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Abstract

As fragmented landscapes become increasingly common around the world,
managing the spatial arrangement of landscape elements (i.e., landscape
configuration) may help to promote the conservation of biodiversity. However,
the relative effects of landscape configuration on different dimensions of
biodiversity across species assemblages are largely unknown. Thus, a key
challenge consists in understanding when it is necessary to focus on landscape
configuration, in addition to landscape composition, to achieve multifunctional
landscapes. We tested the effects of landscape composition (the percentage
of tree cover and built infrastructure) and landscape configuration (degree of
fragmentation) on landscape-level species richness and different metrics of
functional diversity of urban birds. We collected data on different bird guilds
(nectarivores/frugivores, insectivores) from Brisbane, Australia. Using structural
equation models, we found that landscape structure (landscape composition
and configuration) affected functional diversity via two main pathways:
(1) through effects of landscape composition, mediated by landscape configu-
ration (indirect effects), and (2) through direct (“independent”) effects of
landscape composition and configuration, filtering species with extreme trait
values. Our results show that landscape-level species richness declined with the
extent of built infrastructure, but patterns of trait diversity did not necessarily
correlate with this variable. Landscape configuration had a stronger mediating
effect on some metrics of the functional diversity of insectivores than on the
functional diversity of frugivores/nectarivores. In addition, fragmentation
increased the effects of built infrastructure for some traits (body size and
dispersal capacity), but not for others (habitat plasticity and foraging behavior).
These results suggest that differential approaches to managing landscape
structure are needed depending on whether the focus is on protecting functional
diversity or species richness and what the target guild is. Managing landscape
fragmentation in areas with high levels of built infrastructure is important if the
objective is to protect insectivore species with uncommon traits, even if it is not
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growing cities.
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INTRODUCTION

As human-dominated landscapes become more common
globally, new insights around how landscapes can be
managed to conserve multiple components of biological
diversity are increasingly valuable. This involves under-
standing how landscape change affects not only the
number of species but also the distribution of functional
traits in a species assemblage (i.e., functional diversity)
that influence the maintenance of ecosystem processes
(Gross et al., 2017; Mayfield et al., 2010). Importantly,
species richness and functional diversity can show
different responses to changes in landscape structure
(landscape composition and configuration; Table 1)
(Flynn et al., 2009; Hatfield et al., 2018; Sudrez-Castro
et al., 2020). Thus, a key challenge is to identify when a
focus on managing landscape configuration is important
for maximizing species richness and functional diversity.

Disentangling the pathways through which landscape
structure affects functional diversity is challenging.
The effects of landscape configuration on biodiversity
should increase as the amount of habitat declines because
the spatial distribution of remaining habitat shapes species
opportunities to reach and settle in areas with available
resources (Rybicki et al., 2019). However, the effects of
landscape configuration on functional diversity can be
highly variable and depend on the species assemblage eval-
uated (Bregman et al., 2014; Rocha-Santos et al., 2020).
This is because there is high variation in the distribution
of trait values across assemblages, and this increases the
diversity of species responses to the spatial distribution
of remaining habitats (Mori et al., 2013; Sudrez-Castro
et al., 2020). In addition, the effects of landscape structure
on functional diversity depend on whether the focus is on
trait richness or metrics that evaluate the abundance of
trait values in a species assemblage (Hatfield et al., 2018;
Sudrez-Castro et al., 2020). Spatially explicit analyses are
thus needed to understand the conditions under which
functional diversity is expected to change due to changes in
landscape structure and how this compares to impacts on
species richness.

possible to preserve high levels of species richness. However, if the target is to
enhance both functional diversity and species richness of multiple guilds, the focus
should be on improving composition through the reduction of negative effects of
built infrastructure, rather than promoting specific landscape configurations in

habitat fragmentation, habitat loss, landscape sharing, landscape sparing multifunctional
landscapes, species traits, urbanization

The effects of landscape structure on biodiversity can
be classified as direct and indirect effects (Didham
et al., 2012). For example, the number of species that occur
in a landscape may mostly depend directly on the amount
of remaining available habitat (Rybicki & Hanski, 2013).

TABLE 1 Key definitions of concepts used in this study.
Term Definition
Assemblage A taxonomically related group of species
populations that occur together in space
(Fauth et al., 1996)
Functional The variation of functional traits in an
diversity assemblage (Laliberté & Legendre, 2010)
Functional The amount of functional space occupied
richness by the species in an assemblage
Functional Represents how far species abundances are
divergence from the center of the trait functional
space
Functional Describes how regularly species
evenness abundances are distributed in
functional space (Mouchet et al., 2010)
Guild A group of species that exploit the same
class of resources in a similar way. We
assume that species that belong to the
same guild are also “functionally
similar” (Stroud et al., 2015)
Landscape The arrangement of landscape
structure components, such as habitat patches or
anthropogenic land uses across a
landscape. It includes landscape
composition (e.g., how much of each
land cover or land use that exists) and
configuration (e.g., the no. fragments,
their size distribution, their shape, and
spatial arrangement) (Tscharntke
et al., 2012)
Landscape The spatial arrangement of landscape
configuration elements within a landscape
Landscape The no. patch, land-cover, and habitat
composition types represented in a landscape and

their relative abundance
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In this case, the direct relationship between habitat
amount and species richness may be determined by
the species-area relationship. However, as the amount of
habitat available becomes limited, landscapes tend to
become more fragmented, and processes related to the
spatial distribution of the remaining habitat mediate the
effects of habitat amount on biodiversity (Piittker
et al, 2020; Villard & Metzger, 2014). This mediation
pathway is an indirect effect. In addition, landscape
configuration can also act directly on functional diversity
by filtering traits such as dispersal capacity that allow
species to cope with reduced connectivity and patch
isolation (Barbaro et al., 2014; Ding et al., 2013). Evaluating
the prevalence of direct and indirect effects can provide
insights on how much we should focus on devoting
resources to managing landscape structure to protect
biodiversity.

Understanding direct and indirect drivers through
which landscape structure alters functional diversity and
species richness is particularly important in urban
environments. Cities constitute important locations of
landscape transformation and are one of the fastest-
growing land-use types globally (McDonald et al., 2020,
Seto et al., 2012). Although there are negative effects of
urbanization on biodiversity at local scales, these could
be mitigated by managing the spatial pattern and the
structural complexity of remaining habitats (Fischer
et al., 2014; Oliveira Hagen et al., 2017). For example, it
has been hypothesized that urban growth form where
areas of high density of built infrastructure are mixed
with areas with large patches of vegetation may reduce
local extinctions (Sushinsky et al.,, 2013). On the other
hand, sprawling growth of urban areas may promote
declines in native species richness, but it may help to
maintain a wide range of blue and green spaces that
enhance connectivity and, potentially, ecological functions
at larger scales (Fahrig, 2017; Soga et al., 2014). Although
we have a relatively good understanding of the effects
of landscape composition on species richness in cities
(Batary et al., 2017), we have only limited understanding
of how landscape configuration mediates the effect of
landscape composition on both species richness and
functional diversity in urban areas.

Here we test how landscape composition (amount
of tree cover, percentage of built infrastructure) and
landscape configuration (using measures of fragmenta-
tion of tree cover) simultaneously influence landscape-
level species richness and functional diversity of urban
birds using data from Brisbane, Australia. We chose birds
as a focal study group because they are a taxonomically
and functionally diverse group, even within highly
modified landscapes. We evaluate this for different bird
guilds and identify how fragmentation mediates the impacts

of landscape composition on different functional diversity
indices. We focus on two guilds, frugivores/nectarivores
and insectivores, because they are associated with different
suites of ecological functions, and there is evidence that
they respond differently to changes in landscape structure
(Mayorga et al., 2020; Shanahan et al., 2011). Based on
these results, we discuss how urban landscapes could be
managed to potentially maximize the conservation of both
species richness and functional diversity.

METHODS
Study area

Our study area was the Brisbane local government
area (hereafter “Brisbane”), a city with an population
of approximately 2.5 million located on the eastern coast
of Queensland, Australia (27°28'S, 153°07 E; Figure 1). This
region has a mean elevation of 540 m (range: 300-940 m),
mean minimum and maximum temperatures of 16.3°C and
26.5°C, respectively, and a mean annual precipitation
of 1006 mm. During summer (December—March) average
temperatures range from 21°C to 29.8°C and the city
has its highest average rainfall (426.6 mm). In winter
(June-August), weather is generally dry and mild, with
mean temperatures between 11°C and 21°C. Approximately
half of the city (49%) has tree canopy coverage
(Jacobs, 2014). In recent decades, the city has experienced
extensive land clearing and fragmentation as a consequence
of rapid urban growth, which in turn has led to declines in
woodland birds (Catterall et al., 2010).

Survey design

We surveyed birds in 42 grids of 1 km? The grids were
chosen to describe gradients of different amounts of tree
cover and fragmentation. Although many bird species
use areas larger than 1 km? most previous studies on the
effects of landscape structure on urban bird diversity
commonly showed that the scales at which predictor
variables related most significantly to local bird ass-
emblages were between 0.5 and 3 km?> (Litteral &
Shochat, 2017). In addition, 1 km? captures the size at
which many local conservation planning actions, roughly
the size of a neighborhood, are carried out within urban
areas (Mitchell et al., 2016).

Grids were selected using stratified random sam-
pling. First, we calculated the area of tree cover within
each 1-km® grid using ArcGIS 10.2.1 (Environmental
Systems Research Institute). Tree cover data were
extracted from a high-resolution LiDAR layer of
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FIGURE 1 Brisbane local government area showing the landscape units used in this study. Landscape units were first selected based
on tree cover (orange <35%, pink 35%-60%, bright green > 60%). Each of these categories was stratified across different levels of
fragmentation, ranging from low (clumpiness index > 0.8) to high (clumpiness index < 0.5) levels. Two units with similar levels of amount

of tree cover and different levels of landscape fragmentation are shown in the right panel.

Brisbane for 2009 (see Mitchell et al. [2016] for details
on how these data were processed). Each grid was then
classified according to each of the following tree cover
categories: low (10%-35%), medium (35%-60%), and
high (>60%). For each category, we selected 14 landscape
units stratified across different levels of fragmentation.
We used the “clumpiness” metric, which measures spa-
tial aggregation (McGarigal, 2002) but is relatively insen-
sitive to variation in habitat extent, to measure
fragmentation (Wang et al., 2014). This metric was cal-
culated using a 5-m-resolution vegetation data layer
within each grid and defining patches as four-neighbor
contiguous cells using FRAGSTATS, version 4.2.598)
(McGarigal, 2002). Within each vegetation cover cate-
gory, fragmentation ranged from low (clumpiness
index > 0.8) to high (clumpiness index < 0.5) (Figure 1).
Within each 1-km?® grid, we then selected three points
to survey birds. To capture the heterogeneity within
each landscape unit, we selected survey points in areas
with different percentages of tree cover (<30%, 35%-
60%, and >60%) when possible at the 1-ha scale. This
process resulted in the selection of 126 survey points
distributed across 42 landscape units.

For each selected 1-km?® grid, we calculated the
proportion of impervious surfaces and built infrastructure
using the high-resolution LiDAR data. In addition, we
calculated the average foliage height diversity (FHD), a
relative density measure that describes how evenly
vegetation is distributed across different vertical strata
(Caynes et al., 2016; Mitchell et al., 2016). We included
this variable because previous studies (e.g., Moudry
et al, 2021) found that areas with high diversity in
vertical vegetation structure promoted bird richness and
the presence of rare species. Although vertical structure
is usually measured as a local-scale variable, we were
interested in evaluating whether this variable also had an
influence at the landscape scale. More details on the
calculation of the FHD index can be found in Caynes
et al. (2016).

Bird surveys
We used 5-min point counts between dawn and 10:00 AM

to estimate the density of all birds detected in each
landscape unit. Point counts did not have a fixed radius,
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and we recorded all the birds that were detected visually
or aurally from that point. We used 5-min point counts
because we were trying to increase the number of
spatial replicates to collect information about relative
abundances, rather than attempting to establish compre-
hensive data on site use. Each survey point was sampled
twice in each of two seasons, summer (January-March 2016)
and winter (mid-May-August 2016), for a total of four
repeat surveys. Surveys in each point within each season
were separated by at least 1 week. To avoid biases produced
by local-scale habitat variables on wetland birds (e.g., the
presence of lakes), we excluded those species. Although we
recorded other guilds, such as strictly granivore species and
raptors, they were not considered in the statistical analyses.
We recorded distances of sightings using a rangefinder
TruPulse 360B, and each bird was recorded if they were
seen or heard. Birds recorded as flying over were omitted
from the statistical analyses to avoid biases in recording
species at a sampling point. Each bird detection was
assigned to one of five distance classes from the
sampling point (0-10, 10-20, 20-40, 40-50, and >50 m).
Surveys were approved under Animal Ethics Number
GPEM/047/15/ARC.

Data analysis
Abundance estimates

Multiple-covariate distance sampling (Thomas et al., 2010)
was used to fit detection functions to the observed data
separately for each species and to account for the effect of
environmental factors for detection probability. We fitted
two alternative models to the observed distribution of
detections using half-normal or hazard key functions with
season, detection type (i.e., if the bird was seen or heard
only), and percentage of tree cover at the 1-ha resolution
as potential covariates of detection probability of each
species. For species recorded infrequently (<30 records),
a common detection function was generated by grouping
infrequently recorded species with more common
species expected to have similar detectability (Alldredge
et al., 2007). These groupings were based on similarities
in diet (ie., frugivores, nectarivores, insectivores) and
main foraging stratum (canopy, understory, ground).
Within each group, we used species as a covariate to
model the scale parameter. For each landscape, we then
calculated density estimates and analytical 95% confidence
intervals for each species using the model with the
lowest Akaike information criteria (AIC). The density
of each species at the 1-km scale was estimated as the
average density across the three sites surveyed in each
landscape unit.

Functional trait diversity indices and species
richness calculation

To understand how landscape structure may affect
functional diversity of bird guilds, we selected four traits:
dispersal capacity, body size, habitat plasticity, and
foraging behavior plasticity (hereafter foraging behavior).
Body size can be linked to many ecosystem properties
and may represent a universal trait to predict the effects
of landscape structure on ecosystem functioning (Séguin
et al., 2014). Dispersal capacity and foraging behavior
help to infer species responses to changes in landscape
structure and are important for pollination, seed dispersal,
and pest control. Although habitat plasticity corresponds
to an expression of multiple traits, including diet,
morphology, and foraging strategies, we included this trait
because it may reflect other aspects of the species life cycle
(i.e., reproduction capacity) that are not reflected in the
other traits we analyzed. Values of body size were sourced
from Garnett et al. (2015). Fraser et al. (2017) provided
values of dispersal capacity for each species using a
model developed by Garrard et al. (2012). Their model
predicts median dispersal distances based on wingspan
and body mass collated from published studies worldwide
and predicts that birds with a higher wingspan-to-mass
ratio will have longer median dispersal distances. We used
the values of foraging behavior and habitat plasticity
provided by Luck et al. (2013). These authors derived these
values based on the frequency with which a particular
species was recorded using different foraging behaviors
and habitats in different Australian regions.

We classified bird species into two different guilds
based on diet: frugivores/nectarivores and insectivores,
following Wilman et al. (2014). These authors translated
descriptions of bird diets from multiple sources into
standardized, semi-quantitative information about the
relative importance of different food categories. We defined
insectivores as those whose diet is more than 60%
arthropods. Nectarivores and frugivores were those whose
diet includes more than 60% fruits and nectar and
most likely contribute to pollination and seed dispersal
(see Sudrez-Castro et al. [2022] for a complete list of species
recorded in this study and their trait values). Frugivores and
nectarivores were grouped into a single group since most
species in Brisbane (e.g., rainbow lorikeet Trichoglossus
chlorolepidotus, brown honeyeater Lichmera indistincta)
that use plant resources include both nectar and fruits
in their diet.

For each of these guilds we quantified species rich-
ness, functional richness (FRic), functional evenness
(FEve), and functional divergence (FDiv) combining all
traits based on the species density estimates at the 1-km?
resolution. FRic corresponds to the range of trait values
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in a given area and reflects how much functional space is
occupied by a community. FEve quantifies how evenly
the functional trait space is occupied by the community
(Villéger et al., 2008). FEve values will be lowest when
some parts of the functional space are empty whereas others
are densely populated (Mouchet et al., 2010). FDiv measures
the extent to which dominant species diverge in their
trait values using trait dissimilarity weighted by species
abundance (Villéger et al., 2008). All diversity calculations
were performed with the dbFD function implemented in
the FD package (Laliberté¢ & Legendre, 2010) in R version
3.6.2 (R Development Core Team).

Statistical analysis

Structural equation modeling (SEM) (Grace, 2006) was used
to examine the association between landscape structure
and functional diversity and species richness metrics.
In SEMs, variables are connected by paths that quantify
the association between variables based on hypothesized
causal relationships. For each functional metric (i.e., FEve,
FDiv, and FRic), we constructed a causal model structure
and direction of hypothesized relationships (Figure 2).
Landscape composition variables (percentage of built infra-
structure [impervious surface + buildings] and tree cover)
and landscape configuration variables (clumpiness index)
are reported at the 1-km? resolution. We also included
a direct relationship between FHD and species richness
and between FHD and functional diversity to represent
how vegetation structure may affect the evaluated metrics.
In the full model (Figure 2a), all the components of
landscape structure directly affect patterns of species
richness and functional diversity. In addition, fragmenta-
tion mediates the effects of tree cover and built infra-
structure by assuming a causal relationship between these
variables and fragmentation and the direct effect of
fragmentation on species richness and functional diversity.
Fragmentation is assumed to moderate the strength of
the relationship between landscape composition and both
species richness and functional diversity. We tested this
model against a model that assumed moderation effects
did not exist (Figure 2b) and a simple model where only
direct effects were assumed (Figure 2c). To analyze the
effects of landscape structure on individual traits, we
used the same models using the community weighted
mean (CWM) for each trait as the response variable.
We calculated the CWM for each trait with the dbFD
function implemented in the FD package (Laliberté &
Legendre, 2010).

Following the recommendations by Weston and Gore
(2006), we used multiple parsimony-based fit indices to
determine which of the three models have the highest
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Conceptual model showing the main relationships

diversity. See explanation of pathways in the Statistical analysis
section of the Methods. FHD, foliage height diversity.

parsimony. The three hypothetical models were compared
using the Tucker-Lewis index (TLI) and the root mean
square error of approximation (RMSEA). A TLI value
of 0.95 or larger indicates good model fit, whereas RMSEA
values <0.06 indicate good fit (Weston & Gore, 2006).
The model with the lowest RMSEA and the highest TLI
was considered the best. All response and explanatory
variables were standardized (mean = 0, SD = 1) prior to
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fitting the models. Analyses were performed using the
lavaan package (Rosseel, 2012) in R version 3.6.2.

RESULTS

A total of 84 terrestrial bird species were observed during
the survey period (Sudrez-Castro et al., 2022). Species
richness for all the recorded birds in areas with a high
percentage of built infrastructure (>70%) ranged from
13 to 24 species per 1-km” grid, whereas in areas with a
low percentage of built infrastructure (<35%), species
richness ranged from 22 to 41 species. The number of
insectivore species recorded was higher (41) than the
number of frugivores/nectarivores (25).

For all functional diversity metrics and the guilds
evaluated, the structural equation models, including
direct pathways for tree cover, percentage of built infra-
structure, and fragmentation, as well as the mediating
effects of fragmentation on landscape composition
effects, had the best overall fit (TLI = 1, RMSEA = 0.048,
df = 10). Including the direct causal pathway between
FHD and either functional diversity or species rich-
ness did not improve overall model fit (TLI=1,
RMSEA = 0.435, df = 14). Therefore, because the vertical
structure of the vegetation did not help to explain the
effects of landscape structure on either species richness
or functional diversity at the 1-km? resolution, we did not
consider this variable in further analyses. The fit coeffi-
cients of the models considered for each guild are
presented in Table 2.

The association between species richness and func-
tional diversity depended on the metric analyzed
(Figure 3; Appendix S1: Table S2). The correlation
between FRic and species richness was highly positive for
both guilds (Figure 3a,b). The correlation between species
richness and FDiv was also positive and statistically
significant (p < 0.0001), although it was higher for frugi-
vores/nectarivores than for insectivores (Figure 3c,d ). We
did not find a correlation between FEve and species rich-
ness for the two guilds.

Direct effects of landscape composition on functional
metrics and species richness differed between the two
guilds (Figure 3; Appendix S1: Table S2). Built infrastruc-
ture had consistent negative effects on species richness
for both guilds, but the effect on FRic (Figure 3a,b) and
FDiv (Figure 3c,d) was higher for frugivores compared to
insectivores. The effects of the proportion of tree cover
on all the evaluated metrics and guilds were consistently
lower than the effects of built infrastructure. The only
exception was for FEve of insectivores, where an increase
in the proportion of tree cover promoted lower levels of
FEve (Figure 3f).

The direct and indirect effects of fragmentation on
functional diversity metrics were highly variable and
depended on the metric and the guild evaluated.
Compared to the effects of landscape composition, the
effects of fragmentation on FRic and species richness of
frugivores/nectarivores were low (Figure 3b). In contrast,
fragmentation had a strong negative effect on the FDiv of
the insectivore guild (Figure 3c). Although the direct effects
of fragmentation were always higher than indirect effects,
we found evidence that fragmentation also mediated the
negative effects of built infrastructure on FDiv and FRic of
insectivores (Appendix S1: Table S2). No fragmentation
effects were found on FEve for either guild (Figure 3e,f).

Landscape structure had various effects on the
distribution of single traits. Built infrastructure promoted
frugivore/nectarivore guilds with a higher proportion of
species with high habitat plasticity, but that displayed a
lower diversity of foraging behaviors (Figure 4). In addition,
the effects of tree cover varied between guilds. We found a
positive relationship between tree cover and dispersal for
frugivores/nectarivores (Figure 4; Appendix S1: Table S3),
but this variable did not affect the diversity of dispersal
capacities of insectivores. On the other hand, tree cover had
positive effects on frugivore/nectarivores with high habitat
plasticity, whereas tree cover favored insectivores with
low habitat plasticity (standardized coefficient = —0.41,
p < 0.0001). Fragmentation promoted species with large
body size and high dispersal capacities for both guilds
(Figure 4a,b). In addition, highly fragmented areas increased
the proportion of insectivore species with high habitat
plasticity and foraging behaviors (Figure 4; Appendix SI:
Table S3).

DISCUSSION

Understanding the effects of landscape structure on
different components of biodiversity and across
multiple guilds is critical for managing multifunctional
landscapes. Here we show that the effects of landscape
structure on bird functional diversity and species richness
are highly variable and depend on the metric and the
guild evaluated. There is a clear negative effect of the
extent of built infrastructure on species richness, but
functional diversity showed a more complex relationship
with landscape composition and landscape configuration.
For example, we found that fragmentation increased the
negative effects of built infrastructure on both the rich-
ness and the proportional abundance of insectivore traits.
In contrast, functional diversity of frugivore/nectarivore
species mainly depended on landscape composition
rather than on fragmentation. Fragmentation also
increased the effects of built infrastructure for some
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traits (body size and dispersal capacity), but not for
others (habitat plasticity and foraging behavior). These
results suggest that managing landscape configuration
alone may not maximize functional diversity and species
richness simultaneously for all guilds. Differential
approaches to managing landscape structure are thus
needed depending on whether the focus is on protecting
functional diversity or species richness and what the tar-
get guild is (Figure 5).

Landscape structure also affected patterns of trait
abundance independently of FRic for each guild.
The relationship between FDiv and landscape structure
shows that built infrastructure (for frugivores/nectarivores)
and fragmentation (for insectivores) increased the similarity

in the trait values of the dominant species. We found
that highly fragmented areas with low levels of tree
cover had higher abundance of insectivores that had the fol-
lowing traits: large body size, high dispersal capacities, high
habitat plasticity, and high diversity of foraging behaviors
(Figure 4). Furthermore, tree cover was associated with
insectivore species that had lower habitat plasticity, regard-
less of the level of fragmentation. Several studies reported a
decline of species with high habitat plasticity and an increase
of bird forest specialists associated with particular forest
types, both in agricultural (Socolar & Wilcove, 2019) and
urban areas (Liordos et al., 2021). This pattern can also be
associated with an increase in the abundance and biomass of
birds with high habitat plasticity in areas where the extent of
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TABLE 2 Fit coefficients for all models considered in this study.
Functional diversity
metric Model CF1 TLI
Insectivores
Fric Simple 1.00 1.00
Mediation 1.00 1.00
Moderation 0.32 —4.08
FEve Simple 1.00 1.00
Mediation 1.00 1.00
Moderation 0.20 —5.03
FDiv Simple 0.93 0.96
Mediation 1.00 1.00
Moderation 0.26 —4.53
Frugivores/nectarivores
Fric Simple 1.00 1.00
Mediation 1.00 1.00
Moderation 0.33 —4.03
FEve Simple 1.00 1.00
Mediation 1.00 1.00
Moderation 0.18 —5.11
FDiv Simple 1.00 1.00
Mediation 1.00 1.00
Moderation 0.30 —4.24

RMSEA RMSEA
AIC RMSEA CI lower CI upper
449.87 0.00 0.00 0.00
307.73 0.00 0.00 0.00
312.38 1.46 1.28 1.64
165.54 0.00 0.00 0.00
23.40 0.00 0.00 0.00
27.80 1.46 1.28 1.64
355.58 0.00 0.00 0.00
213.43 0.00 0.00 0.00
213.14 1.46 1.28 1.64
355.01 0.00 0.00 0.00
212.19 0.00 0.00 0.00
214.93 1.46 1.28 1.64
159.54 0.00 0.00 0.00
17.20 0.00 0.00 0.00
20.80 1.46 1.28 1.52
556.58 0.00 0.00 0.00
440.43 0.00 0.00 0.00
442.14 1.67 1.42 1.62

Abbreviations: AIC, Akaike information criterion; CI, confidence interval; CFI, comparative fit index; FRic, functional richness; FEve, functional evenness;
FDiv, functional divergence; RMSEA, root mean square error of approximation; TLI, Tucker-Lewis index.

built infrastructure is high (Batdry et al., 2017; Brown &
Graham, 2015; Coetzee & Chown, 2016; Evans et al., 2011).

We provide evidence that patterns of FEve and FDiv
can vary for urban guilds with similar levels of species
richness. One common pattern includes the coexistence of
a few species with similar traits contributing most of the
individuals (Batary et al., 2017; Coetzee & Chown, 2016).
In this case, high levels of FEve and low FDiv occur because
the limited functional space will be filled by a small set
of common species. On the other hand, the occurrence of
less abundant, generalist species with uncommon traits can
foster low levels of FEve and high divergence. In Brisbane,
frugivore/nectarivore guilds tend to be dominated by large
species in highly modified environments. However, some
relatively small species with high habitat plasticity, such as
the brown honeyeater (L. indistincta) and the mistletoebird
(Dicaeum hirundinaceum), can still contribute to the
diversity of each local guild. Contrasting responses of
trait abundance to landscape change that are uncorrelated
to species richness have been reported for both simulated
communities (Mouchet et al., 2010; Sudarez-Castro
et al., 2020) and other avian assemblages (Ding et al., 2013;
Ibarra & Martin, 2015).

Our results show the benefits of understanding when
landscape structure promotes positive relationships
between species richness and FRic. We show that land-
scape structure filters species less adapted to urban land-
scapes through the direct (“independent”) effects of
landscape composition, particularly through the propor-
tion of built infrastructure that has negative effects on
FRic. Green area management policies that reduce the
negative effects of impervious surfaces are thus key to
protecting species richness and FRic simultaneously
(Souza et al., 2019; Sultana et al., 2021). However, FRic
can be enhanced in some cases even if it is not possible to
maintain high levels of species richness. Built infrastruc-
ture affected species richness of insectivores more nega-
tively than FRic. This suggests that for this guild, many
species tend to share similar trait values, and the loss of
some species does not necessarily translate to the loss of
species traits. In this case, local-scale strategies focused
on maintaining heterogeneous habitats with complex
vegetation types within urban green spaces can be
enough to protect FRic, even if the levels of built infra-
structure are high (Callaghan et al., 2018; Mbiba
et al., 2021; Oliveira Hagen et al., 2017).
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FIGURE 4 Structural equation models showing the direct effects of landscape structure on different species traits for the insectivore
and the frugivore guilds. Numbers between arrows indicate standardized path coefficients, which allow for comparing relationship strengths
within a model. The line thickness represents the strength of the relationship. Blue: positive effect, orange: negative effect.

The importance of focusing on managing landscape
configuration in urban areas will depend on the
management objective. We suggest that managing

landscape configuration is important if the objective is
to enhance the abundance of less common traits of
insectivore species. Previous work in Brisbane showed
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FIGURE 5 Landscape management approaches to maximizing
the functional diversity (FD) of urban birds. If the objective is to
enhance functional richness (FR), functional divergence (FDiv), and
species richness (SR) simultaneously, the focus should be on improving
landscape composition (e.g., setting aside urban reserves, improving
habitat in remnant patches) rather than promoting specific landscape
configurations in growing cities. Managing landscape configuration is
important if the objective is to enhance the abundance of less common
traits of insectivore species in our study landscapes. Minimizing
fragmentation and enhancing the connectivity of remnant areas can
increase FR and FDiv for insectivores, even if it is not possible to
maintain high levels of species richness.

that maintaining landscape connectivity of medium-
sized patches (>10 ha) can not only benefit bird species
richness (Litteral & Shochat, 2017; Shanahan et al., 2011)
but also reduce the dominance of large-bodied species
(Catterall et al., 2010). The dominance of large-bodied spe-
cies translates into low levels of FRic and FDiv, and so
maintaining well-connected, medium-sized patches might
be the best option when it comes to preserving species
with extreme trait values (Catterall et al., 2010; Lim &
Sodhi, 2004). On the other hand, if the aim is to enhance
species richness at landscape scales while maintaining
a high trait richness, the focus should be on reducing
the negative effects of built infrastructure rather than on
promoting certain habitat configurations. The negative
effects of built infrastructure can be attenuated by promot-
ing sensitive urban design practices (Garrard et al., 2018)
that protect small patches (Wintle et al, 2019) and
maintain native trees and shrub vegetation in gardens.
Other management activities could include the manage-
ment of riparian corridors using native plant species and
increasing the complexity of the remaining vegetation
(Ikin et al., 2014; Mayorga et al., 2020).

An enhancement to our study would be to conduct
the analysis at multiple scales and while considering

the effects of species interactions. We conducted our
analysis at a single scale, but future studies should
take into consideration a multiscale approach. The effects
of landscape structure are scale-dependent, and complex
interactions operate simultaneously to shape species
assemblages at patch and landscape extents. For example,
previous work found that bird insectivory increases at
edges and in small forest fragments (Barbaro et al., 2014;
Gonzalez-Gomez et al., 2006), and this increase may
be explained by greater evenness in trait abundance
distributions in edge than in interior bird assemblages
(Barbaro et al., 2014). Testing this hypothesis requires
evaluating edge effects that we did not include in our
analyses. In addition, although we provide key insights
about the effects of landscape structure on bird diversity,
we did not consider how interactions between species
may drive patterns of trait diversity (Rogers et al., 2020).
An important area of research consists in analyzing
how species network interactions reflect patterns of
functional diversity in urban areas.

Our new insights could be integrated into an assess-
ment of strategies to maximize bird functional diversity
and species richness in urban environments roughly at
the extent of a neighborhood. We show that landscape
composition is the main driver of both species richness
and FRic in urban environments. However, as the
extent of built infrastructure increases and fragmented
habitats become more common, accounting for landscape
configuration can be important in promoting the
abundance of species with less common traits. Our
results suggest that approaches that aim to maintain
small patches of vegetation distributed over large extents
may help to maintain some species with unique traits
(high FRic). However, we show that the overall trait
distribution will be skewed toward common dominant
traits for some guilds if the effects of fragmentation are
ignored. Although local-scale management practices
are always encouraged to protect urban biodiversity, these
strategies may be ineffective if the effects of landscape
structure are ignored.
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