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ARTICLE INFO ABSTRACT

Keywords: Urban green areas are a potential supplier of air quality regulation service. However, research to date has mostly
Green areas focused on the effects of the amount of these areas, with few studies evaluating how configuration aspects, such

Urban trees

Air pollution

Air quality regulation
Ecosystem services

as spatial fragmentation, affect air quality services. Even less is known about how this service varies with
decreasing pollutant emissions. Here we fill these research gaps by testing the contribution of green areas
composition and configuration in reducing air pollution, before and during the COVID-19 quarantine period, in
the largest city of the Global South (Sao Paulo, Brazil). We relied on a model selection approach using hourly
concentrations of different pollutants (CO, NO,, PMy 5 and PMjo,) as response variables. As predictors, we
consider meteorological variables, the amount and fragmentation of green areas (related to air quality regulation
supply), the quantity of vehicle emissions (proxy of demand pressure), all this at different spatial scales (proxy of
pollutant flows from emission to supply areas). Our results showed that higher tree cover and lower vehicular
emissions decreased concentrations of CO, NOy and PM. Air quality regulation was higher in periods of low
demand (start of quarantine), when compared to periods of high demand (before and the last part of quarantine).
Lower levels of pollutants were associated with greater amounts of green areas at scales of up to 1,000 m from
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the air quality monitoring station. This indicates that the presence of green areas can have positive effects on air
quality at distances of up to 1,000 m from the sites where pollutants are emitted. Our results show that to
enhance air regulation services in large urban areas, it is important to maximize the amount of green areas and
minimize their fragmentation, beyond the reduction of vehicular emissions.

1. Introduction

Currently, 80 % of the global urban population is exposed to air
pollution levels that exceed acceptable limits, causing 7 million deaths a
year (World Health Organization, 2018). Much of this pollution is
generated by vehicle emissions, which release nitrogen oxides (NO),
sulfur oxides (SO), carbon monoxide (CO), ozone (O3) and particulate
matter (PM) (Popescu and Ionel, 2010) and are responsible for 14 % of
global greenhouse gas emissions (IPCC, 2014) and 8 % of PMy 5 emis-
sions (Weagle et al., 2018). Despite the establishment of policies to
reduce those emissions, continuous urbanization growth —particularly in
low- and middle-income countries- is leading to increases in the vehicle
fleet, and consequently in pollutants emissions (Kumar et al., 2021).
This situation highlights the urgent need to adopt sustainable measures
to improve air quality regulation services in urban areas.

Urban green areas can contribute to the provision of several
ecosystem services, including air quality regulation (Irga et al., 2015;
Roy et al., 2012), and may be a key element to mitigating air pollution
impacts. Trees play a recognized role in reducing the effects of air
pollution caused by road traffic and industries in residential areas
(Krzyzanowski et al., 2005), with estimated economic benefits in
reducing human mortality ranging from $1.1 to 60.1 million USD
annually (Nowak et al., 2013). This occurs through the process of dry
deposition, which reduces the concentration of pollutants through two
main mechanisms (i) by intercepting and accumulating particles (PM;q
and PMy5) on external surfaces, such as leaf pubescence and waxy
surfaces (Beckett et al., 2000); and (ii) by capturing pollutant gasses (O3,
NO,, and CO) inside the leaf stomata (Cieslik et al., 2009). Conse-
quently, higher amounts of green areas with more dense canopy cover
are associated with a reduction in particulate matter concentrations,
improving air quality (Paoletti et al. 2004; Irga et al., 2015; Shen and
Lung, 2016).

The effect of the spatial arrangement of green areas (i.e., their spatial
configuration) on air quality regulation service has been less well
studied, and with contrasting results. While some studies indicate that
higher fragmentation can result in better air quality outcomes (Shi et al.,
2019; Wu et al., 2015), others found opposite results (Shen and Lung,
2017, 2016). Configuration aspects, such a higher fragmentation, could
decrease the distance between green areas (referred here as “service
supply areas”; Villamagna et al., 2013) and pollution sources (i.e.,
roadways, industries, etc.), reducing the extent of pollutant flows from
emission to deposition areas (Metzger et al., 2021), and improving air
quality regulation services. Meteorological conditions also have an
important effect on air quality regulation services — because factors such
as wind speed can determine dilution and dispersion rate of pollutants
(Oleniacz et al., 2016) through accumulation or ventilation processes
(Seo et al., 2018).

The demand for air quality also affects the provision of regulation
services. Demand is typically assessed by combining population density
data with air quality standards (Bar¢ et al., 2016; Herreros-Cantis &
McPhearson, 2021) or by integrating population exposure and vulner-
ability to pollutants (Fusaro et al., 2023). Vehicular emission is one of
the main drivers to local air quality deterioration (IPCC, 2014), and
therefore one of the main factors that increases demand (Larondelle &
Lauf, 2016). Ideally, demand assessments should combine population
density, air quality standards, and ecological pressures (e.g. pollutant
emissions) that interfere with the ecosystem service delivery
(Villamagna et al., 2013) and require regulatory attention (Baro et al.,
2016).

The provision of air regulation services has three main components:
supply (green areas in which dry deposition occurs, i.e. representing the
capacity to provide the service of regulating air pollution); demand
(related to the population density and the desire for acceptable levels of
pollution, below certain thresholds; this demand varies according to the
level of air pollution caused by anthropogenic sources, e.g. traffic and
industries); and flow of pollutants, which connects pollutant emissions
with dry deposition areas through biophysical and meteorological fac-
tors. However, frequently only one of these three components (most
commonly, supply) is studied in the evaluation of ecosystem service
provision (Bar¢ et al., 2016), which may lead to overestimations, or
inaccurate assessments of the effect of green areas in the provision of this
ecosystem service (Metzger et al., 2021).

The efficiency of the regulation services can also vary with ecological
pressures (e.g. high emission of pollutants) that may create inappro-
priate conditions for service provision by saturating service capacity or
by reducing the ecosystem capacity to deliver it (Villamagna et al.,
2013). This could happen due to saturation in the stomata’s absorption
capacity, in the case of gases, or due to a limitation in leaf surface area,
in the case of particulate matter. A timely situation to evaluate this effect
occurred in 2020, when quarantine policies around the world due the
COVID-19 pandemic resulted in a global reduction in pollutants emis-
sions (Loh et al., 2021), which resulted in lower ecological pressure for
the air quality regulation service.

The city of Sao Paulo, one of the biggest megacities in the world, is an
ideal system to study the air quality regulation process given its high
population density, high levels of air pollution, and extensive tree cover.
High pollutant levels in the city are mainly caused by the vehicle fleet,
which accounts 96 % of CO, 65 % of NOy and 40 % of PM emissions
(Companhia Ambiental do Estado de Sao Paulo, 2020). Due to the social
distancing policy imposed during the COVID-19 quarantine from 22nd
of March 2020, non-essential activities were restricted. As a result,
vehicle emissions were reduced, leading to a reduction in the concen-
tration of some pollutants, such as CO, NO5 and PM (Debone et al., 2020;
Freitas et al., 2020). This offered a perfect and unprecedented scenario
to study the effects that an abrupt reduction in vehicular emissions
(hereafter demand pressure) could have over the air regulation service.
In addition, Sao Paulo has high levels of fragmented and aggregated
green areas, which allows for testing of the effect of spatial configuration
on air regulation services, a topic that remains poorly understood,
especially in tropical regions.

Here we use a novel approach by integrating the three components of
air quality regulation (supply, demand, and flows) with meteorological
factors with the aim of (1) analyzing the potential of urban green area
amount and configuration to improve air quality in the city of Sao Paulo;
and (2) evaluating how the reduction in the demand pressures during
the COVID-19 quarantine affected the provision of this ecosystem ser-
vice. We used vegetation quantity, density, and spatial distribution (e.g.,
fragmentation) to estimate supply, vehicular emissions to estimate de-
mand pressure, and finally different spatial scales (spatial extent of
analysis) to capture pollutant flow between emission and deposition
areas. Our hypotheses are that the amount of green area will have a
positive effect on air quality, with this effect being enhanced by (1)
lower demand pressure (i.e. lower vehicular emissions), and (2) areas
with lower fragmentation (configurations where higher vegetation
density is expected). Furthermore, we hypothesize that a reduction of
demand pressure through quarantine could enhance the air quality
regulation service delivery, since this alleviates problems of over-
demand or ecosystem service saturation. To our knowledge, this is the
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first study that uses the three components of air quality: regulation
service supply, demand and flow, and assesses how the spatial config-
uration of green areas and abrupt reductions in the quantity of demand
affect the provision of this service.

2. Methods
2.1. Conceptual framework

As previously introduced, the provision of the air regulation service
has three main components: areas of supply and demand, and the flow
linking supply and demand (Fig. 1). To make this scheme operational,
we use indicators for each one of these components. Green areas were
considered as “supply”, because it is where pollutant deposition occurs.
The quantity of pollutants emitted by vehicles (the main source of pol-
lutants in the studied system) was considered a proxy for “demand
pressure”, i.e. of the quantity of pollutants that needs to be removed
from the atmosphere to ensure good air quality (the “desired service™).
The movement of pollutants from emission areas (i.e., streets) to supply
(i.e., green) areas (i.e. “flow™”), was assessed across different spatial
scales (see section 2.4).

2.2. Study area

The study area encompasses the city of Sao Paulo, Brazil (Fig. 2), the
largest megacity of the southern hemisphere, spanning 1,521 km? and
with a population of more than 12 million inhabitants (Instituto Brasi-
leiro de Geografia e Estatistica, 2022). The city is also the industrial and
economical center of the country, accounting for 17 % of its GDP (Silva-
Sanchez and Jacobi, 2014), and of South America. The climate is clas-
sified as tropical, characterized by a cold and dry season (April to
September) and a warm and humid season (October to March) (Andrade
et al.,, 2012, 2017). Sao Paulo is an ideal place to study air quality
regulation services due to its central importance to the economy of
Brazil, and the large population affected by pollution health issues
(Arbex et al., 2009).

Currently, 48 % of Sao Paulo is covered by vegetation (Secretaria
Municipal do Verde e do Meio Ambiente, 2020), unequally distributed
across the regions of the city (Amato-Lourenco et al., 2016). The con-
centration of vegetation is highest in the South (54.53 %) and the North
(41.67 %), while the West (26.69 %), East (16.04 %), and center (15.56
%) regions have less green cover (Secretaria Municipal do Verde e do
Meio Ambiente, 2020).
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Fig. 1. Simplified scheme showing the processes involved in the air quality
regulation service, considering the ecosystem service provision chain (Metzger
et al. 2021). Vehicular emissions (here considered a proxy for “demand pressure
areas”, i.e. areas that put pressure on the air quality regulation service) are
dispersed in the air by wind up to certain spatial extents (flow) and a fraction of
this is deposited on vegetation (supply areas). This process influences air
quality, diminishing pollutants concentrations.
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2.3. Air pollution and meteorological data

We obtained hourly air pollution (CO, NO3, PM;y, PMsy5) and
meteorological data (e.g., wind velocity, air temperature, and relative
humidity) from 14 automatic stations (study stations; see Fig. 2 &
Table S1) located within the city of Sao Paulo (QUALAR system of
CETESB, available at: https://qualar.cetesb.sp.gov.br/qualar/home.do).
As CO concentrations were in ppm, we converted them to mg/m3 using
the formula:

mg/m’ ~ concentration in ppm * molecular weight * / 24.45.

where 24.45 is a constant representing the volume, in liters, of one
mole of a gas at standard temperature (25 °C) and pressure (1 atmo-
sphere). The meteorological and air pollution data were obtained be-
tween March 1, 2020 to May 31, 2020, corresponding to the periods
before and during COVID-19 quarantine, and were divided in three
phases: Pre-quarantine (March 1- 21, 2020), Quarantine A (March 22,
2020 to April 24, 2020), and Quarantine B (April 25, 2020 to May 31,
2020), in order to assess the effect of variations in pollutants emissions
on the ecosystem service provision. The first phase was delimited to the
quarantine start date (March 22, 2020), while the other two quarantine
periods were based on Google mobility trends (COVID-19: Relatorios de
mobilidade da comunidade, 2022), which showed that the percentage of
people staying at home decreased to its lowest mean value since the
beginning of quarantine in the weekend of April 25-26, 2020,
(Table S2). Thus, Quarantine A represents a more restrictive moment,
when people were asked to stay at home, agglomerations were pro-
hibited, and only essential services were available to the public, while
Quarantine B represents a more flexible social distancing period.

To identify the days in which dry deposition occurred, we extracted
precipitation data. During precipitation events, particles accumulated in
vegetation are washed off to the ground surface, with the amount
washed off mediated by the magnitude of precipitation (Nowak et al.,
2013). As it is estimated that leaves capture about 0.2 mm of precipi-
tation before runoff (Wang, Endreny, & Nowak, 2008), we considered
days with precipitation < 0.2 mm as days in which dry deposition
occurred, and days with precipitation > 0.2 mm as days without the air
regulation service provided by green areas (Nowak et al., 2013). The
precipitation data for each CETESB station coordinate was extracted
from the Climate Hazards Group Infrared Precipitation with Station data
(CHIRPS) of the University of California, with a spatial resolution of
0.05° (~5 km) and a daily temporal resolution.

2.4. Spatial scale (Benefiting area; proxy of flow)

We used a multi-scalar approach to consider the potential of different
benefiting areas of the service (which are related to the flow capacities, i.
e., the potential of displacement of pollutants from their source to
deposition areas), by defining different buffers (250, 500, 750 and 1000
m of radii) around each monitoring station. The scales were chosen
according to studies showing that pollutants emitted from vehicular
traffic can disperse up to 100 m from urban roads and up to 1000 m from
major highways (Hoek et al., 2008; Aguilera et al., 2008; Eeftens et al.,
2012). The 1000 m distance was also considered the maximum radii to
avoid overlapping between monitoring stations and thus prevents
spatial autocorrelation.

The monitoring stations used in the study are spread throughout the
city and cover a large area with varying degrees of urbanization and
green spaces (e.g. city center, residential and commercial neighbor-
hoods, low and high circulation areas, low, medium and high green
cover etc.; See Table S1), thus capturing the spatial heterogeneity that
exists in the study area (CETESB 2021). In addition, the different buffers
established around each monitoring station, also capture demand het-
erogeneities, covering both major and minor streets present in that area
(with low, medium and high emission areas).
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Fig. 2. Spatial distribution of tree cover density (yellow, orange and green pixels), and built-up and other types of areas (aquatic, pastures; gray pixels) in the city of
Sao Paulo. Black circles represent 1000 m buffers around the 14 CETESB’s air quality monitoring stations included in the study, with close-up (a-c) around three
stations: (a) Cidade Universitaria-USP station (West zone); (b) Ibirapuera (South zone); (c) Grajat-Parelheiros (South zone). The small box on the upper right shows
the location of Sao Paulo’s city (red dot) within Brazil (orange) and South America (brown).

2.5. Demand pressure estimation (vehicular emissions)

Vehicular emissions were modeled as a proxy for service demand
pressure, by estimating spatial and temporal (hourly) vehicle emissions
through the VEIN (Ibarra-Espinosa et al., 2018) R package, available at
https://CRAN.R-project.org/package = vein, for the period between
March 1 to May 31, 2020. Temporal and spatial disaggregated emissions
were estimated following a general approach of multiplication between
activities and emission factors (Ibarra-Espinosa et al., 2018), as shown in
Eq. (1).

Emission pollutant = ) activity (AR activity - EF pollutant, activity)
).

where Emission pollutant for any type of pollutant depends on the
activity rate (AR) and the emission factors (EF), which is the mass of
pollutants generated according to the level of activity. In the context of
vehicular emissions, AR activity represents the number of vehicles
multiplied by the distance (km) travelled. EF pollutant activity is the
emission factor (g km™1) for pollutants of the vehicles (Ibarra et al.,
2018).

For estimating the above components, VEIN uses traffic simulations
obtained from the Traffic Engineering Company (CET, https://www.cets
p.com.br/) and the Secretary of Transport and Mobility of Sao Paulo

(SPtrans), data available through direct contact at: http://www.sptrans.
com.br/. The simulations take into account emission factors for hot and
cold exhaust, evaporative, deterioration and wear emissions. Once we
obtained the emissions inventory for the city, we extracted the mean
hourly emissions of CO, NO,, and PM (3¢ and 5 5) around the 14 study
areas, considering the different buffer sizes.

2.6. Supply estimation and configuration

To estimate the amount and configuration of supply areas for the air
regulation service, we used vegetation cover mapping from 2020 pro-
duced by the city hall (GeoSampa, available at: http://geosampa.pr
efeitura.sp.gov.br/), and measured the total area of tree cover and the
enhanced vegetation index (EVI) for each buffer size. The vegetation
map was produced in 2017/2018, covering the entire surface of the Sao
Paulo municipality, including 1,168 km? in a scale of 1:1.000 and 359
km? in a scale 1: 5,000 (Secretaria Municipal do Verde e do Meio
Ambiente, 2020). It is worth pointing out that the city of Sao Paulo
typically experiences minimal landscape changes, and between the
creation of the mapping (2016-2017) and our study (2020), green cover
changed only 3.6 %. This aspect associated with the high spatial reso-
lution of the mapping, make this the best data available to be used (htt
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ps://www.prefeitura.sp.gov.br/cidade/secretarias/licenciamento/de
senvolvimento_urbano/dados_estatisticos/info_cidade/meio_ambiente/
fauna_e_flora/index.php?p = 333887). The original map has 15 classes
of vegetation with different degrees of density, which were grouped here
into four tree cover categories: low cover (low density tree canopy cover
with high openness); medium cover (predominantly arboreal vegetation
with closed canopy); high cover (urban and peri-urban nuclei of pre-
served forests); and forests (high density vegetation on advanced and
secondary stages); See Fig. 2 & Table S3).

After obtaining the total area of tree cover for each buffer size, we
measured the EVI index, to include vegetation density into our estima-
tion of supply (Eq. (2)) as well as potential variations in vegetation fo-
liage due to the transition between seasons (summer — fall) during our
study. However, Sao Paulo’s vegetation is mostly perennial, and typi-
cally does not present abrupt vegetation changes throughout the year
(See table S3). EVI is sensitive to canopy structural variations, which is
important for air quality service regulation (Roeland et al., 2019). For
EVI estimation, we used the Satveg site (https://www.satveg.cnptia.
embrapa.br/satveg/), which uses the product MOD13Q1 (derived
from the Terra satellite, starting on 02/18/2000) available in maximum
compositions of 16 days, with a spatial resolution of approximately 250
m.

To finally estimate the supply of air quality regulation service, we
adapted the pollutant absorption formula proposed by Powe and Willis
(2004) to a new supply equation:

Supply = A(m2)* EVI * DV (m/s)* T (s) * P (¢ or 1) (2).

Where: A is the total area of tree cover (including all types: low,
medium, high, and very high density; m?), EVI is the vegetation index
value for the specific spatial scale, deposition velocity is the specific
pollutant deposition rate taken from the UFORE-D model (PM;( > PM3 5
> NO3 > CO; See Table S4; D. Nowak et al., 1998), T is the time step
(seconds), and P is the daily precipitation factor (0 when >= 0.02 mm
and 1 when <= 0.02 mm; days with and without precipitation,
respectively). In addition, to evaluate the effects of spatial configuration,
we extracted the number of patches (NP) of green areas for each spatial
scale analyzed.

2.7. Statistical analysis

As a first step, we performed a Mantel test, for each one of the pol-
lutants analyzed, with 9,999 permutations, to detect potential auto-
correlation. The test revealed no spatial dependence (p > 0.05 for all
pollutants: PM;o = 0.54; PMy 5 = 0.85; NO, = 0.30; CO = 0.60), vali-
dating the null hypothesis of spatial independence among air quality
stations, for all pollutants and the use of a non-spatial modeling
approach. We then compared the levels of pollutant concentrations
between the different quarantine levels with an ANOVA test, followed
by a post-hoc Tukey’s test. Finally, to assess the relationship between
pollutant concentrations with supply, demand and flow, we performed a
maximum likelihood model selection procedure, considering the second
order Akaike’s information criteria, corrected for small sample sizes
(AICc) (Anderson and Burnham, 2002). In this approach, the lower the
AlCc, the better the model fits the data. All analyses were made with
RStudio 1.4.1717, Fragstats v4.2.1 and ArcGIS 10.5.

Model fitting was done using generalized linear mixed models (Ime4
package in R) with a negative binomial distribution. PM;o, PM5 5, NO2
and CO concentrations were the response variables, and we included the
time of the day within each monitoring station, and the day of the week
as random effects. Analyses were performed separately for each
pollutant and for each spatial scale. Predictor variables used were: ser-
vice supply (hourly dry deposition by green areas, calculated according
to Eq. (2)), quarantine period (Pre-Quarantine, Quarantine A, and
Quarantine B), demand pressure (vehicular emissions), supply config-
uration (number of green area patches), and meteorology data (relative
humidity, wind velocity, and air temperature). Only predictor variables
with low correlation values were included in the same model (Pearsons
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r < 0.60; Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Therefore,
models followed the structure: (1) supply: quarantine + (2) demand
pressure + (3) meteorological data (wind velocity, relative humidity, or
air temperature; or combinations of relative humidity or air temperature
with wind velocity; See Table S7) + (4) configuration of supply (number
of patches). Supply, demand pressure and meteorological variables were
present in every model (See Table S7). In total, we considered 8 models
for each spatial scale, with a total of 32 models for each pollutant (e.g.,
spatial scales were never mixed in the same model, to test for different
flow capacities of the pollutants; See Table S8).

3. Results

During the study period, the concentrations of pollutants were higher
in the pre-quarantine and quarantine B periods, with significant drops
during quarantine A (Fig. 3B & Table S5). The low pollutant concen-
trations were maintained in the first week of quarantine (days 22 - 28)
but started to increase gradually after this period (days 29—35;
Fig. 3B), exceeding pre-quarantine concentrations by the end of April
into May (days 56 — 63; Fig. 3B) and extending until the end of our study
period (May). Vehicular emissions (demand pressure) also showed a
decline in the first week of lockdown, particularly in the case of PM;q
and CO (mostly emitted by automobiles), and secondarily in the case of
PM, 5. In contrast, NO, (mostly emitted by trucks) emissions were low
during all the study period, probably because our buffers rarely con-
tained highways within them. As observed with pollutant concentra-
tions, the reduction in emissions only lasted a few days (Fig. 3C; days
22-28). Finally, the average intensity of supply process, given by the
average hourly pollutant absorption in green areas (dependent on the
deposition rates of each pollutant; See Table S4), were higher and
similar for PM 5 and PMj, closely followed by NOs. In contrast, CO
exhibited significantly lower supply levels (Fig. 3D), attributed to its low
deposition rate (Table S4).

3.1. Drivers of pollutant concentration

For all pollutants analyzed, the best models selected (AICc < 2;
Table 1 & Table 2) contained the interaction of supply with the quar-
antine period, demand pressure, wind velocity, and relative humidity.
Meteorological variables had the greatest effects on pollutants concen-
trations, followed by demand pressure and supply along the quarantine
periods (Fig. 4). Demand pressure had the highest positive effect on NO,,
CO, PM;, and PM, 5 concentrations, respectively. The impact of supply
on PMj; 5 during the Pre-quarantine period was non-significant (Fig. 4C-
D). For all other pollutants, service supply presented a statistically sig-
nificant negative effect, with larger effects for the quarantine A period
(Fig. 4A-B & 4E-H; Table 1 & Table 2). Despite not being significant for
all pollutants (p < 0.05), fragmentation (NP) tended to have a positive
effect, showing that more fragmented green areas could be associated
with increases in pollutants concentrations, except for PMj for which
there was an opposite tendency (Table 1). Finally, the pollutant scale of
dispersion (flow) for all pollutants was 1,000 m, except for PM; 5 for
which the 500 m was selected (Table 1 & Table 2; See also Table S8 for a
summary of all best models and more details).

For PM;, the best scale selected was 1,000 m, with the two best
models showing negative effects for supply by quarantine period, wind
velocity, and relative humidity (Table 1). The number of patches was
also selected in the models, but presented non-significant effects, while
demand pressure presented positive effects. According to our results, an
increase in 1 m/h of wind velocity and 20 % in air humidity could result
in reduction in ~ 6 pg/(m3 h) of PM;¢; planting 23 ha of green areas
could reduce 0.5 pg/(m® h) of PM;q during the pre-quarantine period,
1.5 ug/(m? h) of PM; during the quarantine period A, and 0.46 pg/(m3
h) of PM;¢ during the quarantine B period; while an increase in 33 % in
the number of patches could decrease PM; in 1.5 ug/(m> h). However,
an increase in 29.0 g/(km2 h) in vehicle emissions could result in an


https://www.prefeitura.sp.gov.br/cidade/secretarias/licenciamento/desenvolvimento_urbano/dados_estatisticos/info_cidade/meio_ambiente/fauna_e_flora/index.php?p
https://www.prefeitura.sp.gov.br/cidade/secretarias/licenciamento/desenvolvimento_urbano/dados_estatisticos/info_cidade/meio_ambiente/fauna_e_flora/index.php?p
https://www.prefeitura.sp.gov.br/cidade/secretarias/licenciamento/desenvolvimento_urbano/dados_estatisticos/info_cidade/meio_ambiente/fauna_e_flora/index.php?p
https://www.satveg.cnptia.embrapa.br/satveg/
https://www.satveg.cnptia.embrapa.br/satveg/
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Table 1
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Sum of evidence weight of variables, weighted by the number of models in which that variable was present (> Wi/N), Slope and Standard Error (+SE) of the predictor
variables from the best models (AAICc < 2) selected to explain pollutant concentrations of PM;¢ and PM, 5. Pre = Pre-Quarantine; QA = Quarantine A; QB = Quar-

antine B. *=variables with significant value (p < 0.05).

PM;o PMy 5
Predictor variables N > Wi/N Slope N > Wi/N Slope
and spatial scale (+SE) (+SE)
Wind Velocity 24 0.041 —0.284 +0.005* 24 0.041 —0.370 + 0.006*
Relative Humidity 12 0.083 —0.265 £+ 0.006* 12 0.083 —0.165 £ 0.007*
Demand pressure (1000) 8 0.121 0.101 +0.008* 8
Demand pressure (500) 8 8 0.080 0.079 +0.010*
Number of Patches (1000) 3 0.194 —0.065 + 0.036 3
Number of Patches (500) 3 3 0.081 0.047 £0.046
Supply(1000):Pre 8 0.121 0.020 + 0.009* 8
Supply(500):Pre 8 8 0.080 —0.000+0.012
Supply(1000):QA 8 0.121 —0.060 + 0.008* 8
Supply(500):QA 8 8 0.080 —0.027 £0.011*
Supply(1000):QB 8 0.121 —0.018 +0.009* 8
Supply(500):QB 8 8 0.080 —0.033+0.012*

Table 2

Sum of evidence weight of variables, weighted by the number of models in which that variable was present (> Wi/N), Slope and Standard Error (+SE) of the predictor
variables from the best models (AAICc < 2) selected to explain pollutant concentrations of NO, and CO. Pre = Pre-Quarantine; QA = Quarantine A; QB = Quarantine B.

*=variables with significant value (p < 0.05).

NO, co
Predictor variables N >"Wi/N Slope N >Wi/N Slope
and spatial scale (£SE) (£SE)
Wind Velocity 24 0.041 —0.353 + 0.004* 24 0.041 —0.382 + 0.004*
Relative Humidity 12 0.083 —0.128 +0.005* 12 0.083 —0.044 + 0.006*
Demand pressure (1000) 8 0.125 0.214 £ 0.007* 8 0.125 0.209 + 0.008*
Number of Patches (1000) 3 0.103 0.093 +0.142 3 0.113 0.079 + 0.096
Supply (1000):Pre 8 0.125 —0.064 + 0.008* 8 0.125 —0.141 + 0.008*
Supply (1000):QA 8 0.125 —0.101 + 0.009* 8 0.125 —0.091 + 0.009*
Supply (1000):QB 8 0.125 —0.064 + 0.008* 8 0.125 —0.133 4+ 0.009*

increment of 2.5 pg/(m3 h) of PM; concentrations.

For PM, s, the two models selected had scales of 500 m and presented
negative effects for supply during quarantine A, supply during quaran-
tine B, wind velocity, and relative humidity, while demand pressure and
number of patches had positive effects (Table 1). Supply during the pre-
quarantine period also had a negative but non-significant effect (p >
0.05). Increasing wind velocity by 1 m/h and air humidity by 17 % could
reduce PMy 5 in 4 ug/(m> h) and 1.96 pg/(m> h) respectively. An in-
crease in 11 g/ (krn2 h) in the vehicle emissions showed an increment of
1.1 pg/(m? h), while planting 15.7 ha of tree cover could decrease in
0.006 pg/(m® h) of PMy 5 during the pre-quarantine period, 0.34 ug/(m®
h) during the quarantine period A, and 0.43 pg/(m® h) during the
quarantine B period.

For NO,, the spatial scale of 1,000 m was selected in both models,
and also presented negative effects for all variables selected with the
exception of demand pressure (Table 2). Our models indicated that in-
creases in 1 m/h the wind velocity and 17 % in the relative humidity
could reduce NO, by 7.52 pg/(m® h) and 3.0 pg/(m® h) respectively.
Planting 32 ha of tree cover could decrease in 2.43 ug/(m® h) concen-
trations of this pollutant during the quarantine A period, and in 1.49 ng/
(m® h) during the periods of higher demand pressure (pre-quarantine
and quarantine B), while increases in 0.7 g/(km2 h) in the emissions
could increase in 6.2 pg/(m3 h) its concentrations.

For CO, the best spatial scale selected was also 1,000 m, with all
variables presenting negative effects while demand pressure and num-
ber of patches positive ones (Table 2). In addition, an increase in 1.6 m/
h the wind speed and 18 % in relative humidity could decrease con-
centrations of CO by 0.12 mg/(m® h) and 0.01 mg/(m® h) respectively.
An increase of 12 g/(km2 h) in pollutant emissions could also increase
CO concentrations by 0.09 mg/! (m3 h), while an extra 45 ha of tree cover
could result in a decrease of 0.052 mg/! (m3h) during the pre-quarantine,
0.034 mg/(m®> h) during the quarantine A period and 0.049 mg/(m? h)
during the quarantine B period.

3.2. Effects of quarantine on air regulation service

The ANOVA test confirmed the observed differences among the three
periods evaluated. In addition, the direction and strength of the effect of
the supply on pollutant concentration were dependent on variations in
demand pressure (pollutant emissions) caused by the COVID-19 quar-
antine. The increase in the strength of the negative effect of supply
during the first weeks of the quarantine period (except for CO), suggests
that the supply service for PM;g, PM2 5 and NO; is enhanced with a
reduction in demand pressure (vehicle emissions). When comparing the
effects of supply in the three periods analyzed, all pollutant concentra-
tions tended to decrease with higher supply values (greater amount of
green areas), and this effect was intensified during the period of lower
demand pressure (quarantine A; green line in Fig. 5).

4. Discussion

A literature review indicates that this study is the first to quantify the
potential effects of the spatial arrangement of urban green areas and
COVID-19 quarantine on an air quality regulation service in the Neo-
tropics, through an approach that simultaneously considers service
supply, demand, and flow. As hypothesized, the concentration of pol-
lutants was largely explained by climatic factors (wind speed, humidity)
and vehicular emissions. However, factors linked to green area cover
and spatial arrangement were also significant, highlighting an oppor-
tunity for urban landscape management to consider the provision of air
quality regulation services. Our results demonstrate that an increase in
the amount of urban green areas could contribute to improve the air
quality (especially of NO2 and PM¢). In addition, our results point to the
existence of a synergetic effect between the reductions in vehicular
emissions and an increase in the provision of the service during the most
restrictive quarantine period, which may double the effect of supply
reducing NO; concentrations and triple the reduction on PM;jg
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Fig. 4. Parameter estimates of the variables present in the two best selected models (AAICc < 2) for PM; (A-B), PM3 5 (C-D), NO5 (E-F) and CO (G-H). Positive effects
are shown in blue, while negative effects are shown in red. Coefficients whose confidence interval (horizontal lines) crosses the zero line are not significant. DP =
Demand pressure, NP = number of patches, Supply: Pre = Effect of supply before quarantine, Supply: QA = effect of supply during Quarantine A, Supply: QB = effect

of supply during Quarantine B, VV = Wind velocity, RU = relative humidity.

concentrations, compared to pre-quarantine time. Fragmentation of
green areas presented an overall negative, while non-statistically sig-
nificant, impact on air pollution regulation, once fragmentation was
related to higher concentrations of PMjs 5, NO, and CO. Considering the
overall trend of fragmentation impairing air quality regulation, we
suggest the maintenance or expansion of existing green areas in cities for
the mitigation of air pollution, especially in areas with a distance up to
1,000 m of the pollution source, since spatial scales of 500 and 1,000 m
of radii explained better pollutants concentrations.

Reducing vehicle emissions significantly improved air quality,
leading to a noteworthy reduction in NO; and CO concentrations, which

is consistent with previous literature findings in Sao Paulo city (Debone
et al., 2020; Freitas et al., 2020; Krecl et al., 2020; Nakada & Urban,
2020). Since vehicle circulation is the main source of pollution in the
city, COVID-19 quarantine allowed us to see directly the impacts of
vehicle fleet on air quality, and call attention to the importance of
creating measures to reduce this kind of emissions. Therefore, urban
planning measures such as encouraging the use of cycle lanes, improving
public transport services, subsidies for the purchase of hybrid and
electric cars and greater support for companies that adopt hybrid/
remote working, among others, are essential for contributing to
improving air quality in large urban centers.
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Our results corroborate other studies that show a positive effect of
greenspaces in improving air quality (Bonilla-Bedoya et al., 2021; Pugh
et al.,, 2012), even for tropical areas (Arroyave-Maya et al., 2019;
Bonilla-Bedoya et al., 2021; Ribeiro et al., 2021; Vailshery et al., 2013).
However, studies in the northern hemisphere have shown an opposite
effect, in which the presence of green areas leads to increases in
pollutant concentration, especially along park borders (Xing & Brim-
blecombe, 2019), which could happen due to a reduced capacity of
pollutants to disperse due to the presence of green areas (Janhall, 2015;
Viippola et al., 2018). In addition, green areas can release volatile
organic compounds (VOCs), which interact with gaseous pollutants
forming secondary substances like ozone (Shah et al., 2022), a disservice
that can obscure or diminish the perceived benefits of air quality
improvement. Therefore, additional field studies in tropical areas should
be performed to better elucidate our results.

In this study we found evidence of the benefits of vegetation for the
air quality of a megacity. However, the novelty of our study lies in
showing that this service is influenced by the spatial arrangement of
green areas and can be further enhanced by reducing demand pressures,
such as vehicular emissions. We observed an intensification of the ser-
vice in the period of less demand pressure for almost all pollutants
(except CO), which resulted in an increase of the service in comparison
with periods with more demand pressure (before quarantine and in the
less restrictive quarantine period). The variations in service provision
may be explained by shifts in ecological pressures (pollutant emissions),
which affect the natural capacity and delivery of a service (Scheffer and
Carpenter, 2003; Villamagna et al., 2013), as found experimentally for
other regulating ecosystem services like flooding and fire protection (Liu
etal., 2023; Sil et al., 2019). We hypothesize that during periods of high
demand pressure, the capacity of green areas to absorb or deposit pol-
lutants is quickly exhausted, akin to a funnel system. In such cases, a
rapid increase in pollutant emissions could cause green areas to reach
saturation and cease absorbing pollutants. This may occur because
pollution particles cover the entire leaf surface, reducing and blocking
the opening of stomata (Gheorghe & Ion, 2011). However, those hy-
potheses still need to be tested to elucidate the mechanisms by which the
service is improved with a reduction in the vehicular emission.

The observed increase in service provision varied among the
different pollutants analyzed. PM;( presented the highest service effect
during the most restrictive part of quarantine, tripling the reduction in
the concentration of pollutants. This is partially related to its high
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deposition rate in vegetation (Nowak et al., 2013, 1998), which is higher
than PM,5's because larger particles are deposited more quickly than
smaller particles (Mcpherson et al., 1994). The lack of reduction in PM5 5
concentrations during pre-quarantine, even in areas with high values of
supply, contrasts with its strong reduction during quarantine and dis-
plays how much a potential overdemand can affect the provision of
regulation service for this pollutant. This indicates a potential limit/
threshold for the deposition of pollutants in vegetation and supports the
hypothesis of the interference of ecological pressures on ecosystem’s
ability to deliver a service (Villamagna et al., 2013).

In the case of gaseous pollutants, service regulation had a high effect
on NO,, probably because NO; is captured within leaf stomata and is
converted to nitrate ions that participate in protein build up (Cieslik
et al., 2009; Mcpherson et al., 1994), and thus is not resuspended as
PM;( and PMy 5. In addition, the service supply for this pollutant was
doubled during the most restrictive period of quarantine, indicating that
vehicular emissions in normal conditions (accountable for nearly 65 %
of NOy emissions; Companhia Ambiental do Estado de Sao Paulo, 2020)
can lead to an overdemand situation. Thus, with the reduction in
mobility caused by COVID-19 quarantine, we saw experimentally how
demand pressure affects the potential service that could be provided by
green areas (Villamagna et al., 2013). Lastly, the surprisingly lower ef-
fect of supply on CO concentration reduction during periods of lower
demand pressure could be due to its low deposition rate (0.002 m s~ 1),
resulting in the dry deposition being more directly affected by the
availability of the pollutants concentrations in the air.

The configuration of green areas, particularly its fragmentation,
appeared to have a complementary and negative effect on air regulation
service, although this was not statistically significant. The more frag-
mented areas were related to higher concentrations of PMy 5, NO2 and
CO, which is a signal that air quality regulation services could be
maximized in urban green areas with lower fragmentation, corrobo-
rating other studies (Jaafari, Shabani, Moeinaddini, Danehkar, &
Sakieh, 2020; Mears, Brindley, Jorgensen, Ersoy, & Maheswaran, 2019;
Shen & Lung, 2016, 2017). This effect may occur through the obstruc-
tion of pollutant flows at the edges, preventing pollutants from reaching
the inner areas of vegetation patches, thus reducing the effect of
greenspace cover. A similar trend was observed in the Amazon, where a
higher forest cover and lower level of fragmentation were related to
lower number of diseases and infections, and is likely related to a higher
capacity of larger forest patches to absorb small particles (Prist et al.,
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Fig. 5. Effects of supply on pollutants concentrations depending on quarantine time. Periods were defined as: Pre = Pre-quarantine; QA = First part of quarantine
(more restrictive); QB = Last part of quarantine (more flexible). PM;o, NO, and CO values of supply are higher since their spatial scale is of 1,000 m, while PM, 5's is
500 m. SD values were low for all pollutants in all periods evaluated (PM;o-Pre = 0,009; PM;o-QA = 0,008; PM;-QB = 0,009; PM, 5-Pre = 0,012; PM, 5-QA = 0,011;
PM, 5-QB = 0,012; NO,-Pre = 0,008; NO»-QA = 0,009; NO»-QB = 0,008; CO-Pre = 0,008; CO-QA = 0,009; CO-QB = 0,009; See Table 1 & Table 2).
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2023). However, for PM;, we observed the opposite trend that a higher
fragmentation can be beneficial for decreasing pollutant concentrations.
At the landscape level, a higher number of small patches may increase
the interaction between deposition (sink) areas and emission (source)
areas, thereby enhancing PM (Wu et al., 2015), while at the patch level,
dry deposition may be facilitated by a more efficient sweeping of air
between vegetation strips (Yazbeck et al., 2021). Therefore, fragmen-
tation might also facilitate pollutant deposition. Thus, new observa-
tional studies should be conducted, preferably by controlling
compositional aspects (i.e., amount of green urban areas), to be able to
reveal the independent effect of fragmentation on air quality services.

While previous studies have shown that the greatest reductions in
pollutant concentrations are typically observed at the core of parks
(Xing et al., 2019), our results suggest that the benefits of air quality
regulation extend much further. Specifically, this service can be effective
in areas up to 1,000 m from the pollution source. Our multiscale
approach indicated that flow may be occurring on a scale of 500 m for
PMs 5, and of 1,000 m for NOy, CO and PM;(, which may be related to
meteorological variables. Wind velocity, which affects the transport of
air pollutants, presented positive effects in our models, suggesting that it
can lead to transport and dispersion of the pollutants over kilometers
(Seo et al., 2018), reducing pollutant concentrations locally (Irga et al.,
2015; Zhang et al., 2015), and affecting the scale of service provisioning
(Liu et al., 2016). Furthermore, considering that the transport of pol-
lutants in urban areas is influenced by regional-scale wind flows
(ranging from 20 to 2,000 km) (Watson et al., 1988), we believe that the
effective range of this air quality regulation service may extend beyond
1,000 m (the largest scale we were able to test; see section 2.4).

The efficiency of flow also depends on the presence of obstacles
which can slowdown or prevent the upward movement of pollutants by
wind (e.g. buildings, topography, street canyons; Liu et al., 2016; Pugh
et al., 2012; Ulpiani, Anne, Di, & Maharaj, 2022), impeding its move-
ment to vegetation and favoring its accumulation. Relative humidity
also showed a negative effect on pollutants concentrations (Hart et al.,
2021; Kayes et al., 2019), explained by the fact that higher relative
humidity favors dry deposition by increasing particle size and thus,
raising its deposition rate (Mohan, 2016; Wu et al., 2018). It is important
to acknowledge that meteorological variables had the greatest signifi-
cance in our models for explaining the air regulation service in the city.
This was expected since they regulate the dispersion of pollutants to
supply areas and their later capture into vegetation.

Finally, although the impact of greenspaces on pollutant concen-
trations was lower compared to meteorological variables and demand
pressures, we believe that our supply values may be underestimated.
This is because we used deposition rates from a different biome and did
not account for specific factors that can alter deposition, such as terrain,
edge effects, and other uncertainties that influence total deposition on
vegetation (Saylor et al., 2019). For instance, when we included the
Enhanced Vegetation Index (EVI) as a variable in its raw form—rather
than within the supply formula—its effect (—0.37) was four times
greater than the highest supply effect (Table 2; NO2) and was compa-
rable to the effects of meteorological variables.

4.1. Limitations and uncertainties

The observed effect of vegetation quantity and configuration on the
air quality regulation service along different stages of COVID-19 quar-
antine should be interpreted with caution, considering potential meth-
odological limitations, such as the use of proxies for supply, demand and
flow. Firstly, our pollutant absorption estimation (or supply) was
calculated using the deposition rates found in studies conducted in the
northern hemisphere, which comprise a different forest structure and
composition. Vegetation characteristics (such as tree species, diameter
at breast height, total height, crown width) are important factors
affecting pollutant absorption. Since tropical trees are different from
temperate trees by having larger overall diameter, height and width, our
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assessment of service supply may be underestimated. Moreover, this
study does not include important physical phenomena that could affect
air quality services, such as the aerodynamic drag of vegetation. A
second limitation is the use of only the quantity of pollutant emitted by
mobile sources (vehicular fleet) in Sao Paulo as a proxy of demand
pressure, given the prevalence of this type of source. Other sources of
pollutants, such as industries, indoor sources, were considered homo-
geneously distributed over the 14 study stations. Therefore, our demand
values may also present an underestimate of reality and some differ-
ences among stations in emissions from other sources may have affected
our results. Thirdly, this study uses different spatial scales as a proxy for
flow, which may not represent the reality of the movement of pollutants,
since this flow can depend on atmospheric, relief and even building
structure variables, among others. Although our estimated flow (i.e.,
spatial scales) values are supported by the literature, there are few
studies that have tested the dispersion of these pollutants in tropical
areas. Therefore, the spatial scales may be higher and more complex
than what was considered here. In addition, meteorological variables
were not available for all monitoring stations. In case of missing data, we
assumed that the microclimate of the nearest station would be similar,
and used these values. Despite using most meteorological stations pre-
sent in the city of Sao Paulo, and that they are well-distributed and
capture the different conditions that exist, extrapolations should be
made with caution. Therefore, although the rationale of our analyses
and our indicators are well supported by the literature, other studies
with more refined measurements of supply, demand, flow and climate
are needed to validate these analyses.

4.2. Implications for management

Our study can be used to improve the planning of urban green areas
for increased provision of air quality regulation services. Our results
show that the amount of green areas is important to guarantee the de-
livery of the air quality regulation service. Whether by increasing
vegetation density in existing green areas or creating new ones (e.g.,
parks, squares), it is crucial to expand the surface area available for dry
deposition. In this case, the more vegetation, the better. Crucially, an
increase in the amount of green areas can not only increase the supply,
significantly reducing pollution, but also minimize the distances be-
tween supply and demand, potentially increasing service flow (Mitchell
et al., 2015).

Our results also highlight that green areas can provide this service at
distances exceeding 1000 m from the demand areas, and that a less
fragmented spatial configuration of those areas would be more benefi-
cial for service provision. Therefore, creating or maintaining large green
areas and avoiding their fragmentation in regions up to 1000 m from
large polluting sources can contribute to improving air quality in urban
areas. However, the spatial arrangement of green areas that maximizes
air regulation services may not necessarily enhance the provision of
other ecosystem services, such as local climate cooling and urban runoff
reduction (Pataki et al., 2011). These factors need to be considered
collectively in urban planning, with trade-offs that must be acknowl-
edged when designing urban spaces.

Finally, the provision of air quality regulation services can increase
up to threefold during periods of reduced demand pressure. To keep
pollutant concentrations within acceptable limits for human health and
maximize the benefits of urban vegetation, it is ideal to also implement
measures that reduce vehicular emissions, such as enhancing public
transportation access and promoting hybrid and remote work options.

5. Conclusions

Our findings highlight the benefits of green areas for air quality
regulation in large cities, especially when pollutant emissions are lower,
which prevents the saturation of air quality regulation services. Conse-
quently, managing demand pressures, such as vehicular emissions, can
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enhance the potential for these services. Therefore, programs aimed at
reducing pollutant emissions are crucial for improving air quality
regulation in megacities.

Increasing the overall amount of green space is essential for
enhancing air quality regulation services. While continuous green areas
are more effective for the deposition of PMjy 5, NO5, and CO, fragmented
green areas are valuable for PM;( deposition and provide additional
ecosystem services, such as urban cooling and cultural benefits. Given
that air quality regulation services extend up to 1 km from pollution
sources, having green areas located between 500 and 1,000 m from
congested roads can significantly contribute to improving air quality
and offer potential health benefits.
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