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ABSTRACT

Urban biodiversity is often studied along urbanization intensity gradients, which can overlook the critical influence of site-
specific habitat characteristics. We argue that local-scale management, which creates a unique “local habitat signature,” is a
primary driver of community composition. We surveyed birds at 60 points across a diverse range of green spaces in a tropical
metropolis, recording 148 species. Focusing on the 34 most frequent species, we used Redundancy Analysis (RDA) and variance
partitioning to disentangle the effects of local, landscape, and spatial factors on bird communities. Our results showed that local-
scale predictors consistently explained the largest proportion of unique variance for both taxonomic (9%) and functional (16%)
compositions. The taxonomic analysis identified three ecological groups based on their habitat requirements: (1) Open-Area
Specialists, (2) Arboreal Understory Specialists, and (3) Urban Tree-Dwellers and Generalists. Similarly, the functional analysis
separated traits associated with forest interiors from those adapted to disturbed environments. The distribution of these groups
was strongly tied to specific management practices, especially of soil cover, such as the presence of unmanaged tall grass or
litter. Our findings demonstrate that urban biodiversity is mostly shaped by a mosaic of local habitat conditions. However, the
surrounding landscape and the spatial arrangement of habitats also influenced community composition, underscoring the im-
portance of a multi-scale approach to assess urban biodiversity composition for effective urban planning.

RESUMO

A biodiversidade urbana é frequentemente estudada ao longo de gradientes de intensidade de urbanizacao, o que pode negligen-
ciar a influéncia critica das caracteristicas do habitat especificas do local. Argumentamos que o manejo em escala local, que cria
uma “assinatura de habitat local” tinica, é um dos principais impulsionadores da composicao da comunidade. Amostramos aves
em 60 pontos distribuidos em uma gama diversificada de espacos verdes em uma metrépole tropical, registrando 148 espécies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Focando nas 34 espécies mais frequentes, utilizamos a Andlise de Redundancia (RDA) e a particdo da variincia para separar os

efeitos de fatores locais, da paisagem e espaciais sobre as comunidades de aves. Nossos resultados mostraram que os preditores

em escala local explicaram consistentemente a maior propor¢ao da varidncia tnica tanto para a composicao taxonomica (9%)

quanto para a funcional (16%). A anélise taxonémica identificou trés grupos ecolégicos com base em suas exigéncias de habitat:
(1) Especialistas de Areas Abertas, (2) Especialistas de Sub-bosque Arboreo e (3) Generalistas e Habitantes de Arvores Urbanas.

Da mesma forma, a anélise funcional separou tracos associados ao interior de florestas daqueles adaptados a ambientes pertur-

bados. A distribuicao desses grupos esteve fortemente ligada a praticas de manejo especificas, especialmente de cobertura do

solo, como a presenca de grama alta ndo manejada ou serapilheira. Nossos achados demonstram que a biodiversidade urbana ¢é

moldada principalmente por um mosaico de condi¢des locais de habitat. No entanto, a paisagem circundante e o arranjo espacial

dos habitats também influenciaram a composi¢do da comunidade, ressaltando a importancia de uma abordagem em multiplas

escalas para avaliar a composi¢do da biodiversidade urbana visando um planejamento urbano eficaz.

1 | Introduction

The complexity of urban landscapes is closely linked to how
cities grow and develop, often resembling ecosystems that are
constantly changing (Ramalho and Hobbs 2012). Those changes
also influence the form, composition and function of urban
green spaces across space and time, including wooded streets,
gardens, small parks, recreational areas, cemeteries, schools,
and railway corridors (Aronson et al. 2017). Among these spaces
are included more traditional protected areas which often com-
prise patches of vegetation that resemble the natural phytophys-
iognomy at the local or regional scale (Rupprecht et al. 2015;
Soanes et al. 2019). Furthermore, informal green spaces, which
are not officially recognized by local governments, commonly
appear in periurban areas as remnants of native vegetation that
were left—often within private properties—during the process
of urban expansion (Snep et al. 2006; Vizzari and Sigura 2015).

The urban landscape typically shows a gradient of urbanization,
ranging from periurban fringes to dense urban cores. This gra-
dient strongly influences biodiversity, and birds are often used as
key indicators due to their varied responses to the urban environ-
ment. For example, the response to urbanization levels can differ
between forest and non-forest bird species (Santos et al. 2024).
Generally, this urban gradient leads to less vegetation in city cen-
ters compared to their peripheries. This results in lower taxonomic
diversity in urban cores, as species presence is often higher in
areas with more vegetation (Escobar-Ibafiez et al. 2020), which
can buffer the negative impacts of urbanization (Filloy et al. 2019).
This pattern can be explained by the “soft edges” of cities, where
the urban border presents higher vegetation amount and lower
population density. In these areas, the built environment forms a
mosaic with natural features like native vegetation patches, pro-
viding more available habitat for different species. In contrast,
urban centers have higher human densities and are dominated by
impermeable surfaces (Bhakti et al. 2021).

However, urban expansion is multifaceted and influenced by
historical, political, and socioeconomic factors, which chal-
lenge the simple periurban-urban gradient model (Ramalho and
Hobbs 2012). Biodiversity patterns within cities are not defined
by this gradient alone; instead, intra-urban regions can support
high taxonomic, phylogenetic, and functional diversities that
are influenced by local environmental factors. This idea is sup-
ported by research on functional traits, which are morphological

(e.g., body mass) and behavioral characteristics (e.g., diet, forag-
ing strategy) that describe how species interact with their envi-
ronment (Jacoboski and Hartz 2020; Nock et al. 2016; Wilman
et al. 2014). For instance, studies show that birds with generalist
traits, such as omnivores, are positively associated with reduced
vegetation cover and taller buildings in the surroundings, as well
as, higher noise exposure (Pena et al. 2023). Likewise, vegetation
patches with a more complex understory and more mid-level vege-
tation can provide habitat for birds, such as insectivorous species,
that avoid more intensely urbanized areas (Matsuba et al. 2016).
Other key elements include the presence of standing dead trees for
cavity-nesting birds (Campos-Silva and Piratelli 2021), a denser
tree canopy for understory insectivores (Bhakti et al. 2018), and
the proximity to watercourses, which is known to boost local bird
diversity (Barbosa et al. 2020; Suri et al. 2017; Wong et al. 2023).

To highlight the need for frameworks that consider a more de-
tailed description of local conditions when assessing patterns
of urban biodiversity, we frame our study in terms of what we
call the “Local Habitat Signature.” This approach focuses on the
unique “signature” of local habitat conditions, which is directly
related to planning and management practices. If the diversity
of highly mobile organisms such as birds and bees can be more
determined by local rather than landscape conditions (Gomes
et al. 2023; Pena et al. 2023), urban biodiversity can be higher
across urban landscapes even in the city core, depending on how
we plan and manage urban green spaces. Thus, this perspec-
tive shows how site-specific factors can significantly influence
species distribution, offering new insights for urban ecology and
management (Aronson et al. 2017; Rupprecht et al. 2015). In
contrast, broader frameworks like the periurban-urban gradi-
ent often oversimplify urban complexity by failing to account for
landscape heterogeneity and local variations and mask import-
ant biodiversity patterns within urban green spaces (Almazan-
Nuriez et al. 2025; Ramalho and Hobbs 2012).

In this study, we surveyed bird communities across diverse
green spaces in a tropical metropolis to test the effects of both
landscape-scale and local-scale factors. Our primary goal is to
demonstrate the pivotal role of the “local habitat signature”—
the specific, site-level characteristics of green spaces driven by
management practices, such as the presence of dead trees, leaf
litter depth, and canopy openness. We first hypothesized that
green spacesinless urbanized surroundings would have higher
species richness and support more specialized functional
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Map of the study area showing the land cover classification and the distribution of the 60 sampling points. The main polygon rep-

resents the municipal boundary of Belo Horizonte (Minas Gerais, Brazil). Sampling points are classified according to the type of urban green space:
protected areas (PAS), linear parks (LPK), small green spaces (SGS), alternative green spaces (AGS), and railway lines (TRL). The inset map shows

the location of Belo Horizonte and its surrounding municipalities.

traits, such as those for understory foraging. Furthermore, we
expected that landscape configuration would also be influen-
tial, leading to more similar taxonomic and functional com-
positions in nearby green spaces. However, we predicted that
the local habitat signature would ultimately have the strongest
effect on bird communities, meaning that local management
can create high-quality habitats for a high diversity of species
and functional traits regardless of the surrounding vegetation
amount or the green space location across the landscape. By
emphasizing these local factors, our study provides a more de-
tailed framework for urban ecology, showing how site-specific
variations impact biodiversity and offering a more nuanced
understanding of the relationship between birds and their
urban habitats.

2 | Methods
2.1 | Study Area and Bird Surveys

We conducted our study in the municipality of Belo Horizonte,
State of Minas Gerais, Brazil (approx. 19.90°S, 43.96° W), a city
characterized by a highly urbanized landscape with lower pop-
ulation density in its periurban regions (Belo Horizonte 2019;
Bhakti et al. 2024). The city is situated within the ecotone be-
tween the Atlantic Forest and Cerrado biodiversity hotspots
(Branddo and Aradjo 1992; Myers et al. 2000) and contains
over 90 protected areas, including public and private reserves
(Xavier 2018). Beyond these formally protected areas, a variety

of other urban green spaces are found throughout the munici-
pality, such as linear parks, public squares, wooded streets, cem-
eteries, and other vegetated areas.

To sample bird communities across this landscape, we estab-
lished 60 sampling points distributed across 33 distinct urban
green spaces. These sites spanned a gradient from the city core
to its periurban fringes (Figure 1; Table S1). We classified the 33
urban green spaces into five categories based on their primary
form and function, as follows:

« Protected Areas (PAS): Formally designated areas with
some degree of legal protection, such as municipal parks
or ecological reserves, as defined by the Municipal Master
Plan (Belo Horizonte 2019).

« Linear Parks (LPK): Linear green corridors along roads or
watercourses, often used for recreation and ecological res-
toration (Chin and Kupfer 2020).

« Small Green Spaces (SGS): Compact, isolated vegetated
areas like public squares or pocket parks, often containing
large lawns or impermeable surfaces (da Silva et al. 2021).

« Alternative Green Spaces (AGS): Other types of green areas
not included in the above categories, such as cemeteries and
the vegetated grounds of private clubs.

« Railway Lines (TRL): Vegetation strips along active or inac-
tive railway lines that can function as ecological corridors
(Vandevelde and Penone 2017).
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TABLE 1 | List and description of the functional traits used to

characterize the bird communities.

Trait category Variable name

Description

Morphology body_mass (g)

size (cm)

Nesting &
Reproduction

clutch_size

tree_nesters

shrub_nesters

primary_
excavators

secondary_
cavity_nesters

ground_nesters

brood_parasites

Diet invertebrates

mammals_birds

amphibians_
reptiles

fish
carrion
fruits

flowers_nectar

seeds

plant

Foraging Strata water

ground

understory

midhigh

canopy

air

Average body mass
of the species.

Average total length
of the species.

Average number of
eggs per clutch.

Species primarily
builds nests in trees.
Species primarily
builds nests in

shrubs or bushes.

Species excavates
its own nesting
cavity in trees.
Species uses pre-existing
cavities for nesting.
Species primarily builds
nests on the ground.
Species lays its
eggs in the nests of
other species.

Diet includes
invertebrates (e.g.,
insects, spiders).

Diet includes small
mammals, other
birds, or eggs.

Diet includes
amphibians or reptiles.

Diet includes fish.
Diet includes carrion.
Diet includes fruits.

Diet includes
flowers or nectar.

Diet includes
seeds or grains.

Diet includes other plant
parts (e.g., leaves, buds).

Forages on or
near water.

Forages on the ground.

Forages in the
understory (low
vegetation).

Forages in mid to high
levels of vegetation.

Forages in the
tree canopy.

Forages in flight (aerial).

Note: The “Variable Name” corresponds to the variable in the dataset. Trait
information was compiled from the specialized literature (e.g., Sick 1997;
Wilman et al. 2014). A comprehensive list of all sources used to compile trait
data is provided in the Supporting Information I (see Table S3).

We allocated one to four sampling points per green space, based
on its size. To minimize spatial autocorrelation and ensure inde-
pendent samples, all points were separated by a minimum dis-
tance of 200m (Table S1: Supporting Information I).

Bird surveys were conducted from October 2020 to April 2021,
coinciding with the breeding season for most bird species in
the region, which increases their detectability (Sick 1997).
Each of the 60 sampling points was surveyed three times,
with a minimum interval of 30days between surveys. These
repeated visits were designed to compile a comprehensive
species list at each point across the season. All surveys were
conducted for 20 min within the first 4h after sunrise and
were avoided on rainy or windy days. During each survey,
we identified and counted all birds seen or heard within a
50-m radius, excluding individuals that were only flying over
the area without using the habitat (Bhakti et al. 2018; Pena
et al. 2017, 2023). A species’ abundance at a given point was
defined as the maximum number of individuals recorded in
any of the three surveys. To characterize the bird community's
functional structure, we gathered data on several traits from
specialized literature (Sick 1997; Wilman et al. 2014), which
were complemented by other sources. A complete list of all
bibliographic sources is provided in the legend of Table S2:
Supporting Information I. A list of the traits used and their
descriptions is provided in Table 1.

2.2 | Multi-Scale Characteristics of Green Spaces
and Statistical Analysis

The complete dataset of all predictor variables (local and land-
scape) measured for each of the 60 sampling points is provided
in Table S2: Supporting Information I. To analyze this data, we
performed two sets of Redundancy Analyses (RDA): one focus-
ing on the taxonomic composition of the community and an-
other on its functional composition.

For the taxonomic analysis, we started with the full abundance
matrix of 148 recorded species and progressively removed the least
frequent species until the reduced community matrix remained
highly correlated (Mantel test: ¥=0.95, p <0.001) with the full ma-
trix. This procedure resulted in a subset of 34 species, which hap-
pened to occur in at least 11 of the 60 sampling points (i.e., >18%
frequency) and adequately represented the overall community
patterns. This 34-species abundance matrix was then Hellinger-
transformed prior to the analysis (Legendre and Gallagher 2001).

For the functional analysis, we first compiled a comprehensive
trait matrix for all recorded species. Trait information obtained
from the literature, often descriptive or in percentages, was stan-
dardized using a fuzzy coding approach. This involved convert-
ing the data into a 0-4 ordinal scale representing the species’
degree of reliance on each trait category (e.g., diet, nesting sub-
strate). A detailed description of this coding protocol, including
how quantitative, qualitative, and multi-source data were stan-
dardized, is provided in the legend of Table S3. The final response
variable was the Community-Weighted Mean (CWM) of these
functional traits for each sampling point, derived from a matrix
multiplication of the trait-by-species matrix with the species-
by-site relative-abundance matrix. All statistical computations
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were conducted using the R programming language v. 4.4.1
(R Core Team 2024).

2.2.1 | Local Scale Characteristics

To characterize the local habitat at each of the 60 bird sampling
points, we established a 100-m transect centered on each point.
The orientation of each transect was adjusted to fit the shape of
the green space. Along this transect, we assessed habitat vari-
ables at three locations: at the center (the sampling point itself),
and at 50m to each side along the line. At each of these three
locations, we used a 3 X 3m quadrat to measure variables related
to vegetation structure, microclimate, and soil cover (Figure 2a).
It is important to clarify that bird surveys were conducted only
at the central point of the transect; the two additional points
along the transect were used exclusively for habitat character-
ization to ensure a more representative assessment of the local
environment.

We measured several local habitat variables within each of the
3x3m quadrats. To assess vegetation structure, we first mea-
sured canopy openness using a camera with a fisheye lens
(Bower 8 mm F3.5) positioned 0.5m from the ground. Within
the same quadrats, we recorded the height and circumference at
breast height (CBH) for any tree with a CBH of 10cm or greater.
The presence of standing dead trees, shrub cover (vegetation
below 1.0m), and lianas was also recorded as binary (presence/
absence) variables (Figure 2). To characterize microclimatic
conditions at the start of each count, we recorded relative hu-
midity (%) and wind speed (m/s) during the first minute of the
20-min observation period using a Brunton Atmospheric Data
Center PRO portable meteorological station.

We also characterized the ground layer within each quadrat by
measuring leaf litter depth and recording the presence of vari-
ous surface cover types. Leaf litter depth was measured to the
nearest centimeter at the four corners of each quadrant using
a ruler, and the average value was recorded. The surface cover
types were classified according to the following categories:

+ Managed Lawn (ML): Mowed and regularly maintained
turfgrass.

« Unmanaged Tall Grass (UTG): Spontaneous and unkempt
tall grasses, often found in areas with little to no regular
mowing.

« Native Grassland (NG): Areas dominated by native grass
species.

« Exposed Soil (ES): Bare ground without significant vegeta-
tion or other cover.

« Rocky Soil (RS): Surface predominantly covered by rocks or
gravel.

+ Sandy Soil (SS): Surface predominantly covered by sand.
« Concrete (CON): Paved surfaces made of concrete.
« Asphalt (ASP): Paved surfaces made of asphalt.

» Urban Waste (UW): Presence of significant amounts of gar-
bage or construction debris.

To create a final dataset for analysis, the data from the three
quadrants at each sampling point were consolidated to generate
a single value per variable. For continuous variables (e.g., can-
opy openness, litter depth, tree height), the mean value from the
three quadrants was used. All other variables were treated in a
presence/absence format. For structural features like standing
dead trees, lianas, and shrub cover, the sampling point was as-
signed a “1” (presence) if the feature was detected in at least one
of the three quadrants, and a “0” otherwise. This same logic was
applied to the ground cover types: each category (e.g., Managed
Lawn, Exposed Soil, Concrete) was converted into its own bi-
nary variable, receiving a “1” if present in at least one quadrant
and a “0” if absent from all three.

2.2.2 | Landscape-Scale Characteristics

Landscape-scale characteristics were derived from a land cover
map created for the study area. This map was based on Planet
Scope satellite imagery (3-m resolution, four spectral bands)
acquired in September 2020 (Bhakti et al. 2024; Planet Labs
PBC 2017). We performed a supervised classification on this
imagery using the Maximum Likelihood algorithm in ArcGIS
10.X, which generated four land cover classes: woody vegeta-
tion, herbaceous vegetation, impermeable surfaces (comprising
built structures and exposed soil), and mining areas. A fifth
class, water (including rivers, lakes, and reservoirs), was added
to the map using official hydrographic vector data from the Belo
Horizonte City Hall data portal (http://bhmap.pbh.gov.br/). The
final five-class map showed high overall accuracy, confirmed by
a Kappa coefficient of 0.86.

From the land cover map, we calculated landscape metrics
around each of the 60 sampling points. First, we created four con-
centric buffers with radii of 50, 100, 150, and 500 m (Figure 2b).
For each buffer, we calculated the total area of green cover (in
m?) by summing the areas of the “woody vegetation” and “her-
baceous vegetation” classes. Second, we calculated the distance
to water by measuring the distance from each sampling point to
the nearest pixel of the “water” class.

2.2.3 | Spatial Autocorrelation

To account for spatial autocorrelation in our data, we gener-
ated spatial predictor variables using Distance-Based Moran's
Eigenvector Maps ((bMEM), following the methodology of Dray
et al. (2006). These variables, hereafter referred to as MEMs, were
calculated from the geographic coordinates of our 60 sampling
points. Generally, the first MEMs (e.g., MEM1-MEM4) describe
broad-scale structures, such as the North-South spatial gradient
illustrated by MEM1. Subsequent MEMs (e.g., MEM5, MEM9Y) de-
scribe finer-scale patterns, such as the local clusters of neighboring
points seen in MEM5 and MEM9 (Figure 2c) (the complete set of
eigenvector maps is provided in Supporting Information II).

2.3 | Statistical Analysis

For each of the three predictor sets (local, landscape,
and spatial), we first conducted an independent forward
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quantitative variables included canopy openness, litter depth, relative humidity, wind (m/s) and circumference at breast height (CBH). Other
variables were recorded as the presence or absence of a feature within the quadrats, including standing dead trees, lianas, shrubs, and each of
the following ground cover types: Exposed Soil (ES), Managed Lawn (ML), Unmanaged Tall Grass (UTG), Native Grassland (NG), Rocky Soil
(RS), Sandy Soil (SS), Concrete (CON), Asphalt (ASP), and Urban Waste (UW). (b) At the landscape scale, concentric buffers with 50, 100, 150,
and 500 m radii around each sampling point were used to assess the total area of green cover and distance to water bodies. (c) Spatial variables
were represented by Moran's Eigenvector Maps (MEMs). This panel illustrates how MEMs model spatial patterns at different scales, where circle
diameter is proportional to the eigenvector's value, and black and white circles represent positive and negative values, respectively. The panels
shown illustrate an example of a broad-scale North-South gradient (MEM 1) and a fine-scale local cluster (MEM 5), respectively. Icon credits:

The Noun Project.

selection procedure to identify the most significant variables,
following the methodology of Blanchet et al. (2008). The
final Redundancy Analysis (RDA) was then performed
using only the subset of significant variables selected from
each set.

Subsequently, to partition variance among the three predictor
sets, we conducted a Partial Redundancy Analysis (pRDA),
extracting eight distinct fractions of variation: the pure effects
of local [L], landscape [P], and spatial [S] variables; the shared
effects between each pair of predictor sets [LP, SL, SP]; the vari-
ation shared by all three sets [LPS]; and the unexplained re-
siduals [U] (Borcard et al. 2011). Specifically, we employed the
rda and varpart functions from the “vegan” package (Oksanen
et al. 2013) and the forward.sel and dbmem functions from the
“adespatial” package (Dray et al. 2018).

3 | Results

3.1 | Bird Community Overview and Survey
Results

We recorded a total of 148 bird species across the 60 sampling
points during 60h of observation (see Table S3: Supporting
Information I for the complete species list and functional traits).
From this total, the 34 most frequent species were selected for
further analysis (see Table S4: Supporting Information I for this
list). A comparison between total abundance and frequency of
occurrence for these species revealed a wide range of ecologi-
cal strategies. At one extreme of abundance, the Blue-and-white
Swallow (Pygochelidon cyanoleuca) was the most numerous
species (238 individuals) but occurred in only 33% of sampling
points. This pattern of high abundance in relatively few sites was
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TABLE 2 | List of the 21 bird species most strongly associated with

environmental variables in the RDA.

Frequency
of

occurrence Total
Species Code (%) abundance
Coereba_flaveola  Coefla 53 90
Troglodytes_ Tromus 50 98
musculus
Patagioenas_ Patpic 45 170
picazuro
Thraupis_sayaca  Thrsay 44 99
Turdus_ Turleu 44 89
leucomelas
Pitangus_ Pitsul 43 152
sulphuratus
Columbina_ Coltal 42 171
talpacoti
Chionomesa_ Chilac 39 49
lactea
Tyrannus_ Tyrmel 38 88
melancholicus
Megarynchus_ Megpit 38 68
pitangua
Piaya_cayana Piacay 37 44
Euphonia_ Eupchl 35 53
chlorotica
Pygochelidon_ Pygcya 33 238
cyanoleuca
Thraupis_ Thrpal 32 63
palmarum
Furnarius_rufus Furruf 31 65
Camptostoma_ Camobs 29 36
obsoletum
Brotogeris_chiriri ~ Brochi 27 153
Volatinia_ Voljac 27 68
Jacarina
Myiarchus_ferox  Myifer 27 40
Galbula_ Galruf 25 40
ruficauda
Thamnophilus_ Thacae 25 39
caerulescens
Basileuterus_ Bascul 24 45
culicivorus
Eupetomena_ Eupmac 23 34
macroura

(Continues)

TABLE 2 | (Continued)
Frequency
of
occurrence Total
Species Code (%) abundance
Hemithraupis_ Hemruf 22 50
ruficapilla
Turdus_ Turama 22 47
amaurochalinus
Elaenia_ Elafla 21 29
flavogaster
Estrilda_astrild Estast 20 147
Myiozetetes_ Myisim 20 40
similis
Rupornis_ Rupmag 20 21
magnirostris
Synallaxis_ Synfro 19 30
frontalis
Columba_livia Colliv 18 133
Sicalis_flaveola Sicfla 18 47
Herpsilochmus_ Heratr 18 42
atricapillus
Empidonomus_ Empvar 18 29
varius

Note: The table shows the frequency of occurrence (the percentage of the 60
sampling points where each species was recorded) and the total abundance (the
total number of individuals recorded across all points) for each species.

also observed in other gregarious species, such as the Yellow-
chevroned Parakeet (Brotogeris chiriri; 153 individuals at 27% of
sites) and the Common Waxbill (Estrilda astrild; 147 individuals
at 20% of sites). In contrast, the Bananaquit (Coereba flaveola)
exemplified a different strategy, being the most frequent species
(present in 53% of points) despite a more moderate total abun-
dance (90 individuals). At the other extreme, the Roadside Hawk
(Rupornis magnirostris) was also relatively widespread (present
in 20% of sites) but was one of the least abundant species in this
group, with only 21 individuals recorded in total.

The redundancy analysis (RDA) revealed that a significant
portion of the variation in bird community composition was
explained by the environmental and spatial variables. To aid
interpretation, we visually inspected the ordination biplot and
identified 21 of the 34 selected species positioned further from
the origin, indicating stronger alignment with the main envi-
ronmental gradients (Table 2; Figure 3). These species formed
three groups that emerged from their clustering in the ordina-
tion space, corresponding to different habitat characteristics:
(1) Open-Area Specialists, (2) Arboreal Understory Specialists,
and (3) Urban Tree-Dwellers and Generalists. The 13 remain-
ing species, which were clustered near the origin indicating
weaker associations with the predictors, are shown in Figure S1:
Supporting Information I.
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FIGURE 3 | Results of the Redundancy Analysis (RDA) and variance partitioning for the taxonomic composition of bird communities in Belo
Horizonte, Brazil. (a) RDA ordination diagram showing the 21 bird species most strongly associated with the significant predictor variables. Species
are represented by their codes (see Table 2 for full names). The three main ecological groups are visually highlighted: (1) the Open-Area Specialists,
(2) the Arboreal Understory Specialists, and (3) the Urban Tree-Dwellers and Generalists. Significant environmental variables are shown as vectors.
Centroids for the five green space types are shown as colored squares: Protected areas (PAS), linear parks (LPK), small green spaces (SGS), alterna-
tive green spaces (AGS), and railway lines (TRL). (b) Venn diagram illustrating the partitioning of the explained variance (Rf‘ = 34%) among the pure

effects of local [L], landscape [P], and spatial [S] variables, and their shared effects. All MEMs can be viewed in Supporting Information II.

3.2 | Variance Partitioning and Redundancy
Analysis

The main environmental and spatial gradients structuring the
bird community were revealed by the RDA. The detailed rela-
tionships between predictor variables and species composition
are illustrated in the ordination plot in Figure 3a, while the re-
lationships with functional traits are shown in Figure 4a. To
quantify the relative importance of the different spatial scales,
we performed a variance partitioning analysis for both commu-
nity components (Figures 3b and 4b).

For taxonomic composition, the predictor variables explained
a total of 34% of the variation. The pure local-scale fraction
[L] was the largest unique contributor (9%), while the fraction
shared by all three predictor sets [LPS] was also substantial
at 12% (Figure 3b). The model for functional composition was
stronger, explaining 51% of the variation. Here, the pure local
fraction [L] was again the most important unique factor (16%),
and the three-way shared fraction [LPS] was also very large
(14%) (Figure 4b). Together, these results highlight the primary
importance of local-scale predictors, while also demonstrating
a complex interplay among local, landscape, and spatial factors.
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FIGURE 4 |

Results of the Redundancy Analysis (RDA) and variance partitioning for the functional composition of bird communities in Belo

Horizonte, Brazil. (a) RDA ordination diagram showing the relationships between bird functional traits and the significant predictor variables. The
plot illustrates the main gradients of ecological strategies, showing how different functional traits (e.g., morphology, diet, foraging, and nesting strat-

egy) are associated with specific environmental conditions. (b) Venn diagram illustrating the partitioning of the explained variance in functional
composition (R§ o= 51%) among the pure effects of local [L], landscape [P], and spatial [S] variables, and their shared effects. All MEMs can be viewed

in Supporting Information II.

3.2.1 | Predictors of Bird Community Composition

The forward selection procedure identified six local, one land-
scape, and six spatial variables (Figure 3a) that significantly
explained the variation in the composition of the 21 key bird
species (see Table S5: Supporting Information I—for full model
statistics). Among the local-scale predictors, leaf litter depth was
the most influential variable (R>=0.15, p<0.001), followed by
the presence of Native Grassland (NG; R>=0.09, p<0.001) and
Unmanaged Tall Grass (UTG; R?>=0.04, p <0.001). Canopy open-
ness (R?=0.03, p<0.001), Rocky Soil (RS; R?=0.03, p=0.006),

and mean tree CBH (R?=0.02, p=0.037) also contributed sig-
nificantly to the model. At the landscape scale, the total area of
green cover within a 500-m radius (VegCover_500) was a signif-
icant predictor of community composition (R?>=0.19, p <0.001).

Spatial structure, as modeled by the MEM variables, was also
significant. The final model retained four broad-scale predic-
tors (MEM1, MEM2, MEM3, and MEM4), which correspond
to the major geographic gradients across the study area (such
as the North-South pattern defined in the Methods), and two
fine-scale predictors (MEM5 and MEMY), which represent the
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local clustering of sites. This indicates that the bird community
is organized by geographic patterns occurring both across the
entire city and at more local, neighborhood scales. The first
two ordination axes of the RDA explained a total of 30.86% of
the constrained variance in species composition. The primary
axis explained 23.57% of the variance and primarily separated
species based on habitat structure. The second axis explained
an additional 7.294% and separated species based on their de-
gree of habitat specialization (Figure 3a). To aid interpretation,
we visually inspected the ordination biplot and identified 21 of
the 34 selected species positioned further from the origin, in-
dicating stronger alignment with the main environmental gra-
dients (Table 2; Figure 3a). These species formed three groups
that emerged from their clustering in the ordination space, cor-
responding to different habitat characteristics: (1) Open-Area
Specialists, (2) Arboreal Understory Specialists, and (3) Urban
Tree-Dwellers and Generalists. The 13 remaining species,
which were clustered near the origin indicating weaker associ-
ations with the predictors, are shown in Figure S1: Supporting
Information I. Functionally, this group was highly heteroge-
neous, comprising species with varied nesting strategies (e.g.,
trees, cavities, shrubs), diets (primarily insectivores and fru-
givores), and foraging behaviors across all vertical strata. This
ecological versatility explains their position near the origin of
the RDA, as they are not strongly associated with any single,
specific set of habitat predictors.

The first group, positioned on the upper-right side of the RDA
plot, consists of three species: Volatinia jacarina, Troglodytes
musculus, and Synallaxis frontalis. These species were pos-
itively associated with the presence of Unmanaged Tall Grass
(UTG), Native Grassland (NG), and Rocky Soil (RS). This envi-
ronmental association aligns with their functional traits, which
show a predominance of nesting in shrubs and foraging near the
ground for a diet of invertebrates and seeds. Spatially, this group
was associated with broad-scale predictors (MEM1, MEM2, and
MEM4), suggesting that their preferred open, low-vegetation
habitats are widely distributed throughout the urban matrix
rather than being clustered in specific areas.

The second group, located on the lower-right side of the plot, in-
cludes six species typical of forest interiors: Basileuterus culiciv-
orus, C. flaveola, Galbula ruficauda, Hemithraupis ruficapilla,
Herpsilochmus atricapillus, and Thamnophilus caerulescens.
This group showed a strong positive association with deep leaf
litter and a negative association with canopy openness, indicat-
ing a preference for shaded, forest-like conditions. Their func-
tional traits support this result, with a prevalence of insectivores
that forage in the understory (e.g., B. culicivorus and T. caerules-
cens) and species that forage predominantly in the midstory and
canopy (e.g., H. ruficapilla and H. atricapillus), highlighting a
reliance on the full vertical structure of these forest patches.
This group was exclusively associated with fine-scale spatial
predictors (MEMS5 and MEMDY), indicating that the high-quality
forest habitats they depend on are not widespread, but occur in
spatially aggregated patches within the city.

The third group, occupying the left side of the RDA plot, is com-
posed of 12 species, including many of the most abundant recorded,
such as Columbina talpacoti, Pitangus sulphuratus, P. cyanoleuca,
and Thraupis sayaca. This group was positively associated with

greater canopy openness and larger trees (high mean CBH, which
are mainly old trees in the oldest streets and green spaces of the
city), and negatively with deep leaf litter. Functionally, this guild
is highly diverse. Nesting sites are varied, including trees and an-
thropogenic structures (e.g., buildings used by P. cyanoleuca and
C. livia), while foraging strategies span all vertical strata with a
varied diet of invertebrates, fruits, nectar, and seeds. The associ-
ation with a broad-scale spatial predictor (MEM3) suggests that
this group of highly urban-adapted species is widely and homo-
geneously distributed. The urban character of this group is high-
lighted by the strong presence of species from families known for
their success in tropical cities, such as Columbidae (e.g., Columba
livia, C. talpacoti) and Psittacidae (e.g., B. chiriri).

Finally, the ecological groups showed a clear association with
specific green space types. Both specialist guilds, the Open-Area
Specialists (Group 1) and the Arboreal Forest Species (Group 2),
were predominantly found in Protected Areas, (PAs), and both
groups were also positively associated with the landscape vari-
able of vegetation cover (VegCover_500), indicating a greater de-
pendence on vegetation cover (woody or herbaceous vegetation)
in their surroundings. In contrast, the Urban Tree-Dwellers and
Generalists (Group 3) were widespread across all green space
categories.

3.2.2 | Functional Composition

The forward selection procedure for the functional traits iden-
tified eight local, one landscape, and six spatial variables that
significantly explained the variation in functional composition
(Figure 4a). Among the local predictors, leaf litter depth was
again the most influential variable (R>=0.24, p<0.001), fol-
lowed by Native Grassland (NG; R>=0.09, p<0.001) and can-
opy openness (R?=0.04, p=0.002). The presence of Concrete
(CON; R?=0.03, p=0.006), Unmanaged Tall Grass (UTG;
R?=0.03, p=0.015), Managed Lawn (ML; R?=0.02, p=0.027),
and wind speed (R?=0.02, p=0.036) also explained a signifi-
cant portion of the variation. At the landscape scale, the total
area of green cover within a 500-m radius (VegCover_500) was
the only variable retained (R?=0.20, p<0.001). The final model
also included six spatial predictors representing both broad-
scale (MEM1, MEM2, MEM4) and fine-scale patterns (MEMS5,
MEMY9, MEM11).

The primary axis separated traits along a gradient of urbaniza-
tion and habitat complexity. On one side, traits associated with
complex, forest-like habitats were positively correlated with deep
leaflitter and were most frequent in Protected Areas (PAS). This
functional group of traits included insectivorous diets, foraging
in the understory, mid-story, and canopy, and nesting in trees.
These traits were negatively associated with high wind speeds,
concrete surfaces, and managed lawns. Spatially, this group was
associated with a mix of both broad- and fine-scale predictors,
indicating a complex spatial distribution rather than a simple ag-
gregated or dispersed pattern.

Conversely, the other side of the gradient grouped traits charac-
teristic of highly urbanized or disturbed conditions. The traits in
this group were composed of species with larger body sizes and
clutch sizes, that nested in secondary cavities and had generalist
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diets (plants, fruits, nectar, and vertebrates). These traits were
positively correlated with the presence of Concrete (CON) and
Managed Lawns (ML), and negatively with the amount of green
cover in the surrounding landscape (VegCover_500). Spatially,
this functional group showed no significant association with
any spatial predictor.

The analysis also revealed other distinct functional groups.
Shrub-nesting, for example, was strongly associated with a ma-
trix of Unmanaged Tall Grass (UTG), Native Grassland (NG),
and Rocky Soil (RS), and with higher wind speeds characteris-
tic of open environments. In another pattern, seed-eating and
ground-foraging traits were positively associated with greater
canopy openness and negatively with deep leaf litter, indicating
a preference for open areas. Spatially, these open-habitat traits
were associated with a broad-scale predictor (MEM1), suggest-
ing that their required resources are widely and homogeneously
distributed across the landscape.

4 | Discussion

By evaluating the relationships between bird communities
and the characteristics of urban green spaces across mul-
tiple scales, we found that local environmental conditions
exert the greatest influence on both species occurrence and
functional trait composition. This observation aligns with
the “local habitat signature,” which highlights that the spe-
cific use and management of a green space is a key driver of
species composition. Cities contain a diversity of green spaces
and their ecological character is shaped by how they are man-
aged; for example, whether standing dead trees are retained,
and whether a complex understory is allowed to develop or is
instead replaced by mowed lawns. This is particularly import-
ant for local stakeholders, as it provides valuable insights into
how individual green spaces can be managed more effectively.
Furthermore, our findings suggest that the spatial distribu-
tion of these habitat characteristics does not necessarily fol-
low a traditional periurban-urban gradient. In other words,
local factors such as vegetation structure and specific ground
cover types (e.g., litter or asphalt) may have a more significant
role in shaping bird communities than the broader intensity
of urbanization, which in this study was represented by the
proportion of surrounding green cover.

The bird species in our study clustered into three distinct eco-
logical groups based on their differing habitat requirements and
life-history traits. The first group, the Urban Tree-Dwellers and
Generalists, is composed of 12 species common to urban land-
scapes in Brazil, many of which are gregarious, such as columbids,
parrots, and swallows (similar result as Kark et al. 2007; Silva
et al. 2023). Those species present a strong association with high
canopy openness and larger trees (i.e., larger CBH), indicating their
preference for highly urbanized sites, such as streets and linear
parks. Among our studied green spaces, the oldest trees are concen-
trated in sites such as streets and small public urban green spaces.
The intimate relationship with high urbanized sites is evident in
the non-native C. livia, which is hyperabundant but is only present
in 30% of the studied sites. Other columbids, such as the native
Patagioenas picazuro and C. talpacoti, were more frequent across
the landscape, indicating a larger niche breadth, possibly related to

a diet that favors their occurrence in both more and less urbanized
areas (Fontoura and Orsi 2013; Wilman et al. 2014). Among these
12 species, we also observed birds with diverse dietary habits (om-
nivorous, insectivorous, and granivorous), suggesting that these
species are able to forage and nest in more stressful urban con-
texts, such as the streetscape (e.g., Sicalis flaveola, Furnarius rufus,
and T sayaca) (Pena et al. 2023; Richardson et al. 2023). Similarly,
hummingbird species like Eupetomena macroura are favored by
the diversity of urban plants, both exotic and native; their territo-
rial and aggressive behavior may further contribute to their suc-
cess in urban environments (Anselmo et al. 2023; Cardoso Araujo
et al. 2024; Rodrigues and Araujo 2011). The presence of species
with such diverse strategies in highly urbanized areas highlights
the potential of urban vegetation to support biodiversity, which is
closely related to landscaping decisions that provide key resources
for different species (Smith et al. 2018; Threlfall et al. 2017).

In contrast to the highly adaptable urban species, our study also
identified two distinct guilds of specialist birds. These groups
were predominantly found in more preserved green spaces, such
as Protected Areas. Their association with a higher proportion
of surrounding vegetation also highlights their dependence on a
more continuous vegetated landscape. The first of these special-
ist groups, the Open-Area Specialists, consists of three species
associated with grassy, low-management spaces, such as parks
that protect rocky outcrops and other areas with minimal mow-
ing. These birds exploit lower vegetation strata for nesting and
foraging; for instance, the granivorous V. jacarina depends on
unmanaged grasses for seeds, while the insectivorous S. fronta-
lis forages in tall grasses and bushes. Both species use this low
vegetation for nest construction (Sick 1997). The third species in
this group, T. musculus, is a synanthropic species known for its
adaptability. It is primarily an insectivore, but is also known to
consume seeds. This adaptability in both diet and nesting (using
awide range of sites from ornamental vegetation and rocky crev-
ices to various secondary cavities) (Pena et al. 2023; Sick 1997)
likely explains why it was the second most frequent species in
this study. Spatially, this group’s association with broad-scale
predictors and its negative correlation with large trees indicate
that these preferred open habitats are widely distributed across
the urban matrix rather than being clustered.

The second specialist guild, the Arboreal Understory Specialists,
comprises six species characteristics of forest-like sites that show
a strong positive association with deep leaf litter and a negative
association with canopy openness. This guild includes a range of
insectivores that utilize different vertical strata. Species like B.
culicivorus and T. caerulescens depend on a well-structured un-
derstory for foraging, while others prefer the upper strata, such
as G. ruficauda, which is often associated with vegetation near
watercourses, and the Atlantic Forest endemic H. ruficapilla,
which depends on forested canopies (Bhakti and Rodrigues 2020;
Vale et al. 2018). Interestingly, the highly frequent Bananaquit
(C. flaveola) was also strongly associated with this group. As a
nectarivore known to exploit a wide array of floral resources in
urban areas (D'angelo 2021), this association may highlight its
dependence on the greater resource diversity found in woody,
well-structured sites, a pattern previously observed in Belo
Horizonte where nectar-feeding species responded positively
to the number of street trees (Pena et al. 2023). Spatially, this
group's association with fine-scale spatial predictors (MEM5
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and MEMY) shows that these high-quality forested habitats are
spatially aggregated, different from the more widespread open-
grassland habitats.

The distinct habitat requirements of the three ecological
groups highlight how management decisions modulate the
ability of bird species with a variety of functional traits to oc-
cupy urban green spaces. Mowing frequency, for example, can
determine whether a granivorous bird finds food resources, or
an insectivorous species finds adequate substrate for foraging
and nesting.

The analysis of functional traits also revealed the primary in-
fluence of local-scale characteristics. This influence was struc-
tured along a main ecological gradient that separated two groups
of traits. One end of this gradient, largely corresponding to
Protected Areas, grouped traits associated with more preserved,
forest-like conditions, such as deep leaf litter, low canopy open-
ness, and low wind speed. This cluster of green spaces also pres-
ents a higher amount of vegetation within a 500 m radius buffer,
which is related to the increase in the abundance of species that
forage in the understory. This is consistent with the positive as-
sociation between the number of trees and bird species richness
across streets in Belo Horizonte (Pena et al. 2017, 2023). Other
functional traits associated with these protected areas are the
dependence of understory, mid-high, and canopy vegetation
strata to forage and the use of trees for nesting. Furthermore,
insectivorous species are also associated with these preserved
forested spaces, which may be related to the occurrence of spe-
cies such as antbirds and warblers. This result reinforces that
understory insectivorous birds are sensitive to urbanization
and may be restricted to more preserved vegetated areas within
urban landscapes (Avilla et al. 2021; Matsuba et al. 2016; Stagoll
et al. 2010). It was also observed that some protected areas are
characterized by rocky soil and native grass, which explains the
association of shrub-nesting birds with such places. This result
aligns with the findings of Marini et al. (2012), who detailed the
nesting biology of birds in the Cerrado and noted the importance
of vegetation types in their nesting behavior. The association be-
tween the abundance of these functional traits and both broad
and fine-scale predictors highlights the diversity of vegetation
structure among protected areas. This is consistent with the
spatial patterns found for the species themselves, where forested
protected areas present a more clustered distribution across the
landscape, while grassy green spaces are widely distributed.

Contrastingly, a second ecological strategy was evident, defined
by a suite of functional traits related to a lower dependence on
preserved vegetation patches. The green spaces associated with
this strategy are characterized by higher wind speed, greater
canopy openness, and the presence of concrete, managed lawns,
and unmanaged tall grass. Consequently, we observe a higher
abundance of traits related to open habitat and generalist bird
species such as those that forage on the ground, feed on seeds,
have larger body sizes and clutch sizes, and can exploit human-
made structures for nesting (secondary cavity nesters) (as in
Pena et al. 2023). The association between those functional traits
and a broad-scale spatial predictor (MEM1) indicates that they
are widely distributed across the landscape, which would be ex-
pected since they are also related to a high diversity of green
space types. These finds based on functional trait abundances,

indicate that the urban ecosystem can provide habitat and re-
sources for species with different habitat requirements and sen-
sitivities to human disturbances according to local management
practices (Richardson et al. 2023).

The landscape scale, although it did not have a pure influence as
a predictor but rather was associated with a combination of the
local and spatial predictors, had influences on the occurrence of
species and the abundance of functional traits when considering
green cover within a 500 m radius buffer. A greater proportion of
green cover correlates with an increased frequency of birds asso-
ciated with woody vegetation, such as understory insectivores.
This association suggests that multiple green spaces within this
distance can be interconnected based on the functional traits of
the birds found in similar locations. The presence of vegetation
around these green spaces may facilitate bird movement across
the urban matrix, further supporting the connection between
green areas and bird distribution (Villasefior et al. 2020), and
specifically in Belo Horizonte (Horta et al. 2018).

Our study emphasizes the effects of local predictors on the taxo-
nomic and functional compositions of urban bird communities,
highlighting how birds interact with and exploit habitats based
on local-scale characteristics. Our approach, which grouped
birds into distinct ecological guilds, also exposed the functional
heterogeneity among the different types of green spaces. These
results challenge the oversimplification that can arise from using
broad urban gradients in biodiversity research, which often ig-
nore crucial local characteristics in favor of a single proxy for
urbanization. This aligns with a growing trend in urban ecology
to include local-scale variables to better understand biodiversity
patterns and their complex relationship with the urban environ-
ment (Callaghan et al. 2021; Morelli et al. 2018; Rega-Brodsky
et al. 2022). However, this focus on local factors does not ex-
clude the importance of other scales. The influence of spatial
predictors cannot be overlooked, nor can the role of landscape
characteristics, such as surrounding vegetation, in potentially
mitigating the negative effects of urbanization on biodiversity.

Another important aspect was our decision to evaluate only
the 34 most frequent species. While this approach may have
excluded rarer species that could be more sensitive to urban-
ization, it allowed us to focus on the factors influencing the
most prevalent birds in the community. This focus is critical
for understanding the key ecological processes these common
species drive, such as seed dispersal and pollination, which are
essential for urban ecosystem dynamics. Our findings show that
local-scale management practices, often dictated by patterns of
human use, significantly shape the environmental characteris-
tics of green spaces. For example, areas along railway lines, with
their limited human access, were associated with unmanaged
grass. In contrast, green spaces with more frequent human use,
such as small parks and recreational areas, typically had well-
maintained grass, reflecting regular management activities (de
Toledo et al. 2012; Hwang et al. 2019; Matsuba et al. 2016). This
spatial patterning of management was also evident in soil cover,
with more peripheral protected areas maintaining higher litter
depth, likely due to reduced human access (Bhakti et al. 2024).
While this multi-site approach provides robust insights, we rec-
ognize its limitations. The specific variability of urban environ-
ments means that sampling a wide diversity of green spaces may
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not always be feasible in other cities, and the relationships we
found may be context-dependent as baseline biodiversity can
vary. These factors should be considered when generalizing our
findings to different urban contexts.

To enhance bird biodiversity across urban landscapes, partic-
ularly for sensitive species, we recommend increasing habitat
heterogeneity through targeted management practices, such
as incorporating diverse vegetation structures and allowing for
some natural growth (Hwang et al. 2019; Kowarik 2018). This
approach can support a wider range of bird species, including
those sensitive to urbanization. Managing green spaces to in-
clude various tree types, maintaining standing dead trees, when
possible (Campos-Silva and Piratelli 2021), developing under-
story vegetation, and creating corridors to connect green spaces
(Matsuba et al. 2016) can improve habitat quality and enhance
bird communities across urban landscapes. By adopting these
strategies, urban planners and managers can contribute to pre-
serving and enhancing bird diversity in cities.

5 | Conclusions

Urban landscapes are complex ecosystems, constantly evolving,
which increases the challenge of studying biodiversity patterns
in cities. In this study, we focused on the “local habitat signa-
ture,” emphasizing the significance of local-scale characteris-
tics, which reflect how green spaces are managed and used by
urban populations, ultimately shaping urban biodiversity. By
shedding light on the importance of local environmental con-
ditions, we argue for the need to move beyond the simplistic
“urban gradient” model, recognizing cities as highly heteroge-
neous ecosystems (Malkinsona et al. 2018). A mere proxy for
urbanization intensity at the landscape scale may fail to fully
capture the dynamics of biodiversity patterns (Aoki-Gongalves
et al. 2023). By identifying distinct ecological groups based on
species and functional traits, our approach provides a clear
framework for pinpointing the key local factors that structure
bird communities. This framework not only deepens our un-
derstanding of urban biodiversity but also enables the design of
more targeted and effective management strategies. Ultimately,
recognizing that different management actions create distinct
habitat signatures allows urban planners and managers to im-
plement specific, on-the-ground changes to enhance habitat
quality and support diverse bird communities in increasingly
urbanized regions.
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