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Urban built form shapes avian
richness in green spaces

Morgan L. Rogers*

Department of Urban Planning, Luskin School of Public Affairs, University of California, Los Angeles,
Los Angeles, CA, United States

Urban biodiversity plays an important role in ecological processes and
ecosystem services within cities, making conservation a priority in many
municipal sustainability plans. Urban green spaces (UGS) have been a key
strategy for conservation by providing habitat for wildlife, including avian
communities. While the ecological attributes necessary to enhance the
habitability of UGS for avian communities are relatively well known, an
understanding of how variation in the surrounding urban matrix influences
avian richness outcomes in these spaces, is less understood. As new urban
areas continue to develop and UGS become increasingly important habitat
areas, urban designers and planners will need a better understanding of the
ways in which urban built form patterns at the matrix-level influence avian
biodiversity outcomes at the site-level in UGS. To that end, this study
investigates the influence of 4 urban built form matrix-level variables ,
capturing three-dimensional (3D) configuration patterns, and 6 UGS site-
level variables on total avian richness and avian richness by foraging guild
using generalized linear model methods in 22 UGS. This analysis was
conducted using high resolution land cover data, LiDAR data, and twenty
years of bird occurrence data from the eBird community science program in
well-surveyed UGS in Los Angeles, California. The size of the UGS was the best
predictor of richness patterns across all groups, confirming previous findings.
However, several urban form metrics, when included with UGS size, improved
model prediction for Carnivores, Insectivores, and Omnivore foraging guilds,
indicating that urban built form does influence some avian groups within UGS.
The results of this study suggest that the most important factor for avian
richness in UGS is the size of the green space, but that urban built form plays a
role too, especially when considered from a 3D perspective.
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Introduction

By 2100, the impact of land use change globally on
biodiversity may be more significant than climate change, as
urban land is projected to triple between 2000 and 2030 (Haines-
Young, 2009; McDonald et al. 2020). Conversion of previously
undeveloped land to urban land uses causes biodiversity loss via
fragmentation or loss of habitat at both local and regional scales
Aronson et al, 2014. Despite these negative impacts, urban
centers in some cases support more species than natural
reference systems, including endangered and threatened
species (Grimm et al., 2008; Aronson et al., 2014; Elmqvist et
al., 2016). Urban green spaces (UGS) have played a critical role
in serving as habitat in urban areas and in creating landscape
connectivity to natural reference systems (Hostetler and Holling,
2000; Amaya-Espinel et al., 2019; La Sorte et al., 2020). This not
only makes urban areas, and UGS in particular, important for
biodiversity conservation, but demonstrates that urban form is
not homogenous and that biodiversity loss from urbanization is
not inevitable.

According to current research, the world’s cities are
dominated by native avian species despite overall density of
species declining in urban regions (Aronson et al., 2014; Lepczyk
et al., 2017). As avian species persist and even thrive in cities
despite the multitude of disturbances and predators, many
questions remain as to how urban form and location influence
avian richness (Marzluff, 2017). Several studies have linked
various features of urban form, both built and green, to avian
biodiversity outcomes (Hostetler and Knowles-Yanez, 2003; Tkin
et al, 2013; Strohbach et al, 2013; Sushinsky et al., 2013;
Andersson and Colding, 2014; Dale, 2018; Sen, 2019;
Lindenmayer et al., 2020; Beaugeard et al., 2021; Kaushik
et al, 2022). However, most research is centered around
enhancing green infrastructure and urban green spaces to
create functional habitat and landscape connectivity via green
corridors to natural reference systems (Beninde et al, 2015;
Nilon et al., 2017; Garrard et al., 2018).

Research on the benefits of UGS and increased vegetation
cover for avian biodiversity have demonstrated consistently
positive outcomes (Beninde et al., 2015; Threlfall et al., 2016). A
wealth of studies analyzing intra-urban biodiversity variation,
including avian biodiversity, have generally found that increases
in patch area and corridors that create landscape connectivity to
natural reference systems have the most positive relationships
with biodiversity in cities, followed by vegetation structure
(Beninde et al., 2015; Schutz & Schulze, 2015; Plummer et al,,
2020). A recent study of avian richness in New York’s UGS
confirmed that UGS size has the most significant impact on avian
richness outcomes La Sorte et al., 2020. Another study looking at
both avian richness and abundance in UGS in Santiago, Chile,
specifically the impacts of urban density, found that increased
density negatively influenced bird community outcomes in UGS
(Trollope et al., 2009; Amaya-Espinel et al., 2019). Taken together,
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these findings suggest that UGS cannot be seen as a panacea and
consideration of the surrounding urban matrix is critical to
ensuring urban avian biodiversity conservation.

The results have been mixed on the influence of various
attributes of urban built form on avian biodiversity, especially
when avian species are analyzed by ecological guild Amaya-
Espinel et al., 2019. Most studies that consider urban built form
have focused on 2D measures of density, i.e., degree of urban
built-up area. These studies have found mixed results, from
negative to neutral and even mixed (Hostetler & Knowles-Yanez,
2003; Aronson et al.,, 2014; Dale, 2018). Furthermore, another
study concluded that using the percentage of built-up surface
area to calculate urban density is a poor indicator of urban
biodiversity potential (Brunbjerg et al., 2018). This suggests that
more detailed measurements of urban built form, beyond two-
dimensional (2D) measures and ranges of density, may
be needed.

In previous studies, there has been less focus on urban built
form configuration, especially from a three-dimensional (3D)
perspective, whereby the dimensionality and spatial pattern of
urban built form is taken into consideration. Analysis of urban
built form configuration has largely been measured in 2D space
due to challenges of data acquisition and storage Wentz et al.,
2018. When studies do take into consideration 3D metrics, it is
usually only building height, which has had mixed results on
impacts to avian biodiversity (Loss et al., 2014; MacGregor-Fors
etal., 2017; Amaya-Espinel et al,, 2019). Urban ecology scholars
suggest that configuration, both 2D and 3D space, are necessary
to accurately characterize urban form, and can provide a better
understanding of ecological connectivity, particularly for avian
species (Wentz et al, 2018; Choi et al,, 2021). For example,
researchers have demonstrated that quantifying urban form
both from a 2D and 3D perspective has implications on urban
flight corridors for migratory birds as well as acoustic
transmission and airflow, which can alter avian flight patterns
(Warren et al., 2006; Callaghan et al., 2018; Liu et al., 2021). In
another recent study, researchers have determined that
quantifying urban landscapes at 1 km scale using
multidimensional metrics facilitates the detection of urban
biodiversity patterns and underlying processes forming those
patterns, providing a more nuanced understanding of the ways
in which urban landscapes shape urban biodiversity (Alberti and
Wang, 2022). Arguably, capturing more detailed 2D and 3D
measures of urban built form surrounding UGS will provide
greater insight into the influence of urban built form patterns on
avian richness outcomes in UGS.

The pattern and form of new urban areas will have profound
impacts on habitats around the world, but increased knowledge
on the ways in which urban built form can support avian
biodiversity will help shape more positive outcomes. While the
ecological attributes that enhance the habitability of UGS for
avian communities are relatively well known, an understanding
of how variation in the surrounding urban matrix influences
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richness outcomes in these spaces is less understood, especially
when considering 3D measurements of urban built form (Zhou
et al., 2011; Connors et al., 2013; Andersson & Colding, 2014;
Beninde et al., 2015; McPhearson et al., 2016; Wentz et al., 2018).
A better understanding of the role of urban built form in
influencing avian richness patterns in UGS will help urban
design and planning practitioners develop more effective
biodiversity management requirements and plans.

The main aim of this study is to assess if variation in urban
built form at the matrix-level influences avian biodiversity
outcomes in UGS using 2D and 3D measures of built form.
This objective is explored by testing the influence of 4 urban
built form matrix-level variables that characterize various
aspects of urban built form configuration patterns, and 6 UGS
site-level variables on avian richness outcomes grouped by
foraging guild. Given the mixed results in several studies
investigating different aspects of the urban built environment
and avian biodiversity outcomes, I hypothesized that while these
variables will demonstrate a relationship to richness patterns, the
relationships will not be consistent and will likely change
depending on the foraging guild being considered. Most avian
biodiversity studies demonstrate the importance of habitat size,
composition and structure in outcomes (Beninde et al., 2015).
Thus, I hypothesized that urban built form variables will be
important to include as predictors in models, but will not be as
significant as UGS variables at the site-level, such as patch size,
water cover, and vegetation cover, in determining avian richness
outcomes. This study fills a gap by contributing a more complete
understanding of how urban built form influences avian richness
outcomes in UGS.

Frontiers in Conservation Science

Methods
Study area

This study examines avian richness in UGS in the City of Los
Angeles, California. Los Angeles has approximately 11 percent
open green space, and has 1,255 general green spaces listed by
the California Protected Areas Database (CPAD)
GreenlnfoNetwork, 2018. Los Angeles has a Mediterranean
climate and is situated within the California Floristic Province,
which covers most of the state, and was designated a biodiversity
hotspot in 1996 (California Academy of Sciences, 2005). The
City has more than 150 threatened or endangered species
Brown, 2018. At the same time, it is home to 3.9 million
residents, and is nested within LA County, which has an
additional 6.1 million residents. The City has a total area of
130,276 hectares and has varying degrees of development
intensity. Los Angeles is an ideal city to study given the wide
range of development intensities and range of highly modified
green spaces to natural remnant habitats (Figure 1). Moreover,
in 2017, the Los Angeles City Council passed Biodiversity
Motion 25A which resulted in a custom biodiversity tracking
index to conserve biodiversity, and the 2015 Sustainable pLAn
has a goal of no-net-biodiversity loss by 2035 Brown, 2019.
Responding to these efforts, a follow-up report was released in
2020, with an updated biodiversity index and management
framework with local case studies demonstrating successful
management of particular areas Zaldivar et al., 2020.
Additionally, Los Angeles has superior bird count coverage in
the community science platform eBird, leading all U.S. counties
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in its number of bird count checklists, which provides a useful
dataset to quantify avian richness patterns Audubon, 2015.

Quantifying urban built form matrix-level
and UGS site-level attributes

High resolution aerial imagery, the California Protected
Areas Database (CPAD) GIS dataset, and the software ArcGIS
were used to calculate site-level attributes for sample UGS. In
order to get sample UGS boundaries in Los Angeles, UGS
polygons were extracted from the CPAD GIS dataset at the
“super units” level, which captured the parcel boundary of the
park, and filtered to only include spaces classified as a park
(GreenInfoNetwork, 2018). To extract site-level attributes for
each sample UGS, a parcel-level land cover layer, which was
derived from high resolution aerial imagery, was clipped to the
park boundaries layer. This was possible because the parcel-level
matched the boundaries of the parks. This layer was generously
shared by the Loyola Marymount University Center for Urban
Resilience. It was derived from 10cm resolution aerial imagery as
part of the Los Angeles Region Imagery Acquisition Consortium
(LARIAC 5) land cover and tree canopy assessment captured in
2017 (Center for Urban Resilience, 2017). The following site-
level attributes for each sample UGS were calculated in ArcGIS
software patch size, tree canopy cover, water cover, soil cover,
shrub cover, grass cover, road cover, paved cover, building cover,
pervious cover, and impervious cover. The patch size was
calculated using the Geometry tool in ArcGIS and was
referenced to the CPAD layer to ensure accuracy (ESRI, 2021).

LiDAR derived building data, Fragstats, and ArcGIS were
used to calculate urban matrix attributes. A buffer with a 200-
meter radius surrounding each UGS was used to capture the
effect of urban built form on avian species within the UGS.
Building data falling within the buffers surrounding sample
parks were extracted from the LARIAC 5 Buildings 2017 GIS
layer provided by the Los Angeles County Open Data Hub (LA
County Data Hub, 2017). The layer captures over 3,000,000
building outlines in Los Angeles County, including building
height and building area. To characterize urban built form
patterns within the 200-meter buffers, 12 landscape metrics
developed by Liu et al. (2017) were initially calculated, which
describe urban landscape patterns in 2D and 3D. The following
initial variables used were Number of Buildings, Number of Tall
Buildings, Tall Building Ratio, Mean Architecture Projection
Area, Mean Architecture Height, Architecture Height Standard
Deviation, Building Coverge Ratio, Floor Area Ratio, Landscape
Shape Index, Patch Density, Aggregation Index, and Shannon’s
Diversity Index. These variables capture various aspects of the
built environment such as the number of buildings, area of the
buildings, the varying heights of buildings, density, shape,
aggregation, and the diversity of the buildings. All the
variables were calculated in ArcGIS using building height and
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area, except for the landscape metrics (Landscape Shape Index,
Patch Density, Aggregation Index, Shannon’s Diversity Index).
These variables were calculated in Fragstats 4.1 software
(McGarigal and Marks, 1995). Each building was considered
as one patch, so the patch density variable represents the mean
number of buildings within a 200m buffer. In order to capture
the diversity in building height required to calculate the rest of
the landscape metrics in Fragstats, buildings were divided into
six categories by size: Bungalow (0-4m), Low Building (4 to
10m), Multi-story building (10 to 19m), Middle-height building
(19 to 30m), Tall building (30 to 100m), and Super tall building
(>100m) Liu et al., 2017. Refer to Supplemental Materials 1 for a
full description of each of the 12 variables and the accompanying
equations used to calculate each.

Quantifying avian richness patterns
in UGS

To quantify avian richness patterns in UGS in Los Angeles this
study utilized avian occurrence data from the eBird community
science dataset provided by The Cornell Lab of Ornithology
Sullivan et al., 2014. These data are structured around a
checklist that represents observations from a single sampling
event. Each checklist includes species observed, the number of
each species seen, location and time of occurrence, survey protocol
used, and measures of sampling effort used to collect data. Both the
eBird Basic Dataset (EBD) and Sampling Event data (SED) were
downloaded for all years combined, 2002 to 2021, for Los Angeles
County (the program was initiated in 2002). Only complete
checklists were selected, allowing for identification of species
that were not detected, instead of not reported. The SED
provides checklist data to capture sampling effort variables. All
grouped checklists were combined into single checklists to remove
any duplicates using the R package “AUK” Strimas-Mackey et al,,
2020. Only occurrences with sampling events falling within
boundaries of UGS were selected using a spatial intersect join
function from the R package SF Pebesma, 2021.

Due to the unstructured nature of eBird data there are
several limitations such as spatial bias, taxonomic bias,
temporal bias, and spatial precision that must be addressed to
evaluate valid avian richness patterns. To address spatial
precision this study used methods outlined by La Sorte et al.
(2020), whereby area sampling protocol records were further
filtered to only include records where the sampling effort area
did not exceed the maximum area of the UGS, and travel
sampling protocol records were filtered to only include records
where sampling effort distance did not exceed the maximum
length of the UGS. All incidental and stationary sampling
protocol records were kept. This resulted in 23,754 EBD
records and 75 UGS. To address temporal bias all years of
eBird data were used. To address taxonomic bias and spatial bias,
all years of eBird data were used in a species distribution model
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designed to use unstructured data and to assess survey
completeness of sample areas.

The R package, KnowBR was used to calculate survey
completeness of each UGS and predicted avian richness
patterns. Survey completeness is the percentage of observed
species richness captured by predicted species richness Lobo et
al., 2018. This calculation is an estimate of a sampling events’
ability to capture all species expected to be present at a given
time and location Colwell et al., 1994. KnowBR estimates the
species accumulation curve using the estimator of Ugland et al.
(2003) and the slope between number of actual observed species
and number of database records (KnowBR, n.d.). Poorly
surveyed areas were removed based on the parameters defined
by Lobo et al. (2018). Refer to Supplementary Materials 2 for
KnowBR results and parameters used to select well surveyed
UGS. After taking these factors into account, 24 UGS were well
surveyed. Two parks (Cheviot Hills Park and Recreation Center
and Woodley Avenue Park) needed to be removed due to lack of
sufficient land cover data. Finally, avian species for the 22 UGS
were categorized by the following foraging guild categories:
carnivores, granivores, insectivores, nectivores, herbivores, and
frugivores (Gonzalez-Salazar et al., 2014).

Evaluating the influence of matrix-level
and site-level attributes on
avian richness

To assess the influence of urban built form matrix-level and
UGS site-level attributes on avian richness in UGS, total avian
richness and richness by foraging guild were analyzed using
generalized linear models (GLMs). Models were fitted using the
Ime4 package in R (R Development Core Team, 2015). Total
avian richness, Carnivore, and Insectivore models assumed a
negative binomial error distribution using Log as the identity-
link function. Granivore, Omnivore, and Nectarivore models
assumed a Poisson error distribution using Log as the identity-
link function. Herbivores and frugivores foraging guilds were
not modeled as they were only represented in a small fraction of

TABLE 1 The mean and standard deviation of each variable.

10.3389/fcosc.2022.768274

the UGS. Collinearity among predictor variables was calculated
using a correlation matrix. All variables that were highly
correlated (r >0.70) were filtered out. The following urban
matrix-level predictor variables were selected: Number of
Buildings, Mean Architecture Height, Landscape Shape Index,
and Shannon’s Diversity Index. The following site-level
predictor variables were selected: patch size, tree cover, grass
cover, shrub cover, soil cover, and water cover.

A univariate analysis was conducted first to determine the
strength of each predictor on its own. To control for Type 1
errors and the false discovery rate in the multiple comparisons
the Benjamini-Hochberg adjustment was used (Benjamini &
Hochberg, 1995). To determine the most predictive models for
each group the MuMIn package in R was used for model analysis
and selection (Burnham and Anderson, 2002). The models were
constrained to two variables to avoid overfitting. The most
parsimonious group of models for each group were selected
using the Akaike information criterion (AICc). To determine the
best models for each group, the AAICc of each model needed to
have a value of less than 2, which is a calculation using the
difference in AICc value of a particular model and the AICc
value of the best model found for the group (Burnham and
Anderson, 2002). In addition, the final models’ predictors were
analyzed using the Variance Inflation Factor (VIF), a
multicollinearity regression diagnostic. Any models with
predictors that had a VIF greater than or equal to two were
removed to ensure robustness of the models. Finally, a model-
averaging process was used to obtain averages of estimated
coefficients and standard errors for each of the variables in the
best performing models.

Results

Patterns of richness and the influence of
individual attributes on richness

The average patch size was 43.23 hectares with a standard
deviation of 69.66, showing variation across sample sites

Level Variable Mean and SD
Matrix Number of Buildings 424.56 + 2149
(Urban Built Form) Mean Architecture Height 6.50 + 1.85
Landscape Shape Index 12.74 + 4.01
Shannon’s Diversity Index 0.57 £ 0.27
Site Patch Size (hectares) 43.23 + 69.66
(UGS) % Tree Cover 31.93 + 21.01
% Grass Cover 21.23 £19.25
% Soil Cover 23.62 +17.45
% Water Cover 2.19 +6.01
% Shrub Cover 6.26 + 8.4
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FIGURE 2
Total avian richness by UGS in Los Angeles, California.

(Table 1). Similarly, urban built form variables also had high
standard deviation values (Table 1). This allowed for a
meaningful analysis of the influence of patch size and urban
built form on avian richness. Total avian richness averaged 72.6
species * 28.2, ranging from 25 to 145 different species with
seemingly higher levels of richness associated with larger UGS,
which was later confirmed through the univariate analysis
(Figure 2). Of the foraging guilds evaluated, most species were
Insectivores (~ 48.74%), followed by Granivores (~16.35%),
Carnivores (~ 16.05%), Omnivores (~ 11.69%), Nectarivores
(~ 4.14%), and Other (~ 3.03%) (Tables 2, 3).

Overall UGS site-level variables had more significant
relationships to avian richness outcomes compared to urban
built form matrix-level variables, especially after applying the
Benjamini-Hochberg adjustment (Table 4). Matrix-level variables

TABLE 2 The mean and standard deviation of richness by foraging
guild.

Avian Richness Mean and SD
Total 72.6 £ 28.2
Carnivores 9.86 = 9.01
Granivores 10.05 + 4.25
Insectivores 29.95 + 16.65
Nectarivores 2.54 + 0.96
Omnivores 718 £ 2.1

Frontiers in Conservation Science
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on their own were not descriptive of avian richness outcomes in
urban green spaces. Landscape Shape Index initially
demonstrated a significant positive relationship to the foraging
guild, Carnivores, but lost its significant once controlled for Type
I errors. Shannon’s Diversity Index similarly had a significant
relationship to Granivores, though it was negatively associated,
and was later reduced after the Benjamini-Hochberg adjustment.
Patch size was strongly associated with richness across all
foraging guilds, even after controlling for Type I errors, except
for Omnivores and Nectarivores where the significance was
reduced after the Benjamini-Hochberg adjustment (Figure 3,
Table 4). Shrub cover also demonstrated significant positive
relationships even after controlling for Type I errors for
Insectivores and Granivores. Water cover initially demonstrated
significant positive relationships across all groups except for
Granivores, Insectivores, and Nectarivores, but lost significance
after adjusting P values. For a full list of results by variable across
each group refer to Supplementary Materials 3-8.

Best predictive models for
avian richness

While urban built form variables were not informative on
their own, they were important to include in several models for
the following forging guilds: Carnivores, Insectivores, and
Omnivores (Table 5). Several models that included urban built
form variables were deemed as the best performing models by
meeting the AICc criteria of a AAICc value of less than 2,
including models 6, 7, 8, and 9 (Table 6). Again, Landscape
Shape Index was positively associated to richness outcomes in
Carnivores and demonstrated a positive relationship to
Insectivores too once patch size was included in the model.
Shannon’s Diversity Index demonstrated an association with
Omnivores again but was positively associated to outcomes once
patch size was included in the model. Insectivores as a group
were best described by urban built form variables compared to
other groups. Number of Buildings, Mean Architecture Height,
and Landscape Shape Index were present in the best performing
models for Insectivores. An increase in the number of buildings
was negatively associated to richness outcomes, while an
increase in Mean Architecture Height and Landscape Shape
Index had positive relationships.

Overall, the best performing models in each group were
either 4 (Patch Size and Water Cover) or 1 (Patch Size), except
for Carnivores, where model 8 was the best (patch size and
Landscape Shape Index) (Tables 5, 6). Patch size was the best
predictor of avian richness across all groups followed by water
cover. An increase in most UGS site-level variables was
positively associated to richness outcomes, except for soil
cover and tree cover. An increase in tree cover was negatively
associated with Carnivores and increased soil cover had negative
relationships to both Insectivores and Granivores. To see the
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TABLE 3 Avian richness broken down by foraging guild by UGS.

UGS

Angels Gate Park

Brand Park

Chatsworth Park South

Coldwater Canyon Park

El Cariso Community Regional Park
Franklin Canyon Park

Hancock Park

Heidelberg Park

Ken Malloy Harbor Regional Park
Lewis MacAdams Riverfront
MacArthur Park

O’Melveny Park

Orcutt Ranch Horticultural Center Park
Porter Ridge Park

Rio de Los Angeles State Park
Roosevelt Memorial Park

Runyon
Canyon Park

Serrania Avenue Park
South Los Angeles Wetlands Pocket Park

Temescal Gateway Park

Van Nuys-Sherman Oaks War Memorial Park

Westchester Recreation Center

10.3389/fcosc.2022.768274

Carnivores Granivores Insectivores Nectarivores Omnivores Herbivores Frugivores

10 7
6 11
3 8
3 8
6 10
26 21
7 11
1 4
35 14
20 11
22 10
17 20
2 6
4 7
13 7
4 7
5 9
5 14
14 5
3 10
3 11
8 10

Frugivores and herbivores were not included in the final analysis due to low sample count.

17
29
24
21
27
71
28
5
45
22
34
77
24
24
28
17
24

37
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39
22
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TABLE 4 Results from univariate model analysis quantifying the influence of urban green space (site-level) and urban built form (matrix-level)

variables on avian richness in 22 urban green spaces in Los Angeles.

Richness Level Variable Coef. pP* p® AICc®
Total Site Patch Size 0.003 <0.001 <0.001 198.41
Total Site % Water Cover 0.025 0.031 0.31 207.39
Carnivores Site Patch Size 0.005 0.016 0.157 146.37
Carnivores Site % Water Cover 0.064 0.01 0.114 145.84
Carnivores Matrix Landscape Shape Index 0.096 0.02 0.18 147.15
Granivores Site Patch Size 0.004 <0.001 <0.001 109.01
Granivores Site % Shrub Cover 0.023 0.003 0.03 120.82
Granivores Matrix Shannon Diversity Index -0.528 0.039 0.352 124.92
Insectivores Site Patch Size 0.005 <0.001 <0.001 164.71
Insectivores Site % Shrub Cover 0.032 0.003 0.025 177.61
Omnivores Site Patch Size 0.002 0.012 0.133 94.54
Omnivores Site % Water Cover 0.023 0.04 0.396 96.40
Nectarivores Site Patch Size 0.003114 0.042 0.463 69.44

P? values <0.05. PP values after applying the Benjamini-Hochberg adjustment for multiple comparisons (PP<0.05 are shown in bold). AICc (Akaike information criterion) values AAICc < 2

are shown in bold.

Only models with initially significant P* values <0.05 are listed in the table. Adjusted p values after applying the Benjamini-Hochberg adjustment for multiple comparisons are indicated in

the P® column and are shown in bold if <0.05. For full results refer to Supplementary Materials 3-8.
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FIGURE 3

Relationship between an increase in patch size and avian richness outcomes. (A) total avian richness, (B) carnivores, (C) insectivores,
(D) granivores, (E) omnivores, (F) nectarivores.

TABLE 5 Results of model selection process to quantify the influence of urban green space (site-level) and urban built form (matrix-level)
attributes on avian richness in urban green spaces.

Avian Models Average Patch Tree Soil Water Shrub Number of Mean Landscape Shannon’s
Richness (AAICc Intercept Size Cover Cover Cover Cover Buildings architecture Shape Index  Diversity
<2) Height Index

Total 4 4.05 0.003 _ 0.025 _ _ _ _ _
(0.057)  (0.001) (0.007)

Carnivores 84,2 1.239 0.006  -0.005 0.018 _ _ _ 0.058 _
(0.991)  (0.002)  (0.01) (0.03) (0.063)

Insectivores  1,7,4,6,3,5 3.063 0.005 _ -0.001 0002  0.001 -0.0001 0.01 0.003 _
(0.021)  (0.001) (0.002)  (0.006)  (0.004) (0.0002) (0.026) (0.01)

Granivores  1,3,8,7 2.052 0.004 _ -0.001 _ _ _ _ _ _
(0216)  (0.001) (0.003)

Omnivores  4,1,9 1.737 0.003 _ _ 0.012 _ _ _ _ 0.119
(0204)  (0.023) (0.401) (0.277)

Nectarivores 1 0.832 0.002 _ _ _ _ _ _ _ _
(0.172)  (0.002)

Estimated average intercept as well as average coefficients and standard errors (indicated within the brackets) were calculated based on the most parsimonious models selected (AAICc < 2).
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TABLE 6 List of best performing models (AAICc < 2).

Model Number Variables included in GLM

1 Patch Size

2 Patch Size % Tree Cover

3 Patch Size % Soil Cover

4 Patch Size % Water Cover

5 Patch Size % Shrub Cover

6 Patch Size Number Buildings

7 Patch Size Mean Architecture Height
8 Patch Size Landscape Shape Index

9 Patch Size Shannon’s Diversity Index

AICc, AAICc, and weight for each of the best performing models
by group see Supplementary Materials 9.

Discussion

The main aim of this study was to assess if variation in urban
built form influences avian biodiversity outcomes in UGS using
2D and 3D measures of built form. The results of this study
suggest that urban built form variables at the matrix-level do
influence avian richness outcomes for some foraging guilds, but
are not strong predictors of outcomes unless paired with patch
size in a model. While urban built form variables are not strong
predictors of avian richness patterns in UGS individually, they
do improve model prediction when they are included with patch
size for Carnivores, Insectivores, and Omnivore guilds. Mean
Architecture Height, Landscape Shape Index and Shannon’s
Diversity Index were present in top performing models,
suggesting that urban built form patterns have more complex
interactions that go beyond the typical 2D density measures used
and do have a relationship with avian richness patterns.

An increase in the number of buildings, was negatively
associated with Insectivore richness, confirming a previous
study’s finding that an increase in building density has negative
impacts on richness patterns in UGS (Amaya-Espinel et al., 2019).
Interestingly, an increase in Mean Architecture Height was
positively associated with Insectivore richness in model 7. The
impact of building height on avian richness has had mixed results
in research to date. In some cases, an increase in building height
has been positively associated with avian richness (MacGregor-
Fors et al,, 2017), and in some it has presented negative results
(Loss et al, 2014). This suggests that the relationship between
avian richness and building height remains complex and varies by
species. Also, a diversity in building heights, captured by the
Shannon’s Diversity Index variable in model 9, was positively
associated with Omnivore richness. This finding suggests that
variation in building heights positively impacts richness patterns
for some species. Overall, these findings reveal a complex
relationship between building heights, their variation, and avian
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richness patterns, which would have been missed if only average
building height was analyzed.

Landscape Shape Index demonstrated positive associations
with both Carnivores and Insectivore guilds, suggesting that an
increase in complexity of the shape of buildings surrounding
urban green spaces can influence richness outcomes. This variable
on its own does not have a strong association to outcomes, as
demonstrated by the univariate analysis, but does contribute to
better model prediction as demonstrated by model 8, one of the
best performing models for Carnivores and Insectivores.

It is not clear why an increase in Landscape Shape Index
supports avian richness or why an increase in building height
variation (Shannon’s Diversity Index) or Mean Architecture Height
is positively associated with avian richness. One hypothesis is that
these attributes, either aid or inhibit ecological connectivity in the
built environment. A limitation of this study is that 3D ecological
connectivity was not calculated, which may have shed light on the
relationship between urban built form configuration variables and
avian richness. Avian species are unique in that they can fly,
meaning that what might be considered a barrier to movement
for one species is not the same for avian species, which is why a 3D
perspective on connectivity is important. For example, scholars
have shown that urban flight corridors are an important factor in
mapping connectivity, which requires assigning resistive surface
scores with 3D building landscapes in mind Liu et al, 2021. The
factors that make an attractive urban flight corridor are relatively
unknown. However, there is evidence that the configuration of the
built environment has implications for acoustic transmission, which
may alter avian flight paths due to an ability or inability to
communicate (Warren et al., 2006). Another factor that may alter
avian flight paths is airflow. One study found that avian species
respond to fine-scale airflows, which are moderated by the built
environment (Shepard et al., 2016).

While urban built form variables were important in improving
the performance of several models, patch size was the strongest
predictor and was present in each of the best models across all
groups. Ultimately this study confirms previous assertions that the
size of the UGS is the strongest predictor (Ikin et al, 2013;
Strohback et al,, 2013; Beninde et al., 2015; Dale, 2018; Amaya-
Espinel et al., 2019; Beaugeard et al., 2020; Lynch, 2019; La Sorte et
al,, 2020). This finding supports the well-established species-area
relationship (Lomolino, 2000). It also demonstrates that the
species-area relationship remains the dominant predictor even
when considering various urban built form patterns. In addition,
this study demonstrates the importance of water cover for avian
richness across all groups except for Granivores and Omnivores.
The best performing model for all groups except for Carnivores
was either patch size alone or patch size with water cover,
suggesting the importance of area size and the presence of water.
This is likely due to waterfowl and carnivore species with aquatic
diets. The finding that water cover is important for many avian
species is supported by several studies (Beninde et al, 2015;
Callaghan et al, 2018). In sum, the results of this study suggest
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that the most important factor in avian richness in UGS is the size
of the area, but that urban built form plays a role too and improves
avian richness model prediction.

The implications of this study for urban avian biodiversity
conservation suggests that urban design and planning
professionals should aim to maximize UGS size, but that urban
built form should not be entirely ignored. A limitation of this
study is the small sample size, which was a result of addressing
potential limitations of using eBird data. In countering limitations
of using eBird data by only selecting well-surveyed UGS, the
sample size was reduced from 75 to 22. Thus, more research needs
to be conducted ways in which urban built form influences avian
richness in UGS using a larger sample size, which will better
capture intra and inter heterogeneity. In addition, further
investigation needs to be undertaken to understand the
underlying mechanisms of urban built form configurations that
support or don’t support avian richness, especially as it relates to
3D ecological connectivity.
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