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Abstract

Urban green spaces are important for interactions between people and non-human nature, with
their associated health and well-being impacts, although their distribution is often unequal.
Here, we characterize the distribution of urban green spaces in Belém, the largest city in the
Amazon Delta, and relate it to levels of human development and social vulnerability across the
city; this is the first such analysis to be conducted for a Brazilian Amazon city. We first
conducted a supervised maximum likelihood classification of images at 5-m spatial resolution
taken in 2011 by the RapidEye satellites to map the distribution of green space across the urban
part of the municipality of Belém. We then calculated two measures of urban green space at the
level of human development units: the proportional cover of vegetation (Vegetation Cover
Index; VCI) and the area of vegetation per person (Vegetation Cover per Inhabitant; VCPI), and
we used hurdle models to relate them to two measures of socioeconomic status: the Social
Vulnerability Index and the Human Development Index, as well as to demographic density. We
find that VCI and VCPI are higher in more socially vulnerable areas. We explain how this
pattern is driven by historical and ongoing processes of urbanization, consider access to urban
green space and the benefits to human health and well-being and discuss equitable planning of
urban green space management in the Amazon. We conclude that the assumption that urban
greening will bring health benefits risks maintaining the status quo in terms of green exclusion
and repeating historical injustices via displacement of socially vulnerable residents driven by
demand for access to urban green spaces.

Introduction

The global human population is expected to reach 9.4-10 billion by the year 2050, and 68% of
these people are expected to live in urban areas by 2050 (United Nations Department of
Economic and Social Affairs 2019, 2022). Urban life can bring many benefits, including better
access to education, healthcare and social services and cultural and political activities
(Dye 2008), but urbanization leads to lower levels of contact with non-human nature (Soga &
Gaston 2016), with accompanying impacts on mental and physical health and well-being
(Marselle et al. 2021). Urban green spaces such as gardens, parks and forest fragments are
important spaces for interactions between people and non-human nature, and these have health
and well-being benefits (Tzoulas et al. 2007, Bertram & Rehdanz 2015, Hedblom et al. 2019,
Hunter et al. 2019, Rojas-Rueda et al. 2019, Reyes-Riveros et al. 2021). They are also important
for regulating ecosystem services such as air purification and carbon sequestration and for the
mitigation of the negative impacts of urbanization, such as the heat-island effect (Bowler et al.
2010, McPherson et al. 2013, Aram et al. 2019, Hewitt et al. 2020). The importance of these areas
is also reflected in international agreements such as the United Nations’ Sustainable
Development Goals, where Target 11.7 explicitly calls for the provision by 2030 of ‘universal
access to safe, inclusive and accessible, green and public spaces, particularly for women and
children, older persons and persons with disabilities’ (United Nations 2015).

However, globally, the distribution of these beneficial urban green spaces remains unequal,
with larger, better and more accessible green spaces often being situated in more affluent areas,
whereas the coverage of green space is lower in less affluent areas (Boone et al. 2009, Hoffimann
et al. 2017, Rigolon et al. 2018, Mears et al. 2019, Klompmaker et al. 2023). This inequitable
distribution of urban green space is a public health problem that is strongly associated with
social inequalities (World Health Organisation 2010). The literature on the distribution of and
access to urban green spaces in the Global South has grown (Rigolon et al. 2018), but the body of
research focused on the Global North is far greater (Van den Berg et al. 2015, Nagendra et al.
2018, Nawrath et al. 2021, Rigolon et al. 2021, Pinto et al. 2022). Importantly, exposure to urban
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green spaces is lower in cities of the Global South, and the
inequality of exposure is almost twice that of cities of the Global
North (Chen et al. 2022). Furthermore, the health and well-being
benefits of urban green space are context dependent, and patterns
found in the Global North may not hold for the Global South
(Amano et al. 2018, Nawrath et al. 2021, Nawrath et al. 2022).

Knowledge about urban sustainability in the Global South
remains relatively sparse, and key areas such as the Amazon
remain greatly under-studied (Nagendra et al. 2018, Rigolon et al.
2018). The Amazon is one of the most biodiverse places on the
planet (Antonelli & Sanmartin 2011, Silva et al. 2005), and at the
municipal level most of the Brazilian Amazon region has relatively
high levels of green infrastructure (Silva & Prasad 2019). However,
its population is increasingly urban: some 76% of the population of
the Brazilian Amazon lives in urban areas (Fajardo et al. 2023),
where vulnerabilities to external stressors such as climate change
are increased (Fischer et al. 2012). Very few studies have
specifically analysed the availability of urban green space in
Amazonian cities or the implications of this for biodiversity and
human health and well-being (Santos et al. 2013, Lapola et al. 2019,
Espinoza et al. 2023), and ours is the first study to relate the
distribution of urban green space to levels of socioeconomic
vulnerability within an Amazonian city.

The process of urbanization in the Brazilian Amazon has been
quite distinct from that of other regions of Latin America, owing in
part to difficulties in access that have led to the establishment of the
main urban centres along waterways that have acted as the main
routes for transporting people and goods (Corréa 1987). Belém was
the first urban centre established in the Amazon, chosen for its
strategic position at the mouth of the Amazon Basin (Corréa 1987,
Cardoso & Neto 2013). It remains the largest city in the Amazon
delta and the second largest, after Manaus, in the Amazon. Its
growth and expansion have followed cycles driven by different
processes, including the establishment of the Companhia Geral de
Comércio do Grdo-Pard e Maranhdo in 1755, with a view to
incentivizing the production of commodities such as cotton, rice
and cacao for export to Europe, and the Amazon rubber cycle
between the mid-nineteenth century and the end of the First World
War (Corréa 1987, Cardoso & Neto 2013, Ponte 2015). The period
from the end of the Second World War onwards is marked
by significant population growth and urban remodelling, with
consolidation of the occupation of the Primeira Legua Patrimonial
(essentially the centre of the city) and relocation of the lower-
income population to more peripheral parts of the city or into areas
of irregular occupation known locally as baixadas, which are
equivalent to what the international community frequently calls
favelas or slums (Corréa 1987, Cardoso & Neto 2013, Ponte 2015).

Here, we aimed to characterize the distribution of urban green
spaces in Belém using images from RapidEye satellites with a
spatial resolution of 5 m that characterize an area as vegetated
based on monitoring of photosynthetic activity. We also aimed
to relate this distribution to levels of human development and
social vulnerability across the city. Because of there being more
vulnerable populations in peripheral areas of the city, where
remnant vegetation cover is likely to be higher, we expected to find
more cover of green space and more green space per inhabitant
where social vulnerability is higher and human development lower.
This is the opposite relationship to that often seen in Europe and
North America, where larger and higher-quality green spaces are
closer to more affluent neighbourhoods (Boone et al. 2009,
Hoffimann et al. 2017, Klompmaker et al. 2023). We discuss access
to urban green space in Belém and its benefits to human health and
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well-being, as well as the implications for conservation in and
around large urban centres in the Amazon.

Materials and methods
Study area

Belém is the capital of the Amazonian state of Par4, in the northern
region of Brazil (latitude 01°27°21” S, longitude 48°30°16” W;
Fig. 1la—c). It has 1.3 million inhabitants as of 2022, more than
double the population in 1970, and it extends across 1059.45 km?,
giving it an overall demographic density of 1230.23 inhabitants/
km? (IBGE 2022). However, this density is not uniform. The
metropolitan region, which includes the municipality of Belém and
six neighbouring municipalities, has a poor to very poor quality of
life according to the Urban Well-Being Index (IBEU), with an
index of 0.251 on a scale of 0-1 (Ribeiro & Ribeiro 2016). While
there are some large green spaces in Belém, only c. 15% of the
original vegetation cover of the municipality remains, owing at
least in part to a disorganized process of urban expansion (Bordalo
2006, Prefeitura Municipal de Belém 2020). As a unit of analysis,
we chose the 159 urban human development units (HDUs;
territorial spaces within metropolitan areas that can be part of a
neighbourhood, a complete neighbourhood or, in some cases, even
a small municipality) that make up the municipality of Belém
because they are the smallest sampling unit for which data on
multiple socioeconomic and quality-of-life indicators are available.
Their limits are defined by socioeconomic homogeneity, and they
are formed based on census sectors (Sales Barros et al. 2017). The
average density across the 159 HDUs is 12 997.25 inhabitants/km?,
but this varies between 48.63 and 107 496.66 inhabitants/km? (Fig.
S1 & Supplementary Materials S2).

The current socio-spatial configuration of any city is a product
of its history and the processes of urban expansion and
consolidation, but in the case of Belém the city’s changing
relationships with water and vdrzea (floodplain forests) is important.
In the city centre, as early as the eighteenth century, some floodplain
forests were being drained to make way for urban infrastructure
(Cardoso & Neto 2013), including one of Belém’s most iconic urban
green spaces, the Praga Dom Pedro II in the historic centre, which
sits on top of the first flooded area to be drained for urbanization in
the city (Cardoso & Neto 2013). However, drainage required a lot of
resources, and such floodplain forests were largely avoided for urban
development until the mid-twentieth century (Cardoso & Neto
2013). On the other hand, in less politically and economically
important regions, traditional populations of ribeirinhos occupied
the floodplain forest and subsisted via traditional uses of natural
resources, including connection to the river as a means of transport
and access to resources (Cardoso & Neto 2013). In the twentieth
century, population growth accelerated, and economic decline
contributed to a strong wave of rural to urban migration that
contributed to the occupation of 40% of the city centre’s floodplain
forests by low-income, socially vulnerable populations in baixadas
(Cardoso & Neto 2013, Braga & Gouveia 2020). From the 1960s
onwards, plans were put in place to help the city centre to
‘recuperate’, which led to the relocation of low-income populations
from the city centre baixadas to purpose-built housing estates in
more peripheral parts of the city to make way for the lucrative real
estate market that financed draining of the floodplain forests in areas
such as the Bacia das Armas close to the Port of Belém, between the
Reduto, Nazaré and Umarizal neighbourhoods.
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Figure 1. Map of (a-c) the location of the study area within the metropolitan region of Belém, the state of Para and South America, and maps of human development unit (HDU)
levels of (d) the Social Vulnerability Index (SVI), (e) the Human Development Index (HDI), (f) the Vegetation Cover Index (VCI) and (g) the Vegetation Cover per Inhabitant (VCPI).

Calculating urban green space distribution

We here define urban green space as a set of intra-urban areas that
have vegetation, tree (native and/or introduced), shrub or
herbaceous coverage, including formal parks, greenways, forest
reserves and other natural areas, gardens, informal open spaces
and privately owned green spaces accessible to fee-paying
members of the public that can be used for recreation, socialization
or other community activities (Bertini et al. 2016, Taylor &
Hochuli 2017). Thus, unlike some authors, we do not include street
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trees in our analyses because we intended to focus on ‘usable’ green
space that serves recreation, socialization or other community
purposes. Some large green spaces were removed from the data as
they were football pitches and thus not included in the definition of
green space used here.

To map the distribution of urban green space in Belém, we used
images of the year 2011 from the RapidEye satellites at 5-m spatial
resolution and a scale of 1:10 000 (see Tables S1 & S2 &
Supplementary Materials S1) obtained from the Geo-Catilago
digital platform hosted by the Ministério do Meio Ambiente
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(MMA; Brazilian Ministry for the Environment; http://geocatalo
go.mma.gov.br/index.jsp). The 2011 data matched the time period
of the most recently available socioeconomic data for Brazil from
the 2010 census, which forms the basis of the indices used as
explanatory variables here. The RapidEye satellite sensors detect
five spectral bands: blue (440-510 nm), green (520-590 nm), red
(630-690 nm), red edge (690-730 nm) and near-infrared (760-
880 nm).

We carried out a supervised maximum likelihood classification
(MAXVER) of these images using the OTB BAYES algorithm in
the Orfeo ToolBox (https://www.orfeo-toolbox.org/CookBook/re
cipes/pbclassifthtml) in QGIS software version 3.22.11 (QGIS
Development Team 2022). Firstly, compositions of false-colour
bands were generated to highlight vegetation using a combination
of bands 5 (near-infrared), 4 (red edge) and 3 (red). These images
were then submitted to supervised classification, which aimed to
associate each pixel of the image with a spectral pattern, with those
associated with the presence of vegetation identified by represen-
tative training samples (Moreira 2011). We used the MAXVER
parametric classifier, which classifies the pixel clusters considering
the weighting of the distances between the averages of the digital
levels of the class defined in the selection. Algorithm performance
in terms of correct classification of vegetation was evaluated based
on estimated precision (1), recall (0.999681), F-score (0.99984) and
Kappa index (0.998882). Subsequently, these data were vectorized
(see Fig. S2 in Supplementary Materials S2), thus enabling the
calculation of the area of vegetation in each HDU. The minimum
mapping area for RapidEye satellite imagery is 0.25 ha, and thus we
excluded any area of vegetation below 0.25 ha.

Measures of the distribution of green space

We used two distinct measures of the distribution of urban green
space at the level of the HDUs in Belém. Firstly, we calculated the
Vegetation Cover Index (VCI) as a measure of the provision of
green space (Silva 2016, Silva et al. 2018) using Equation 1:

VC
VCI, = n % % 100 (1)

n

where VC, is the area covered by vegetation in neighbourhood n
and A, is the total area of neighbourhood n. A VCI value above
30% in urban areas is considered sufficient for a high quality of life,
a VCI of 5-30% is sufficient for a reasonable quality of life and a
VCI below 5% is insufficient for a reasonable quality of life (Silva
2016, Silva et al. 2018).

We calculated the Vegetation Cover per Inhabitant (VCPI) as a
measure of population pressure on green space (Silva 2016, Silva
et al. 2018) using Equation 2:

VCPI, = £VC,/IH, )

where VC, is the area covered by vegetation in neighbourhood n
and IH,, is the total number of inhabitants of neighbourhood n.
Thus, higher values of VCPI indicate that population pressure on
green space is lower, and vice versa.

Socioeconomic data

To explore the relationship between the distribution of urban green
space and socioeconomic conditions we used two indices for the
year 2010, representing the most recent available data. The first is
the Indice de Vulnerabilidade Social (Social Vulnerability Index;
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SVI) obtained from the Social Vulnerability Atlas developed by the
Instituto de Pesquisas (IPEA; Institute for Economic and Applied
Research; IPEA 2021). The second is the Indice de Desenvolvimento
Humano (Human Development Index; HDI) obtained from the
Brazilian Human Development Atlas developed by the IPEA in
partnership with the United Nations Development Program and the
Fundagdo Joao Pinheiro (IPEA et al. 2021).

The SVI is calculated as the arithmetic mean of three sub-
indices - urban infrastructure, human capital and income and
work - on a scale from 0 to 1, where 0 corresponds to the ideal or
desirable situation and 1 corresponds to the worst situation (IPEA
2021). The HDI also consists of three dimensions - longevity,
education and income - and varies between 0 and 1, where values
closer to 1 represent higher levels of human development and thus
the ideal or desirable situation (IPEA et al. 2021). For both SVI and
HDI, each sub-index is itself made up of a series of socioeconomic
variables (see Table S3 & Supplementary Materials S3).

We also included the demographic density in each HDU as an
explanatory variable and tested for an interaction between
demographic density and the above socioeconomic indices.

Data analysis

As both the VCI data and VCPI are zero-inflated (27% of HDUs
have zero vegetation cover), we used hurdle models to model the
relationships between VCI and VCPI and between SVI and HDL
We first fitted logistic regressions to predict the probability of non-
zero values of VCI and VCPI as a function of the SVI and the HDL
In both cases we included an additive term for demographic
density, as the interaction was non-significant. We then fitted
generalized linear models (GLMs) using a gamma distribution and
log link to model the relationship between the non-zero values of
VCI and the interaction between the SVI and demographic density
and that between the HDI and demographic density, as well as a
Gaussian distribution and log link to model the relationship
between the non-zero values of VCPI and the SVI and the HDI. In
both of the latter cases we included an additive term for
demographic density, as the interaction was non-significant.
Model residuals were plotted to check for normality, homosce-
dasticity of variance and highly influential data points. All analyses
and model checks were implemented in the language R (R Core
Team 2022), and the code used is provided in Supplementary
Materials S4.

Results

Distribution of urban green spaces and social inequality in
Belém

The VCI varied between 0% and 80.53% of each HDU (mean of
12.1%). Eighty-six of the 159 HDUs (54.08%) had levels of urban
green space lower than that considered necessary for a reasonable
quality of life, and more than half of these (46 HDUs) are in the city
centre (Fig. 1f).

The spatial distribution of levels of development and levels of
social vulnerability reveal patterns of spatial social inequality in
urban areas of the municipality of Belém. Specifically, the HDUs
with very high levels of development (HDI > 0.8) and very low
levels of social vulnerability (SVI < 0.2) were mostly concentrated
in the city centre and along the central-eastern area (Fig 1d,e), and
these in large part coincided with the areas of highest demographic
density (Fig. S2). Indeed, four of the five HDUs with the highest
values of development (HDI > 0.94) and five of the six HDUs with
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the lowest levels of social vulnerability (SVI < 0.1) were concen-
trated in four neighbourhoods of the city centre: Reduto, Nazaré,
Batista Campos and Marco. The other HDU with a very high HDI
and very low SVI was far from the city centre but is a closed
condominium in the Parque Verde neighbourhood. On the other
hand, three of the four HDUs with lowest levels of development
(HDI < 0.6) and highest levels of social vulnerability (SVI > 0.58)
were very far from the city centre, in the Brasilia, Aguas Lindas and
Cotijuba neighbourhoods. The fourth HDU with very low levels of
development and very high SVI is a baixada in the Condor
neighbourhood of the city centre.

Distribution of urban green space in relation to
socioeconomic conditions

The probability of non-zero levels of VCI in Belém increased
significantly with levels of social vulnerability (GLM, p = 8.461,
SE =2.202, p < 0.001; Fig. 2a) and decreased with levels of human
development (GLM, B = -12.08, SE =2.773, p < 0.001; Fig. 2b),
indicating that a total lack of urban green space was more likely
where social vulnerability was lower. However, the probability of
non-zero levels of VCI also decreased significantly with increasing
demographic density (GLM, fsy; = -0.00024, SE =0.000019,
p <0.001; GLM, Pupr = -0.000252, SE =0.000019, p <0.001;
Fig. 2¢), indicating that a total lack of urban green space was
more likely where demographic density was higher.

For HDUs with non-zero levels of vegetation cover we found a
significant interaction between increasing levels of social vulner-
ability and demographic density in relation to the increase in the
VCI (GLM, p < 0.05; Fig. 3a). The relationship between the VCI
and SVI was always positive, but the overall levels of vegetation
cover were lower where demographic density was higher (Fig. 3a).
We also found a significant interaction between greater levels of the
HDI and demographic density at lower levels of the VCI (GLM,
p <0.05; Fig. 3b). The relationship between VCI and HDI was
always negative, but the VCI values were lower where demographic
density was higher, and at low levels of demographic density the
relationship was less apparent (Fig. 3b). Thus, there was more
urban green space in more socially vulnerable areas, particularly
where population density was also low.

This result is exemplified by the contrast between neighbour-
hoods in the city centre such as Reduto, Nazaré and Batista
Campos, all of which are made up of HDUs with high HDI values,
very low SVI and VCI and values and high demographic density,
and neighbourhoods that are far from the city centre such as Aura,
Paracuri and Itaiteua, which are made up of HDUs with very high
social vulnerability, very low levels of both development and urban
green space and relatively low demographic density.

VCPI varied between 0 and 15 962.36 m? per inhabitant, with
115 of the 159 HDUs (72%) falling below the minimum ideal of
15 m?, of which most (89 HDUs) had very low amounts of urban
green space per inhabitant (<5 m?*/inhabitant). These included all
of the neighbourhoods in the city centre, but also many other areas
far from the city centre (Fig. 1g).

For HDUs with non-zero levels of vegetation cover, the VCPI
increased significantly with increasing SVI (GLM, p=4.079, SE =
1.103, p < 0.001; Fig. 4a) and decreased significantly with increasing
HDI (GLM, p =-5.359, SE = 1.397, p < 0.001; Fig. 4b). Although we
found no significant interaction with SVI or HDI, the VCPI
decreased significantly with increasing demographic density (GLM,
Bsvi = —-0.00024, SE = 0.000019, p < 0.001; GLM, Pyp; = -0.000252,
SE =0.000019, p < 0.001; Fig. 2¢).
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This result is exemplified by the contrast between peripheral
neighbourhoods such as Brasilia and Cotijuba, both of which have
very high levels of social vulnerability and low demographic density,
as well as more than 47 m? of green space per inhabitant, with city
centre neighbourhoods such as Reduto, Nazaré and Batista Campos,
which all have HDUs with very high levels of development, very low
levels of social vulnerability, high demographic density and also less
than 5 m? of green space per inhabitant.

Discussion

Despite its location in one of the world’s most biodiverse regions,
more than half of the urban HDUs in Belém have levels of green
space lower than that deemed necessary by the United Nations for
a reasonable quality of life, and almost three-quarters have less
than the 15 m? of green space per inhabitant considered ideal by
the Sociedade Brasileira de Arborizagao Urbana, of which the vast
majority have less than 1 m? per inhabitant. The distribution of
green spaces is not even across the urban area and is higher where
levels of social vulnerability are higher, which is in contrast to the
often-reported pattern of green space exposure in both the Global
North and Global South, wherein larger and higher-quality green
spaces are closer to more affluent neighbourhoods (Boone et al.
2009, Hoffimann et al. 2017, Rigolon et al. 2018, Mears et al. 2019,
Klompmaker et al. 2023). However, our results add weight to
increasing evidence that these patterns may not always hold in the
Global South (Amano et al. 2018, Nawrath et al. 2021, Nawrath
et al. 2022). In the case of Belém this is at least in part due to more
socially vulnerable areas being located in peripheral parts of the
city, in the urban-rural transition, where population density is
lower. We used the most recently available census data, which
means that our results reflect the distribution of urban green space
and socioeconomic conditions from more than 10 years ago.
However, the proportion of the population in urban versus rural
areas of the metropolitan region, which includes the municipality
of Belém and six neighbouring municipalities, has remained
relatively constant over that time period (c. 96%), as has the
proportional coverage of urban area (c. 11.5%) and vegetation
(c. 55%; Gutierrez 2022), such that we do not expect that significant
changes in urban green space distribution have occurred over that
time that would be sufficient to qualitatively change our results.
The evidence for trends such as increased public health
outcomes where there is more urban green space may not hold for
poorer cities in the Global South where there are larger proportions
of poor-quality green space, poor accessibility and different
attitudes towards green spaces and their use (Amano et al. 2018).In
line with this, we show that the quantity of green space is greater in
more socially vulnerable areas of Belém, but these are also often
areas in the urban-rural transition with low population densities
and probably have remnant native vegetation with little infra-
structure to facilitate their access or use. Indeed, while overall
greenspace cover is lower, more affluent neighbourhoods in the
centre of the city benefit from some of the most structured green
spaces, such as the 15-ha Bosque Rodrigues Alves Botanic Gardens
in the Marco neighbourhood, which is partly made up of an area of
preserved native terra firme forest and represents one of the city’s
main spaces for leisure activities (Secretaria Municipal de Meio
Ambiente de Belém 2020). Between the Sao Braz and Nazaré
neighbourhoods, another 5.2 ha of urban green space is contained
in Emilio Goeldi Zoo-Botanic Gardens. Utinga Camillo Vianna
State Park is a protected area with well-structured walking trails
and tourist infrastructure, including 4 km of tracks for walking or
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Figure 2. Probability of non-zero levels of vegetation cover in the Belém human development unit as a function of the (a) Social Vulnerability Index, where higher values
represent more vulnerable people, (b) Human Development Index, where lower values represent more vulnerable people, and (c) demographic density (solid fitted lines modelled
with Social Vulnerability Index, dashed fitted lines modelled with Human Development Index).
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Figure 3. Proportional vegetation cover (Vegetation Cover Index) in the Belém human development units as a function of the interaction between (a) the Social Vulnerability
Index and demographic density and (b) the Human Development Index and demographic density. The solid lines represent average demographic density (12 997.24 people/km?),
the short-dash lines represent high demographic density (20 000 people/km?) and the long-dash lines represent low demographic density (5000 people/km?).

cycling. It is located in a single, very large HDU that has high levels
of social vulnerability. However, many local residents have never
visited the Park and claim that it is structured to benefit the urban
elite (Santos et al. 2020). The Park also harbours reservoirs of water
that are important for the whole metropolitan region of Belém,
whereas the neighbouring communities suffer from frequent cuts
to their water supply, and the water is of low quality when it is
available (Santos et al. 2020). This speaks to the importance of
taking into account not only the amount of green space but also its
quality and accessibility when considering the benefits of such
spaces to human health and well-being (Amano et al. 2018, Mears
et al. 2019).

Across Belém, the green spaces measured via satellite imagery
include a wide array of types of space, including public parks,
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private gardens, protected areas and other informal green spaces
such as fragments of remnant vegetation. Because we specifically
targeted spaces that could potentially be used for recreation,
socialization or other community activities, we excluded street
trees, which, in any case, were not captured by the present
methodology. Street trees nevertheless offer a number of benefits
in urban landscapes, including improved aesthetics, ecosystem
services, increased human health and well-being and habitat for
animals (Locke et al. 2015, Salmond et al. 2016, Wood & Esaian
2020). A key issue that is relevant to climate change will be the
benefits of street trees in moderating micro-climates; data from
Belém show significantly lower temperatures in areas with more
tree cover (Costa et al. 2013). Belém is amongst the Brazilian cities
with the lowest levels of street trees, and this has substantial
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Figure 4. Natural logarithm of vegetation cover per inhabitant in the Belém human development units as a function of (a) the Social Vulnerability Index, (b) the Human

Development Index and (c) demographic density (solid lines modelled with Social Vulnerability Index, dashed lines modelled with Human Development Index).
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implications for well-being, particularly in the most densely
populated areas of the city centre where there is no or very little
urban green space available.

Inequity of urban green spaces also extends to questions of
procedural equity and equity as recognition (Anguelovski et al.
2020, Korpilo et al. 2022). For example, there is evidence that
people who perceive lower levels of participation in and recognition
by local green space planning and management in Denmark differ
from those who perceive higher levels of participation and
recognition in terms of both the value they assign to different types
of urban green space and their preferences for greening actions
(Korpilo et al. 2022). Specifically, people who felt unrecognized and
tended not to participate in community and environmental
decision-making valued urban green spaces for sport rather than
for nature or environmental activities, and they tended to prefer
beaches over large natural areas (Korpilo et al. 2022). Urban green
space planning has been characterized as deeply political and
underpinned by an unquestioned assumption that the creation of
green and sustainable cities is a moral imperative, with a naivety
existing regarding the economic, ecological, social and health
benefits of urban greening (Anguelovski et al. 2020). An overly
simplistic view of the benefits of urban greening is linked to perverse
outcomes, including green exclusion and privilege (Anguelovski
et al. 2019) and green gentrification and displacement (Pearsall
2012, Anguelovski et al. 2018, Rigolon & Németh 2019).

In Belém, plans put in place from the 1960s onwards made three
key contributions to gentrification of the city centre: an intense
increase in the value of real estate in the region; the freeing-up of
land for development; and the relocation of low-income, socially
vulnerable residents (Cardoso & Neto 2013, Braga & Gouveia
2020). The processes of declining urban green space in the centre of
the city and decreasing social vulnerability of the population in
some neighbourhoods are intimately linked and help to explain the
results found here, including that both Reduto and Nazaré have
very high levels of human development, very low levels of social
vulnerability and also very low levels of urban green space and
green space per inhabitant. On the other hand, in more peripheral
areas of the city, exceptions to the trend include neighbourhoods
such as Cabanagem and Una, where low-income populations were
relocated from the city centre in the 1970s and 1980s into planned
social housing estates, where informal occupation followed
(Prefeitura Municipal de Belém 2010). One HDU encompasses
the entirety of these two neighbourhoods and has high levels of
social vulnerability (SVI=0.424) but relatively low proportional
vegetation cover (VCI = 9.57%) and very low levels of vegetation
cover per person (VCPI=7.12 m?), with green spaces mostly
representing small gardens and isolated fragments on urban lots.
This is in contrast to peri-urban closed condominiums such as the
Cristal Ville and Vila Naval do Marex complexes, which make up
one of only four HDUs with more than 68% vegetation cover,
extremely high levels of green space per inhabitant
(VCPI=1547.32 m?) and one of the lowest levels of social
vulnerability (SVI=0.13) and the highest level of human
development (HDI=0.93) in Belém. Urban greening actions in
the areas with lowest levels of VCI and VCPI need to be carefully
planned to avoid reinforcing existing inequalities. Urban greening
as an urban renewal strategy has in fact been criticized as market-
driven and thus targeted to middle- and upper-income residents
(Haase et al. 2017).

Our results support the idea that, in Belém, the assumption that
urban greening will bring health and well-being benefits risks, at
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best, maintaining the status quo in terms of green exclusion and
privilege, as evidenced by spaces such as Utinga Camillo Vianna
State Park, Bosque Rodrigues Alves Botanic Gardens and Emilio
Goeldi Zoo-Botanic Gardens. At worst, it risks repeating historical
injustices via displacement of more socially vulnerable residents in
a new wave of gentrification, this time driven by demand for access
to urban green space. Avoiding this requires recognition of the
relational values of urban green space to residents in different
socioeconomic and sociocultural groups, which has been given
too little attention (Botzat et al. 2016, Wessels et al. 2021). In
Belém, this should include, amongst other factors, a recognition
of the ribeirinho origins of low-income populations living in
baixadas and the ways in which this represents a potential
model of sustainable urban living. It would require public
policies to resolve the lack of basic sanitation, address public
health issues and utilize solutions for water treatment that are
ecologically compatible with the floodplain forest ecosystem
(Cardoso & Neto 2013).

Conclusions

The majority of urban HDUs in Belém have far lower than ideal
levels of green space, both overall and per inhabitant. This is likely
to have health and well-being impacts in neighbourhoods across
the socioeconomic spectrum, and these impacts will probably
worsen under predicted climate change. The generally higher levels
of urban green space in more socially vulnerable areas are largely
driven by a strong pattern of spatial social inequality, with high
levels of social vulnerability at the periphery of the city where there
are larger tracts of remnant vegetation. These are generally less
accessible than the more highly structured urban green spaces in
more affluent areas of the city centre, such that trends for increased
health and well-being where green space availability is higher may
not hold in this case. This highlights the need to consider relational
values of urban green space in Amazonian cities, where many low-
income residents living in precarious unofficial baixadas origi-
nating from ribeirinho traditions are likely to value different types
and aspects of urban green space compared to more affluent city-
centre dwellers. We conclude that, in Belém, an oversimplified
view of the distribution of urban green space in relation to
socioeconomic factors risks maintaining the inequitable distribu-
tion of green space access.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/50376892924000092.
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