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Abstract

Urban areas with low tree cover in Brazil are found mainly in the Amazon, highlighting the disparities in access to benefits
of urban greening. The goal of this study was to analyze how urban afforestation is associated with sociodemographic
factors to understand the distribution of trees (and their benefits) among different social segments in the city of Macapa,
in the extreme Northeastern Amazon. We conducted a floristic inventory in 217 blocks belonging to 32 neighborhoods,
and classified species according to origin (exotic or native) and fruit use (fruit-bearing or non-fruit-bearing). Additionally,
we selected 12 variables to represent sociodemographic gradients among neighborhoods. We reduced the dimensional-
ity of floristic and sociodemographic data using ordination techniques, and used their first axes to represent gradients of
species composition and sociodemographic factors. The effect of sociodemographic gradients on tree abundance, species
richness and composition was tested using generalized linear models. The results indicate that most urban trees are exotic,
non-fruit-bearing, and of medium size (10-30 cm in diameter). Older neighborhoods with higher human population age
and income showed higher tree abundance and higher species richness. The species composition was related to the gradi-
ent of human population density, proportion of old people, income, and household occupancy. Large non-fruit trees were
more frequent in neighborhoods with low population density. Exotic trees were more frequent in older neighborhoods
with older people and high income, and large fruit trees showed higher abundance in neighborhoods with low household
occupancy rates. Ensuring that low-income neighborhoods and historically marginalized communities have equal access
to green spaces and adequate tree coverage is a key element to promote environmental justice and to develop healthier
and more sustainable cities.
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Introduction

The distribution of tree cover in urban areas is related to
sociodemographic factors such as income, neighborhood
age, population density, household occupancy rate, and
proportion of young people (e.g., dos Santos et al. 2010;
Fan et al. 2019; Useni et al. 2021; Bille et al. 2023; Fang et
al. 2023; Lin and Guneralp 2024). These relationships have
shown how these factors can shape the diversity and distri-
bution of tree species in urban environments. For example,
in the USA, urban tree cover was negatively correlated with
population density (Nowak and Greenfield 2012), and in
Australia, trees in areas with low household occupancy rates
were more likely to survive (Ren et al. 2023). Additionally,
tree cover is related to socioeconomic factors. Urban areas
predominantly occupied by low- income communities and
ethnic minorities often face inequalities in tree distribution
compared to areas occupied by high-income communities
and predominantly white populations (Heynen et al. 2006;
Li and Weng 2007; Lin et al. 2021).

These relationships point to a lack of equity that can
result in disparities in access to the benefits of urban green-
ing, such as shading, high air quality, stress reduction, and
enhanced quality of life. In this context of environmental
inequalities, it is crucial to consider the needs of marginal-
ized communities when planning urban greening (Heynen
et al. 2006; Fleming and Steenberg 2023). For example,
conditions of excessive heat, known as “urban heat islands,”
are particularly harmful to low-income communities, which
have fewer resources to cope with the impacts of heat
(Roman et al. 2020). An adequate street greening in areas
dominated by socioeconomically disadvantaged popula-
tions can help mitigate these inequalities and improve envi-
ronmental and health conditions.

Urban afforestation in Brazil exhibits diverse character-
istics due to the vast extent of the country and the different
climatic regions and ecosystems (dos Santos et al. 2010;
Alvarez et al. 2015; Silva et al. 2020; Soares et al. 2021).
However, urban arecas with less tree cover are located in the
northern region of the country, in the Brazilian Amazon. In
a study conducted with the 15 Brazilian cities with over one
million inhabitants, the two largest capitals in the Brazilian
Amazon region — Belém and Manaus — had the lowest per-
centage of tree cover in the country (IBGE 2010). However,
methodologies for measuring vegetation cover vary (e.g.,
counting; satellite imagery), which can lead to discrepan-
cies in the results (Rocha and Nucci 2018).

The lack of urban afforestation in tropical regions can
have a significant negative impact on people’s well-being,
as the presence of trees and vegetation in urban environ-
ments is associated with a range of benefits. For example,
trees improve air quality (Beckett et al. 2000; Nowak et
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al. 2014), store carbon (Nowak et al. 2014), mitigate noise
(Mao et al. 1993; Gaudon et al. 2022), contribute to the con-
servation of biodiversity (Cornelis and Hermy 2004), and
are an important source of food and health benefits (McLain
et al. 2012; Poe et al. 2013). Additionally, urban afforesta-
tion promotes intangible benefits such as stress reduction
and social connections (Arnberger and Eder 2012; Peckham
et al. 2013; Vujcic and Tomicevic-Dubljevic 2018). In this
sense, in tropical regions where high temperatures can be
challenging, urban afforestation plays a crucial role in creat-
ing healthier and more enjoyable urban environments.

The state of Amapa is one of the nine states encom-
passing the Brazilian Amazon and stands out as the most
environmentally preserved in Brazil, with over 70% of its
territory consisting of protected areas (twelve conserva-
tion units and five indigenous lands) (CI-BRASIL 2009).
Despite being the second least populous state in the country,
with around 734 thousand inhabitants (IBGE 2022), Amapa
has the fourth highest urban population density in the North-
ern region (5.15 inhabitants per square meter), with approx-
imately 90% of the population living in cities and more than
half in the capital, Macapa (IBGE 2022). Although Amapa
has the highest density and richness of tree species in urban
environments among the states of the Brazilian Amazon
(Soares et al. 2021), its capital, Macapa, has a high deficit
of tree cover, with an average of approximately one tree per
100 m of sidewalks — less than one -tenth of a tree (0.03)
per inhabitant (LAJ, unpublished data). Although estimates
are scarce and methods differ (Rocha and Nucci 2018), the
number of trees per capita in Macapa is lower than that
reported by Alvarez et al. (2015) for the city of Campinas
(Brazil) (0.17-0.6 trees per inhabitant) and by McPherson et
al. (2016) for California (0.26 trees per inhabitant).

In this context of climate change (IPCC 2023), with a
trend of increasing average global temperatures and intensi-
fication of extreme weather events, the current situation of
urban afforestation in Macapa is of high concern. Therefore,
studies are needed to support the development of strategies
to ensure socio- environmental sustainability in the city.
In this sense, we conducted an inventory to determine the
density, diversity, and composition of urban tree species.
Further, using generalized linear models we determined the
influence of sociodemographic variables on tree abundance,
species diversity and composition to understand how char-
acteristics of human community affect urban tree cover.
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Materials and methods
Study area

The study area encompassed the urban area of Macapa city,
the capital of the Amapa State, situated on the left bank
of the Amazon River delta in the extreme northeast of the
Brazilian Amazon. Macapa covers an area of 6,563.85 km?
and has an estimated population of 522,357 inhabitants. The
population density is 62.14 inhabitants per square kilometer
(IBGE 2018). The region has an Equatorial climate with an
annual precipitation of ~2600 mm, characterized by a rainy
season from December to July and a dry season from August
to November. Average minimum and maximum tempera-
tures range between 22.9°C and 32.6°C, respectively, with
an annual average of 27°C. The original vegetation types
covering the area were dense floodplain forests, Amazonian
savannas, and patches of semi-deciduous forest with a high
diversity of tree species (Tavares 2004).

Sampling design

Sampling was conducted on the sidewalks surrounding the
blocks of neighborhoods. Information about distribution and
number of blocks per neighborhoods was obtained from the
cartographic database of Amapa. The sample size was 10%
of the blocks per neighborhood, totaling 217 blocks across
thirty-two neighborhoods, ranging from 1 to 19 blocks per
neighborhoods (6.7 +4.2; mean +standard deviation). The
blocks were numbered, and a random selection was per-
formed using the ‘sample’ function in R software, version
4.2.0 (R CORE TEAM 2022). This sample size (10%) is
far above the recommendation (1-ha plot per 1000 ha or
0.1%) for floristic inventories in natural forests (Alder and
Synnott 1992), which are more complex in structure and
more diverse than urban forests. The perimeter of the blocks
was measured using the Google Maps application with the
‘Measure Distance’ function, and it varied from 257.8 m to
692.5 m (446.1 +98.1 m). We summed the perimeters of the
blocks within neighborhoods to provide the total perimeter
per neighborhood, which ranged from 447.5 m to 10064.7 m
(2997.5+1972.2 m).

Sampling was conducted on the sidewalks surrounding
the blocks of neighborhoods. Information about distribu-
tion and number of blocks per neighborhoods was obtained
from the cartographic database of Amapa. The sample size
was 10% of the blocks per neighborhood, totaling 217
blocks across thirty-two neighborhoods, ranging from 1 to
19 blocks per neighborhoods (6.7+4.2; mean + standard
deviation). The blocks were numbered, and a random selec-
tion was performed using the ‘sample’ function in R soft-
ware, version 4.2.0 (R CORE TEAM 2022). This sample

size (10%) is far above the recommendation (1-ha plot per
1000 ha or 0.1%) for floristic inventories in natural forests
(Alder and Synnott 1992), which are more complex in struc-
ture and more diverse than urban forests. The perimeter of
the blocks was measured using the Google Maps applica-
tion with the ‘Measure Distance’ function, and it varied
from 257.8 m to 692.5 m (446.1 +£98.1 m). We summed the
perimeters of the blocks within neighborhoods to provide
the total perimeter per neighborhood, which ranged from
447.5 m to 10064.7 m (2997.5 £ 1972.2 m).

Floristic inventory

All street trees with a diameter at breast height (dbh) > 1 cm,
found on the sidewalks surrounding each block, were inven-
toried. We collected data regarding (1) tree locations (tree
code, street, neighborhood, block number) and (2) tree char-
acteristics (vernacular name, height, dbh), and a picture was
often taken to help in the comparison with species images
on specialized platforms (see next section).

We measured the dbh at 1.30 m above the ground (or
at another height when irregularities were present on the
trunk) for all trees using a diametric tape (Forestry Suppli-
ers, Jackson, MS). Tree identification was performed in the
field using guides such as Lorenzi (2002) and Silva Junior
(2005) and with the assistance of botany experts from the
Federal University of Amapa. It was not necessary to collect
botanical vouchers and compare with Herbarium specimens
because the species we found are commonly found in urban
areas and easily identifiable. Further, most native species
found in urban area are those commonly used by locals for
fruit production (such as Pouteria caimito, Spongias mom-
bin, Euterpe oleracea), which makes it easier to access the
genus level through vernacular names, for further consulta-
tion on the literature to reach the species level. Circumscrip-
tions for flowering plants followed APG IV (Angiosperm
Phylogeny Group 2016); Smith and Brown (2018) for gym-
nosperms. Botanical nomenclature was revised using Tropi-
cos database (https://www.tropicos.org’/home), REFLORA
(https://reflora.jbrj.gov.br/consulta/#CondicaoTaxonCP)
and The World Flora Online (WFO) Plant List (https://wfo-
plantlist.org/).

Species classification

We classified the species according to their origin (native
or exotic) and fruit use (fruit-bearing or non-fruit-bearing).
We checked the origin of the species in different databases
such as Global Biodiversity Information Facility (www.
gbif.org), REFLORA Program, IBFlorestas (www.ibflores-
tas.org.br), and on the specialized literature (Lorenzi 2002;
Marto 2005; Patro 2018). We designated a species as native
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if they are naturally found in the Amazon biome. Species
from other biomes (such as the Atlantic Forest or Brazilian
Cerrado) were classified as exotic. We designated as fruit-
bearing only those species used for human consumption
if according to information from the literature above and
through observation in local markets and on streets where
local fruits are sold.

Sociodemographic data

Twelve variables were selected to represent sociodemo-
graphic differences among Macapa’s neighborhoods: neigh-
borhood age was obtained from the municipal government’s
database; average annual per capita income (converted from
Brazilin R$ to $USD at an exchange rate of 5.1:1.0), popu-
lation density (individuals/km?), proportion of occupied
households, and proportion of men and women in different
age groups (<18 years, >18-<30 years, >30-<60 years,
and > 60 years) were obtained from the Brazilian Institute
of Geography and Statistics (IBGE) platform (Table 1).

Table 1 Descriptive statistics of predictor variables in neighborhoods
of Macapa, AP, Brazil. SD: standard deviation. Per capita income was
obtained in Brazilian real (R$) and converted to United States Dollar
($USD) at an exchange rate of 5.1:1.0

Variables Minimum  Maxi- Median Mean+SD
mum.

Neighbor- 11 39 29 29.94+7.64

hood Age

(years)

Annual 1678.82 7135.01  3184.54 3592.42+1300.83

Per Capita

Income

($USD)

Density 545.94 17393.74 4766.24 4840.16+3661.5

(ind./km?2)

Occupied 51.2 95.47 91.11 89.56+7.87

Homes (%)

Men > 60 1.15 5.13 2.15 2.44+1.07

years (%)

Women >60 0.73 9.2 2.24 3.01+1.91

years (%)

Men > 30 14.47 21.29 16.69  17.01+1.71

and <60

years (%)

Women>30 12.79 26.12 17.61 18.46+2.99

and <60

years (%)

Men> 18 791 15.17 11.52 11.78+1.8

and <30

years (%)

Women> 18 10.76 15.42 12.51 12.83+1.27

and <30

years (%)

Men< 18 10.7 23.84 17.9 17.46 +3.54

years (%)

Women< 18 11.41 22.56 17.55  17.01+3.29

years (%)

@ Springer

Neighborhood age is an indicative of human occupation
span and about the installed infrastructure (paved streets,
sidewalks, electricity network).

Data analysis

Analyses were conducted at the neighborhood level, as
sociodemographic information was provided at this level by
the municipality and IBGE. We aggregated the data of the
species collected on sidewalks surrounding the blocks by
neighborhood and used the sum of the perimeters to control
for the sampling effort per neighborhood. Tree density was
calculated by dividing the number of sampled trees by the
sum of the sampled perimeter (sampled sidewalks) of each
neighborhood.

The dimensionality of the sociodemographic variables
was reduced through Principal Component Analysis (PCA).
The variables were transformed into variance units before
running the PCA. The first three principal components (axes)
were used as predictor variables in regression analyses.

We conducted the subsequent analyses for all species
together, and separately for exotic, native, fruit-bearing, and
non-fruit-bearing species, as well as for different size classes
(all stems > 1 cm dbh; small stems 1 <dbh < 10 cm; medium-
size stems 10 <dbh <30 cm; and large stems>30 cm dbh)
to assess overall patterns as well as patterns within each
group of species and size classes.

To assess how well our sampling effort captured tree
diversity in the study area, we constructed interpolated and
extrapolated species accumulation curves (Chao et al. 2014)
using species abundance lists. Extrapolated species rich-
ness up to double the reference sample size (Hsiech et al.
2020) was used to compare richness (q=0) with observed
richness.

Modeling of tree distribution

We calculated the Bray-Curtis dissimilarity index between
neighborhoods using species abundance data. To reduce the
dimensionality of data we applied a Principal Coordinate
Analysis (PCoA) and used the first axis to represent species
composition.

The effect of sociodemographic gradients (PCA Axes 1,
2, and 3) on tree abundance and estimated species richness
in the neighborhoods was tested using generalized linear
models (GLM) with negative binomial distribution (Zuur
et al. 2009). We used this type of distribution error fam-
ily to account for the overdispersion (ratio between residual
deviance and degrees of freedom > 1) detected when a Pois-
son distribution error was used. The relationship between
species composition (PCoA Axis 1) and sociodemographic
gradients was assessed with GLM using the Gamma error
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distribution and logarithmic link functions (Zuur et al.
2009). Since the gamma error distribution does not allow
for negative values, which are frequent in PCoA axes, we
rescaled the PCoA scores to positive values by summing
the absolute of the minimum value in the PCoA scores plus
a ten-thousandth of a unit, making all scores greater than
zero, while preserving the order and distance among them-
selves. As sampling effort differed between neighborhoods,
we included the length of sidewalks (in km) in the models
to control for this type of variation. As income data were
unavailable for one neighborhood the analyses were run for
31 neighborhoods. The analysis for large stems was con-
ducted using only 12 neighborhoods where large street trees
were present.

We used the R platform, version 4.2.0 (R Core Team
2022), for all analyses. We used the package ‘stats’ for the
PCA and GLM (with Gamma family), and the package
‘MASS?’, version 7.3.56 (Venables and Ripley 2002), for the
GLM with negative binomial family. Species richness was
estimated using the package ‘INEXT’, version 2.0.20 (Hsich
etal. 2020). The ‘vegan’ package (Oksanen et al. 2022), ver-
sion 2.6-2, was used to calculate Bray-Curtis dissimilarities,
and the ‘ape’ package (Paradis and Schliep 2019), version
5.6.2, was used to run the PCoA.

We used the R platform, version 4.2.0 (R Core Team
2022), for all analyses. We used the package ‘stats’ for the
PCA and GLM (with Gamma family), and the package
‘MASS?’, version 7.3.56 (Venables and Ripley 2002), for the
GLM with negative binomial family. Species richness was
estimated using the package ‘INEXT’, version 2.0.20 (Hsich
etal. 2020). The ‘vegan’ package (Oksanen et al. 2022), ver-
sion 2.6-2, was used to calculate Bray-Curtis dissimilarities,
and the ‘ape’ package (Paradis and Schliep 2019), version
5.6.2, was used to run the PCoA.

Results

A total of 1623 trees were sampled, belonging to 53 species
(including one unidentified morphotype) distributed across
46 genera and 22 botanical families (Table 2). Most stems
(86.2%) were of exotic species, and a small portion (13.5%)
was native (0.3% were unclassified); 45.5% are fruit-bear-
ing species, and 54.5% are non-fruit-bearing species. The
most represented botanical families were Fabaceae (11 spe-
cies), Arecaceae (9), Anacardiaceae (4), Myrtaceae (4), and
Bignoniaceae (3), and the most abundant species were Car-
pentaria acuminata (Arecaceae, with 21% of stems), Man-
gifera indica (Anacardiaceae, 20%), Syzygium malaccense
(Myrtaceae, 8%), Moquilea tomentosa (Chrysobalanaceae,
7%), and Andira inermis (Fabaceae, 5%).

The species accumulation curve was near reaching an
asymptote (Supplementary Material: Figure S1), but the
observed species richness (53) fell within the confidence
interval of estimated richness (60.2 +12.1; estimated rich-
ness +95% CI; 99.7% sample coverage), indicating that the
sampling effort was sufficient to capture tree species diver-
sity in the urban area of Macapa. Separating the sample
into categories, the observed richness also fell within con-
fidence intervals, and sample coverage (SC) was high for
the following: exotic trees (37 observed species, 41.7+7.1
estimated, and 99.8% SC), native trees (15 and 17.5+4.9;
99.3% SC), fruit-bearing trees (27 and 30.8 +6.7; 99.7%),
and non-fruit-bearing trees (26 and 29.4+5.8; 99.7%).

The size of the trees varied significantly, from 1 cm to
175.07 cm dbh (19.42+19.76 cm; mean =+ standard devia-
tion; median=12.62 cm). The size distribution was skewed,
with 37.1% of stems being small-sized (1 <dbh<10 cm),
45.5% being medium-sized (10 <dbh <30 cm), and 17.4%
being large-sized (>30 cm dbh) (Figure S2).

Density and tree richness by neighborhoods

The density of medium-sized trees was higher than that
of small and large- sized trees (Table S1). For all species
combined, the density of medium-sized trees was 7.9+4.6
ind./km (mean + standard deviation), while small and large-
sized trees were 6.04+4.37 ind./km and 1.82+3.62 ind./
km, respectively. The overall mean density for all species
was 15.7+7.74 ind./km. The density of exotic species
(13.33 +6.84 ind./km) was much higher than that of native
species (2.32+1.82 ind./km), and the density of non-fruit-
bearing species (9.2 +5.25 ind./km) was higher than that of
fruit-bearing species (6.51 +4.37 ind./km).

The estimated richness (Hill number — q=0) varied from
2.00 to 36.54 species (15.13 +8.39 species) among neigh-
borhoods (Table S2). Exotic species richness (11.42 +6.27)
was over three times higher than native species rich-
ness (3.34+2.65), and the richness of fruit-bearing spe-
cies (7.07 +4.85) was similar to non-fruit-bearing species
(7.57+4.23).

Sociodemographic gradients

The average age and income of the neighborhoods in
Macapa were 29.9 years and $3,592.42, respectively. The
average population density per km? was 4,840.16, and the
average proportion of occupied households was 89.5%.
The average proportion of men and women was similar,
with a slightly higher percentage of women for all age
groups > 18 years: for those aged > 60 years, the proportion
was 2.4% and 3.0% for men and women, respectively; for
those aged >30 and <60 years, the proportion was 17.0%
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Table 2 Abundance of tree species sampled in sidewalks of Macapa city (Brazil) according to origin, fruit use and different tree sizes

Family and species Origin (Brazilian biome) Fruituse  dbh size classes (cm)
>1-<10 >10-<30 >30 Total
Anacardiaceae
Anacardium occidentale L. Native(Amazonia/Caatinga/Cerrado/Atlantic ~ Fruit 11 20 1 32
Forest/Pampa/Pantanal)
Mangifera indica L. Exotic Fruit 64 118 143 325
Spondias mombin L. Native (Amazonia/Cerrado/Atlantic Forest) Fruit 2 0 0 2
Spondias purpurea L. Exotic Fruit 0 1 0 1
Annonaceae
Annona muricata L. Exotic Fruit 1 0 0 1
Annona squamosa L. Exotic Fruit 4 1 0 5
Arecaceae
Attalea excelsa Mart. ex Spreng. Native (Amazonia/Cerrado/Pantanal) Fruit 0 0 2 2
Bactris gasipaes Kunth Exotic Fruit 0 4 0 4
Carpentaria acuminata (H. Wendl. & Drude)  Exotic Non fruit 188 157 2 347
Becc.
Cocos nucifera L. Exotic Fruit 36 33 2 71
Dypsis lutescens (H. Wendl.) Beentje & J. Exotic Non fruit 1 2 0 3
Dransf.
Euterpe oleracea Mart. Native (Amazonia/Cerrado) Fruit 15 13 1 29
Phoenix dactylifera L. Exotic Fruit 0 1 0 1
Phoenix roebelenii O’Brien Exotic Non fruit 0 1 0 1
Roystonea oleracea (Jacq.) O.F. Cook Exotic Non fruit 3 21 6 30
Bignoniaceae
Crescentia cujete L. Exotic Non fruit 1 0 0 1
Tabebuia aurea (Silva Manso) Benth. & Hook. Native (Amazonia/Cerrado) Non fruit 1 0 0 1
fex S. Moore
Handroanthus serratifolius (Vahl) S.0. Grose  Native (Amazonia/Caatinga/Cerrado/Atlantic  Non fruit 15 27 0 42
Forest/Pantanal)
Caricaceae
Carica papaya L. Exotic Fruit 16 15 0 31
Chrysobalanaceae
Mogquilea tomentosa (Benth.) Fritsch Exotic (Atlantic Forest)* Non fruit 45 65 7 117
Combretaceae
Terminalia catappa L. Exotic Non fruit 3 6 11 20
Cycadaceae
Cycas revoluta Thunb. Exotic Non fruit 32 30 3 65
Fabacea
Adenanthera pavonina L. Exotic Non fruit 1 1 1 3
Anadenanthera falcata (Benth.) Speg. Exotic (Caatinga/Cerrado/Atlantic Forest)* Non fruit 0 3 0 3
Andira inermis (Sw.) Kunth Native (Amazonia/Cerrado/Atlantic Forest) Non fruit 16 51 15 82
Bauhinia variegata L. Exotic Non fruit 1 0 0 1
Caesalpinia cf. pluviosa DC. Exotic Non fruit 0 1 0 1
Caesalpinia ferrea Mart. Exotic (Caatinga/Cerrado/Atlantic Forest)* Non fruit 1 2 0 3
Clitoria fairchildiana R.A. Howard Native (Amazonia/Caatinga/Cerrado/Atlantic  Non fruit 1 6 5 12
Forest)
Inga edulis Mart. Native (Amazonia/Caatinga/Cerrado/Atlantic ~ Fruit 2 2 0 4
Forest)
Delonix regia (Bojer ex Hook.) Raf. Exotic Non fruit 2 4 2 8
Vachellia farnesiana (L.) Wight & Arn. Exotic Non fruit 3 0 2 5
Erythrina sp L. Exotic Non fruit 1 1 0 2
Lauraceae
Persea americana Mill. Exotic Fruit 3 4 1 8
Malpighiaceae
Malpighia emarginata DC. Exotic Fruit 3 1 0 4
Meliaceae
Azadirachta indica A. Juss. Exotic Non fruit 46 26 0 72
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Table 2 (continued)

Family and species Origin (Brazilian biome) Fruituse dbh size classes (cm)
>1-<10 >10-<30 >30 Total
Moraceae
Artocarpus heterophyllus Lam. Exotic Fruit 0 4 1 5
Ficus benjamina L. Exotic Non fruit 10 23 18 51
Musaceae
Musa sp L. Exotic Fruit 2 4 0 6
Myrtaceae
Psidium guajava L. Exotic Fruit 23 18 0 41
Syzygium cumini (L.) Skeels Exotic Fruit 7 3 1 11
Syzygium malaccense (L.) Merr. & L.M. Perry Exotic Fruit 20 61 53 134
Eucalyptus sp L’Hér. Exotic Non fruit 2 0 0 2
Oxalidaceae
Averrhoa carambola L. Exotic Fruit 1 1 1 3
Pinaceae
Pinus sp L. Exotic Non fruit 3 0 1 4
Rubiaceae
Morinda citrifolia L. Exotic Fruit 1 2 1 4
Genipa americana L. Native (Amazonia/Caatinga/Cerrado/Atlantic ~ Fruit 0 0 1 1
Forest/Pantanal)
Rutaceae
Citrus aurantifolia Swingle Exotic Fruit 8 1 0 9
Citrus sinensis (L.) Osbeck Exotic Fruit 2 0 0 2
Sapindaceae
Talisia esculenta (A. St.-Hil.) Radlk. Native (Amazonia/Caatinga/Cerrado/Atlantic ~ Fruit 0 1 0 1
Forest)
Sapotaceae
Pouteria caimito (Ruiz & Pav.) Radlk Native (Amazonia/Cerrado/Atlantic Forest) Fruit 0 1 0 1
Urticaceae
Cecropia sp Loefl. Native (Amazonia/Caatinga/Cerrado/Atlantic  Non fruit 3 1 0 4
Forest/Pantanal)
Indeterminate - - 3 2 0 5

*Species exotic for the Amazonian biome but native to any other biome found in Brazil

Table 3 Loadings (Pearson correlation) of the first three principal com-
ponent analysis axes relating to sociodemographic variables

Variables PC1 PC2 PC3
Age (years) 0,71 -0,30 0,17
Average Income (USD/neighborhood) 0,82 0,18 -0,05
Density (individuals/km2) 0,22 -0,77 0,06
Occupied Homes (%) 0,07 -0,26 -0,76
Men > 60 years (%) 0,86 0,03 0,29
Women > 60 years (%) 0,75 0,11 0,37
Men>30 — < 60 years (%) 0,45 0,62 -0,34
Women > 30 — < 60 years (%) 0,84 0,31 -0,27
Men > 18 — < 30 years (%) 0,27 -0,80 0,04
Women > 18 — < 30 years (%) 0,19 -0,75 -0,24

Men < 18 years (%)
Women < 18 years (%)

-0,94 0,02 0,16
-094 0,02 0,01

and 18.4%, respectively; in the age group of > 18 and <30
years, the proportion was 11.7% and 12.8%, respectively;
and for those under 18 years, it was 17.4% and 17.0% for
men and women, respectively (Table 1).

The first axis of the PCA explained 44% of the varia-
tion in sociodemographic data and described a gradient of
increasing neighborhood age, average income, proportion
of elderly men and women (> 60 years), and middle-aged
women (>30 and < 60 years) and was negatively related to
the proportion of men and women under 18 years (Table 3).
The second axis explained 21% of the variation and was
negatively related to population density and the proportion
of young men and women (> 18 - < 30 years) but was posi-
tively related to the proportion of middle-aged men. The
third axis explained 9% of the variation and described a
gradient of decreasing proportion of occupied households.

The older neighborhoods received the highest scores on
the first axis of the PCA (Figure S3), which coincides with
higher income and older population, while the more recently
founded neighborhoods received the lowest scores on the
first axis, being associated with lower per capita income and
with a younger population (Table 3).
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Relationship of tree abundance and richness with
sociodemographic gradients

The tree abundance on sidewalks was positively related to
PC1 (Negative Binomial Regression: Wald’s test - Z=2.19,
P=0.03; Table S3), indicating an increase in the number
of trees in older neighborhoods with older populations and
higher income (Fig. 1A). This same pattern was observed for
large trees (Z=4.19, P<0.001; Fig. 1B), but the relation-
ship between the number of small trees (Z=0.52, P=0.60)
and medium-sized trees (Z=0.91, P=0.37) with PC1 was
not significant (Table S3). The number of trees, regardless
of size, was not significantly related (Z < [1.6], P>0.09) to
PC2 and PC3 (Table S3).

The total number of exotic trees (Z=2.19, P=0.03)
and large exotic trees (Z=3.96, P<0.001) was positively
related to PC1 (Table S3), indicating an increase in the
abundance of exotic trees in older neighborhoods with older
population and higher income (Fig. 1C and D). There was

no significant relationship between the number of small
(Z=0.71, P=0.48) and medium-sized stems of exotic trees
(Z=0.80, P=0.42) with PC1, and there was no significant
relationship between the number of exotic trees of any
size with PC2 or PC3 (Z < |1.63|, P>0.10; Table S3). For
native trees, there was a marginally significant relationship
(Z=1.86, P=0.06) between the number of large trees and
PC1 (Fig. 1E), but there was no relationship between the
total number of trees (Z=0.87, P=0.38), small (Z = -1.55,
P=0.12), or medium-sized trees (Z=0.30, P=0.78) with
PC1 (Table S3). The number of native trees of any stem size
was not related (Z < |1.03], P>0.3) to PC2 and PC3 (Table
S3).

The total number of non-fruit trees (Z=2.34, P=0.02)
and the number of large non-fruit trees (Z=3.09, P=0.002)
was positively related to PC1 (Table S3), indicating that
the abundance of non-fruit trees increased with neighbor-
hood age and with the age and income of residents (Fig. 11
and J). The same pattern was observed for large fruit trees
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Fig. 1 Relationships between the number of trees and estimated rich-
ness (Hill number - q=0) with sociodemographic gradients (PCI,
PC2, and PC3) in Macapa, Amapa, Brazil. The graph titles indicate
the species categories (all, exotic, native, fruit, or non-fruit) and size
classes (all, small, medium, and large). The lines represent significant
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relationships (or marginally significant in E and L), and shading repre-
sents the 95% confidence interval. The results of the regression models
are in the Supplementary Material: Table S3. The analysis for large
stems was conducted using data from twelve neighborhoods
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(Z=2.76, P=0.006), which increased with PC1 (Fig. 1F).
In addition, the total number of non-fruit trees was posi-
tively related (Z=1.98, P=0.047) to PC2, indicating that
the abundance of non-fruit trees tends to be higher in neigh-
borhoods with low population density and with a low pro-
portion of young people (Fig. 1K). The number of large fruit
trees was positively related (Z=2.70, P=0.007) to PC3,
indicating that the abundance of large fruit trees increases
in neighborhoods with a low rate of occupied households
(Fig. 1G).

The total number of fruit trees and the number of small
and medium-sized stems of fruit trees were not significantly
related (Z < |1.32], P>0.19) to any of the gradients (Table
S3). The total number of non-fruit trees was not related to
PC3 (Z=1.20, P=0.23). The number of small and medium-
sized stems of non- fruit trees was not significantly related
(Z <1.72|, P>0.09) to any of the gradients, and the number
of large stems of non-fruit trees was not significantly related
(Z=-2.27,P=0.79) to PC2 (Table S3).

The species richness of exotic trees was positively
related (Z=2.06, P=0.04) to PC1 (Table S3), indicating
that the number of exotic species increases with neighbor-
hood age, and with the age and income of the human pop-
ulation (Fig. 1H). There was also a marginally significant
positive relationship (Z=1.85, P=0.06) between the rich-
ness of non-fruit species and PC1 (Fig. 1L). The richness
of exotic and non-fruit species was not significantly related
(Z < 10.84|, P>0.4) to PC2 or PC3, and the total richness,
native species richness, and fruit species richness were not
significantly related (Z < |1.66|, P>0.09) to any of the gra-
dients (Table S3).

Relationship of species composition with
sociodemographic gradients

The species composition of trees of all sizes (axis 1 of PCoA
captured 21.7% of variation of the original distance matrix)
was significantly related to PC2 (GLM: t=3.03, P=0.006;
Table S4), indicating that the species composition of trees
changes along the gradient of population density and the
proportion of young people (Fig. 2A). The composition
of all trees was marginally significant related (t=2.01,
P=0.056) to PC3, indicating that the composition changes
according to the household occupancy (Fig. 2B). There was
no relationship between the composition of all trees and
PC1 (t=1.11, P=0.28).

The composition of small-sized trees (axis 1 of PCoA
explained 19.9% of variance) was related to PC2 (t=2.91,
P=0.008; Table S4), showing that differences in the spe-
cies composition of recently planted trees are associated
with population density and with the proportion of young

people (Fig. 2C). The composition of small-sized trees was
not related to PC1 or PC3 (t < |1.1], P>0.32).

The composition of medium-sized trees (axis 1 of PCoA
explained 15.9% of variance) was related to PC3 (t=2.08,
P=0.048; Table S4), indicating that the composition of
well-established species changes according to the household
occupancy (Fig. 2D). There was no relationship between the
composition of medium-sized trees and PC1 or PC2 (t <
[1.43], P>0.16).

The composition of large-sized trees (axis 1 of PCoA
explained 32.7% of variance) was related to PC1 (t=6.45,
P<0.001; Table S4), showing that there is a change in the
composition of well-established species associated with the
age of the neighborhoods and with the age and income of the
human population (Fig. 2E). The composition of large-sized
trees was not related to PC2 or PC3 (t < |2.12], P> 0.08).

Among the 16 most representative species (which con-
tributed to > 1% of stems in the sample), a quarter (Ficus
benjamina, Anacardium occidentale, Euterpe oleracea, and
Terminalia catappa) showed an asymmetric distribution,
with higher abundance (> 60%) in neighborhoods with high
population density (>median of 4766 ind./km?; Fig. 3).
The remaining species (Carpentaria acuminata, Mangifera
indica, Syzygium malaccense, Moquilea tomentosa, Andira
inermis, Azadirachta indica, Cocos nucifera, Cycas rev-
oluta, Handroanthus serratifolius, Psidium guajava, Carica
papaya, and Roystonea oleracea) showed similar abun-
dances (>40%) regarding human population density.

Among the 16 most abundant species regarding small-
sized stems, E. oleracea, Citrus aurantifolia, and Syzygium
cumini showed higher abundance in neighborhoods with
high population density, while M. indica and A. occidentale
were more abundant in neighborhoods with low population
density (Figure S4A). The remaining species (C. acuminata,
Azadirachta indica, M. tomentosa, C. nucifera, C. revoluta,
P guajava, S. malaccense, C. papaya, A. inermis, H. ser-
ratifolius, and F. benjamina) showed a symmetrical distri-
bution associated with human population density.

Among the 15 most abundant species regarding medium-
sized stems, C. nucifera, C. revoluta, A. indica, and A. occi-
dentale were more abundant in neighborhoods with high
household occupancy rates (>median of 91%), while R.
oleracea, P. guajava, and E. oleracea were more abundant
in neighborhoods with lower occupancy rates (Figure S4B).
The most representative species with symmetrical distribu-
tion were C. acuminata, M. indica, M. tomentosa, S. malac-
cense, A. inermis, H. serratifolius, F. benjamina, and Carica
papaya. All nine most representative species regarding
large-sized stems (M. indica, S. malaccense, F. benjamina,
A. inermis, T. catappa, M. tomentosa, R. oleracea, C. fair-
childiana, and C. revoluta) had higher abundance in neigh-
borhoods with higher income (Figure S4C).
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Fig. 2 Relationships of tree species compositions (Axis 1 of PCoA)
with sociodemographic gradients (Axes 1, 2, and 3 of PCA) in
Macapa, AP, Brazil. The graph titles indicate the size classes (all,
small, medium, and large). The lines represent significant relationships

Discussion

The results of this study indicate that in Macapa, urban trees
are mostly exotic, non-fruit-bearing, and encompass pre-
dominantly medium-sized stems. These findings may reflect
a balance between aesthetic aspects, ease of maintenance,
and space limitations in the urban area. Medium-sized trees
can provide shade and improve the thermal environment
without taking up too much space or interfering with power
lines and buildings.
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(or marginally significant in B), and the shading represents the 95%
confidence interval. The results of regression models are available in
the Supplementary Material: Table S4. The analysis for large stems
was conducted using data from twelve neighborhoods

Regarding the use of exotic species, this seems to be a
pattern not only in Brazilian Amazonian cities (Vieira and
Panagopoulos 2020; Soares et al. 2021), but also in other
regions of Brazil (Silva et al. 2020; Santos et al. 2019;
Moro and Castro 2015; dos Santos et al. 2010) and world-
wide (e.g., Nagendra and Gopal 2011; Useni et al. 2018).
However, although not all exotic species are invasive,
negative impacts of these species have been widely docu-
mented, mostly related to the loss of local biological diver-
sity (Burghardt et al. 2009; Heleno et al. 2009; Burghardt
and Tallamy 2013; Pysek et al. 2020), increased risk of
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Fig. 3 Direct ordination of exotic,
native, fruit, and non-fruit tree
species based on neighborhood
population density in Macapa,
Amapa, Brazil. Population den-
sity was used in the ordination
because it is strongly related to
PC2, which, in turn, was signifi-
cantly related to species composi-
tion (see Fig. 2 and Table S4)
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extinction of native species (Lorenzi 2002; Wilcove et al.
1998; Pimentel et al. 2005; Blum et al. 2008; Pysek et al.
2020), as well as economic losses. In the USA, exotic spe-
cies caused losses of approximately US$ 120 billion per
year (Pimentel et al. 2005).

Native species can ensure ecological balance, attract
tourists, and provide residents with well-being and pride, as
the vegetation presents distinct and typical aspects of their
regions. This creates an identity and appreciation for local
fauna, reinforcing a sense of belonging (Osako et al. 2016;
Cilliers et al. 2019), while also increasing awareness about
native plants and the need to conserve them (Williams et al.
2005; Moro and Castro 2015). Considering that Macapa city
is in a privileged region of Brazil regarding ecosystem con-
servation, containing a great richness of natural resources,
it is extremely important that native species be well valued,
and that urban spaces can also contribute to the conservation
of endemic species.

Regarding the preference for non-fruit-bearing trees,
this may be related to concerns about the mess caused by
fruit drop and the possibility of attracting unwanted ani-
mals. In a study investigating the benefits and barriers to
incorporating fruit-bearing plants on public lands in Min-
nesota (USA), concerns about fruit drop and attraction of
pests were frequently mentioned by respondents (Walhowe
2022). In Canada, municipal managers cited risks related
to public health and safety, such as slips due to fallen fruits
and the potential to cause allergies (Kowalski and Conway
2023). Indeed, one of the main ecosystem disservices asso-
ciated with the establishment of urban fruit forests is allergic
reactions caused by plant allergens (Carifianos et al. 2019).
On the other hand, integrating fruit-bearing trees in public
spaces can contribute to local food security and biodiver-
sity conservation by providing healthy and fresh food for
the local human and wildlife community. In terms of Brazil,
this importance is even more pronounced when consider-
ing that food insecurity affects more than 33 million people
in the country (Rede Penssan 2022) and that approximately
221 thousand people are homeless (IPEA 2022).

The tree density in Macapa (15.7 trees per linear km)
is the highest among the states of the Brazilian Amazon
(Soares et al. 2021). However, it is still a low density com-
pared to other urban centers in Brazil (e.g., 24.8 trees/km
in Campinas) and the rest of the world (e.g., 40.2 trees/’km
in London and 46.6 trees/km in California) (Alvarez et al.
2015; Taylor et al. 2015; McPherson et al. 2016). Consider-
ing that the presence of green areas in cities has been associ-
ated with a range of benefits to increase people’s life quality
(e.g., stress reduction, improvement of mental health and air
quality, reduction of urban heat) (Tzoulas et al. 2007; Lee
and Maheswaran 2011), it is essential to promote the pres-
ence and maintenance of urban vegetation.
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Relationship of tree abundance and species richness
with sociodemographic gradients

The distribution of tree cover in Macapa was related to
sociodemographic gradients. Older neighborhoods with
an older human population and higher income have higher
tree abundance and species richness. This positive relation-
ship between tree cover, income, and neighborhood age is
a result frequently found in the literature (e.g., Shiraishi
2022; Useni et al. 2021; Shams et al. 2020; Escobedo et
al. 2015; Dobbs and Nitschke 2014; Lowry Jr et al. 2012;
dos Santos et al. 2010; Heynen et al. 2006; Pedlowski et al.
2002). Urban tree cover in Macapa reflects the spatialization
of social inequality in the city and the lack of afforestation
planning for city expansion, as we could have new planned
neighborhoods with extensive tree cover considering cur-
rent debates on sustainable and green cities (Vilanova et al.
2024; Pauleit et al. 2019).

The positive relationship between population income and
urban tree cover has been termed “luxury effect” in the lit-
erature. As individuals’ purchasing power increases, they
occupy landscapes with greater richness and abundance of
plants, either by planting themselves or by moving to areas
with high tree cover (Hope et al. 2003). However, this pat-
tern may also result from a “legacy effect”, with greater tree
diversity in older and wealthier neighborhoods (Clarke et al.
2013). Over time, the positive effect of income on tree cover
becomes more pronounced, because wealthy homeowners
have the financial resources to invest in the maintenance and
cultivation of trees (Lowry Jr et al. 2012).

The unequal distribution of tree cover in a city exacer-
bates inequalities associated with life quality. Trees provide
various ecosystem services that are essential for human life
(e.g., temperature regulation, noise attenuation, air qual-
ity regulation). In Colombia, a higher species richness was
found in areas of high socioeconomic status, and as a result,
the pollution removal potential of these areas was almost
twice that of lower-income strata (Escobedo et al. 2015).
In the US, higher incomes were associated with high urban
vegetation cover, which promotes cooler temperatures (Jen-
erette et al. 2007). Deprivation of access to environmental
amenities constitutes an issue of environmental injustice,
deepening the inequalities that lead to this situation in the
first place.

The abundance of exotic trees in Macapa is higher in older
neighborhoods with older populations and higher income.
Some studies suggest that areas with higher income tend to
have a higher abundance of exotic species in urban green
spaces (e.g., Schwarz et al. 2015; Shams et al. 2020). The
introduction of exotic species into older urban areas can be
attributed to historical factors, such as the influence of colo-
nizers or aesthetic preferences during the period in which
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the cities were established (McNeely et al. 2001; dos Santos
et al. 2010). However, this is not a universal rule - in Rio de
Janeiro, the opposite pattern was observed, with exotic trees
being more abundant in newer neighborhoods (dos Santos
et al. 2010). Additionally, access to exotic species probably
increases with income due to the higher accessibility to
purchase several species of plants and because of available
financial resources to manage these plants. However, it is
important to note that the relationship between income and
the presence of exotic species may be influenced by other
factors, such as urban planning policies, availability of pub-
lic services, and cultural preferences.

The abundance of non-fruiting trees, large stems of fruit-
ing trees, and overall large trees in Macapa is higher in older
neighborhoods with older populations and higher income.
A higher proportion of fruiting trees in older neighbor-
hoods was also found in California (Avolio et al. 2015). It is
expected that older neighborhoods have a higher abundance
of trees and large trees, considering the longer time the
trees have had to grow and the longer time the population
has had to plant trees compared to more recently founded
neighborhoods.

Our results indicate that the abundance of large fruiting
trees increases in neighborhoods with a low rate of house-
hold occupancy, while the abundance of large non-fruiting
trees increases with low population density. In Philadel-
phia, trees found in areas with higher percentages of vacant
housing units have higher chance of surviving (Bigelow Jr
et al. 2024), and in Melbourne, lower population density
was associated with greater vegetation cover (Ren et al.
2023). Therefore, it is possible that as the number of people
decreases, there is a reduction in the amount of pruning and
cutting of the vegetation, which may allow trees to grow
more freely. On the other hand, a higher number of people
may influence tree preservation through maintenance activi-
ties (Useni et al. 2021), such as watering, pest control and
fertilization. Our findings suggest that lower population
density and lower household occupancy rates have a posi-
tive impact on vegetation growth over an extended period.

Additionally, the positive relationship between large trees
and lower occupancy rates in urban areas may be associated
with socioeconomic and environmental aspects - the lack of
occupancy may result in the establishment of fewer com-
mercial buildings, avoiding tree-cutting which would be a
frequent activity to create these commercial spaces. In this
sense, lower occupancy can contribute to the preservation
of large trees, as the absence of commercial pressures may
result in fewer tree removals to make way for commercial
buildings.

Relationship of species composition with
sociodemographic gradients

In our study area, small-sized stems of species such as E.
oleraceae (acai palm), C. aurantifolia (lime tree), and S.
cumini (java plum) showed higher abundance in neighbor-
hoods with high population density. Population density
can influence species choices for planting, with residents
in densely populated areas often opting for smaller-sized
species with lower maintenance requirements due to space
constraints and limited access to sunlight (Qian et al. 2020).

The availability of fruit trees can promote a sense of con-
nection with nature, improve psychological well-being, and
enhance the perceived urban environment quality by resi-
dents (Cilliers et al. 2019). The E. oleracea (agai) is a native
palm tree of the Amazon region, widely valued for its edible
fruit — the agai berry. Agai is traditionally consumed by local
communities as a staple food and holds high nutritive and
cultural value. Although it does not provide much shade — a
highly favorable attribute for cities in tropical regions — it
does not conflict with urban structures (e.g., electrical wir-
ing and sidewalk), and perhaps for this reason, it has been
the most abundant native palm tree in the urban tree cover
of Brazilian Amazon cities (Soares et al. 2021).

On the other hand, M. indica (mango tree) and A. occi-
dentale (cashew tree) were more abundant in neighbor-
hoods with low population density. The mango tree, native
to India, is one of the most cultivated and appreciated fruit
trees worldwide (Morton 1987; Singh and Sharma 2020)
and is one of the main species of urban tree cover in the
Amazon (Soares et al. 2021). In the capital of the state of
Para (Brazilian Amazon), mango trees have been declared as
historical and cultural heritage (Koury et al. 2017; IPHAN
2020; PMB 2021). In Macap4, mango trees have significant
cultural and economic importance — the fruits are highly
appreciated and are an important source of food and income
for the local population - the sale of mangoes can generate
income of US$ 15 per day per seller (Pacheco 2019).

However, the mango tree can also pose challenges in the
urban environment — it has a root system characterized by
the presence of a taproot, which can deeply penetrate the
soil, and a large size (they can reach up to 30 m in height)
(Mouco 2015), leading to many conflicts with urban struc-
tures - conflicts with the electrical wiring system, sidewalk
breakage, and falling fruit on the public walkway (Soares et
al. 2021). Perhaps for these reasons, mango trees are more
abundant in areas with lower population density. Infrastruc-
ture issues such as sidewalk width and paving, distribution
networks for electricity, telephone, Internet, water, and
sewage, can influence both the selection of species and the
probability of planting and cutting trees (Balensiefer and
Wiecheteck 1985; Shi et al. 2023).
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The composition of well-established tree species in
Macapa changes according to the household occupancy rate.
Medium-sized stems of species such as C. nucifera (coconut
palm), C. revoluta (sago palm), A. indica (neem), and A.
occidentale (cashew tree) were more abundant in neighbor-
hoods with high household occupancy, while R. oleracea
(royal palm), P. guajava (guava tree), and E. oleracea (agai
palm) were more abundant in neighborhoods with lower
occupancy rates.

In Macap4, most neighborhoods have a high occupancy
rate (median>91%). Therefore, changes in composition
may be a result of subtle variation in occupancy, and possible
interference of other factors (e.g., tree maintenance require-
ments, preferences related to fruit production, growth rate).
For example, the guava tree - a species related to lower
occupancy rates - is easily dispersed by birds and highly
adaptable to different types of soil and climate, able to toler-
ate both dry and humid conditions (Jettanacheawchankit et
al. 2020; Sthapit 2019). It is a species that does not require
human intervention to establish and tolerates adverse envi-
ronmental conditions in its growth and development, which
may be why it is associated with lower household occu-
pancy rates. On the other hand, the neem tree - which is
related to higher occupancy rates - is a fast-growing spe-
cies, resistant to pruning, with a dense canopy that provides
shade and shelter for several animal species, and requires
little maintenance (Biswas et al. 2002; Sujarwo et al. 2016).
It is a species with rapid growth, which may be preferred
by people. In the Democratic Republic of Congo, people
preferred to plant tree species believed to reach maturity at
a relatively young age (Sikuzani et al. 2019).

All representative large-sized stems of tree species in
Macapa were more abundant in neighborhoods with higher
income. A similar pattern was also observed in the US (Wolf
2013). Some studies have explored the positive influence of
large trees on property values and residents’ income. For
example, in the US, it was observed that large trees were
associated with a significant increase in house value, and
furthermore, these trees provided additional financial ben-
efits, such as reducing energy costs (Donovan and Butry
2010). Studies like this highlight the importance of large
trees in urban settings, not only for their aesthetic and envi-
ronmental function but also for the economic benefits they
bring. Mature and well-maintained trees can enhance prop-
erty values, making them more attractive to potential buyers
and tenants, which, in turn, can result in higher income for
the owners.

Cities can combine urban development with environ-
mental preservation, providing a higher life quality for citi-
zens and ensuring harmony between human activities and
the environment. To achieve these goals, policymakers need
to value the local potentials of each region, recognize the

@ Springer

richness of local biodiversity, and establish public policies
that promote it, especially regarding native trees, contrib-
uting to ecological restoration and to the conservation of
urban ecosystems.

However, it is crucial to ensure that all city residents have
equal access to the benefits provided by trees. The unequal
distribution of green areas and trees in cities exacerbates
socio-environmental disparities, with more vulnerable com-
munities being deprived of the benefits of urban greening.
Ensuring that low-income areas and historically marginal-
ized communities have equitable access to green spaces and
adequate tree coverage is key to promote environmental
justice and for the development of healthier and sustainable
cities.

The findings of this study provide a comprehensive view
of the distribution of tree cover and urban green equity in
the extreme northeastern Brazilian Amazon. The informa-
tion generated is a fundamental basis to guide both the
conceptual and practical understanding of tree cover dis-
tribution for different layers of the population, enabling
public authorities to develop appropriate strategies for
urban afforestation and promotion of socio-environmental
sustainability.

The urban socio-environmental problems are chal-
lenges which must be addressed for the implementation of
the 2030 Agenda for Sustainable Development - a plan of
action prepared by the United Nations (UN) with 17 goals
for achieving sustainable development (SDGs) (UN - Gen-
eral Assembly 2015). In this sense, this study provides a
regional diagnosis and enhances the capacity to promote
local sustainable development, also contributing to aligning
local indicators with the goals of the Brazilian 2030 Agenda.
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