habitats are related to
increases in diversity of the bird habitat special-
ists (Donnelly and Marzluff 2004, Holtmann
et al. 2017). The relative amount of water within
a greenspace was positively related to waterbird
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richness and negatively related to landbird rich-
ness. Contrastingly, the percentage of tree cover
within the greenspace exhibited the opposite
relationship (Fig. 3). Waterbirds may rely not
only on the presence of water within a green-
space, but also the extent of water cover, while
there are dependencies on tree cover for land-
birds. Our study considerably extends similar
more local results for urban greenspaces (Chace
and Walsh 2006, Goddard et al. 2010, Lepczyk
et al. 2017a), underlining not only the importance
of area but also the value of varied habitat for the
persistence of bird biodiversity in urban green-
spaces (Fitzsimons et al. 2011).

We analyzed both the overall species richness
at a greenspace and a random sample of richness
and Shannon diversity at a greenspace, in the
form of single surveys, which served as repeated
random samples in repeated-measures analyses.
Greenspace area was a significant predictor of
the overall richness as well as richness deter-
mined through the repeated-measures analysis,
but the analyses provided somewhat differing
results for other predictor variables. Using a
repeated-measures approach of species richness
per checklist, percent water cover was an impor-
tant predictor of species richness, but not impor-
tant for overall species richness for the duration
of the study period (cf. Tables 1, 5). This is likely
an artifact of the detectability differences
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between waterbirds and landbirds. Waterbirds
would probably be detected more easily and
quickly, thereby increasing their occurrence
probability in a random sample survey com-
pared to landbirds. In contrast, for tree cover,
birders continue to observe more species (i.e.,
transient or vagrant species) over a long period
of time, reflected in overall species richness (Cal-
laghan et al. 2017) but detect only a finite diver-
sity within a greenspace during a specified time.
Aside from the importance of area, there were no
clear patterns in the analysis of repeated mea-
sures for species diversity (Table 6).

The connectivity of urban greenspaces and the
location of a given urban greenspace in the urban
matrix are also important for local biodiversity
(Lepczyk et al. 2017a). For instance, urban density
(Matthies et al. 2017) and distance from the city
core (Carbo-Ramirez and Zuria 2011) are gener-
ally positively related to biodiversity within
greenspaces. Further, despite uncertainty sur-
rounding the importance of landscape variables to
predict local species richness at a greenspace
(Lepczyk et al. 2017a), there is evidence that land-
scape context is critical (Prevedello and Vieira
2010). We found that distance from the city center
and distance from the coast were not important
predictors. We also found that habitat within a
greenspace was more important than habitat
within the urban landscape (in 5 and 25 km buf-
fers), confirming a general pattern that local fac-
tors are critical for biodiversity (Donnelly and
Marzluff 2004, Evans et al. 2009, Williams and
Winfree 2013, Lepczyk et al. 2017a). We did not
dissociate the relationship between patch size and
habitat quality and diversity (Lepczyk et al
2017a) but our selection of greenspaces that were
isolated within an urban matrix implies that all
greenspaces analyzed had better habitat quality
than the immediate surrounding landscape. These
results suggest that processes within a greenspace
may be more important than landscape processes,
highlighting the importance of local management.
However, many studies have investigated bird
communities in response to the urban matrix as a
whole (La Sorte et al. 2014, Morelli et al. 2016,
Lepczyk et al. 2017b, Batéry et al. 2017), but this
study was specifically focused on the role of urban
greenspaces that reside within the urban matrix.

Understanding the relationships between bio-
diversity and urban greenspaces is critical for the
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management of urban greenspaces (Semple and
Weins 1989), especially for conservation (Ibanez-
Alamo et al. 2016, Ives et al. 2016). Specifically,
this understanding can enhance the planning,
protection, and development of future green-
spaces—including those within rapidly develop-
ing cities (particularly in rapidly Westernizing
countries). This is especially important given
increasing urbanization of the human population
(United Nations 2014), with a concomitant
increase in stakeholder competition for urban
greenspaces (Azadi et al. 2011). We found no
relationship between habitat heterogeneity and
greenspace area (Appendix S5: Fig. S1), suggest-
ing that the greatest conservation outcomes for
bird biodiversity would come through establish-
ment and protection of larger urban greenspaces
(Fig. 2), with the corollary that these need to be
planned for in developing cities and also main-
tained and preserved in developed cities.

Although we used a global dataset to identify
general predictors of urban bird diversity, the
global coverage was not sufficiently large to gen-
eralize patterns of variation among particular
geographical regions. We found only 112 green-
spaces (manually delineated and checked),
which met our criteria for inclusion in the analy-
ses. Thus, limitations of eBird currently include
a bias toward North American cities. Impor-
tantly, our analysis showed how easily repeat-
able analyses could use readily available global
datasets, allowing for inclusion of many more
greenspaces in future analyses. In many areas,
there is a significant increase in eBird submis-
sions (Wood et al. 2011, Callaghan et al. 2018),
improving the value of the eBird dataset for elu-
cidating biogeographical patterns of bird diver-
sity (La Sorte et al. 2014, Zuckerberg et al. 2016).
Future approaches could use these data to inves-
tigate overall biodiversity metrics, with sufficient
data, where minor errors by individual obser-
vers (i.e., data quality) become less important.
Lastly, increasingly advanced remote-sensing
technologies and the advent of volunteered geo-
graphic information (Stehman et al. 2018) are
improving the spatial resolution and inference of
habitat attributes. These data, linked with broad-
scale empirical data (i.e., the big-data era in
ornithology La Sorte et al. 2018), such as eBird,
can be pivotal for investigating urban bird ecol-
ogy and conservation.
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We clearly identified patterns of bird biodiver-
sity, positively related to greenspace area, sup-
porting the results of many single-site studies and
systematic reviews (Chace and Walsh 2006, Mar-
zluff 2016, Lepczyk et al. 20174, Svein 2018), but
over a longer temporal and broader spatial scale
than the majority of previous studies to investi-
gate the specific instance of greenspace size
related to bird biodiversity. Broadscale citizen
science data, collected by volunteer birdwatchers
(Wiersma 2010, Wood et al. 2011, Callaghan et al.
2017), can powerfully demonstrate generalized
patterns of biodiversity (McCaffrey 2005, Wei
et al. 2016, Zuckerberg et al. 2016), with clear con-
servation implications. The methods described
herein could serve as a focal point for future
urban greenspace research using eBird. We rec-
ommend that when planning for future urban
development, including both setting aside green-
space and protecting existing greenspace from
incremental reduction, priority should be given to
larger urban greenspaces and for existing green-
spaces, increasing the diversity and naturalness of
the habitats (Fuller et al. 2010b).
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