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Abstract: Our aim is to contribute to understanding the role of subtropical trees on carbon storage
and CO2 removal in the city of Sao Paulo/Brazil, besides highlighting the surrounding environment
implications to sibipiruna trees (Cenostigma pluviosum)’s performance. The case study was conducted
with three trees, one planted on a sidewalk in Pinheiros neighborhood, a highly sealed area, and
two in a green area, the Ibirapuera Park. To define the stem basal area growth and its pattern, local
measurements were taken over a year and a segmented linear regression model was adjusted. The
stem growth dependency on microclimate was tested by a Spearman Correlation. The trees’ active
stem growth presented a similar pattern. The soil volumetric water content and soil temperatures
were the variables with more impact. The total mean radial stem growth for the IBIRA1 and IBIRA2
trees was 1.2 mm year−1 and 3 mm year−1, while at PIN1 it was 1.3 mm year−1. The total biomass
increment in IBIRA1 and IBIRA2 was 4.2 kg C year−1 and 12.8 kg C year−1, while in PIN it was
4.9 kg C year−1 and the removal was 15.3 C year−1, 47.1 kg CO2 year−1 and 17.9 kg CO2 year−1,
respectively. The results indicated that the land cover difference implies a significant interference
with the promotion of carbon fixation and CO2 removal, demonstrating that planting urban trees in
soils with better water storage conditions is more efficient.

Keywords: ecosystem services; stem growth; carbon storage; biomass; urban forest; Cenostigma
pluviosum; sibipiruna tree

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) [1] considers urban forests
an important priority for cities to mitigate climate change by carbon sequestration and CO2
removal, one of the proposed options for carbon offsetting approaches [2].

Urban green spaces are very important for promoting ecosystem services (ES), which
are benefits that can be obtained from nature, as flows of materials and energy, combined
with manufactured and human capital services to produce human welfare and represent
part of the total economic value of the planet [3–5]. Overall, ES are constituents of human
well-being by promoting security, basic material for a good life, and health [6]. According
to the Common International Classification of Ecosystem Services (CICES) [7], ES are
organized into three main categories: regulating, provisioning and maintenance, and
cultural services.

In urban areas, the most studied ES are the regulating services [8–10], such as urban
flood control by green areas [11,12], air pollution removal by trees and plant leaves [13],
trees acting as a sink for carbon dioxide (CO2) by fixing carbon during photosynthesis and
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storing carbon (C) as biomass [14,15], and air temperature cooling by crown shade and
evapotranspiration from vegetation leaves [16–18].

Some urban planning initiatives, such as the creation of urban green spaces, can have
positive effects on urban microclimates [19–21], which receive even more attention due to
the urban heat island effect (UHI) [22–24] caused by urbanization, resulting from differences
in heat fluxes between urban and rural areas, with urban areas generally absorbing and
storing more sensible heat than rural areas [25–28].

Urban vegetation promotes ES regulation and reduces some negative impacts of
urbanization, such as higher temperatures, UHI, air pollution, noise pollution, and flood-
ing [29–31]. Trees, because of their larger volume, can keep more biomass and have the
potential to store relatively high amounts of carbon compared to other types of urban
vegetation, such as shrubs and grass; they are therefore an important priority for cities in
their task to mitigate climate change [30,32,33]. Bamboo also has a positive effect on micro-
climate characteristics and thermal comfort [34]; its different species can be considered as
reducing the negative impacts of climate change as a large carbon sink in nature, playing a
key role in adapting and improving human ecosystems [35].

The IPCC [1] indicated with high confidence that average temperatures are expected to
increase in all Latin America and Caribbean subregions and will continue to rise at higher
rates than the global average, as will the extreme precipitation events. The intensity of UHI
in the Metropolitan Region of São Paulo (MRSP) was assessed by [36–38] and showed a
maximum UHI intensity of about 5.5 ◦C in spring. Among other warming trends, heat
waves are a natural phenomenon, a cycle of drought and extreme heat, and are expected
in a warming climate. These significant trends are increasing in frequency, intensity, and
duration, especially in large cities in southern Brazil and other areas [39].

As the largest city in Latin America and the Caribbean (LAC) [40], the city of São Paulo
has an urban expansion process that has occurred in parallel with significant suppression
of urban vegetation [41]. This implies several serious environmental and health problems,
such as air pollution, flooding, and the UHI [36].

Another common aspect of this region is related to poverty and inequality, which
is the most difficult challenge faced there, reflecting the environmental degradation ob-
served [40,42] and the different spatial distribution of green areas in the city.

Brazil emitted 2.4 billion gross tons of greenhouse gases in 2021, an increase of 12.2%
compared to 2020. The rise in deforestation, especially in the Amazon Rainforest, was
mainly to blame for the increase in emissions [43].

A pressing environmental issue common to many cities is the amount of carbon
dioxide (CO2) emitted by services and industry, as well as by people’s lifestyles and energy
consumption [1,44], which, along with other gases, contributes to the greenhouse effect that
causes the planet temperature to rise [1]. The same happens in the city of São Paulo; 2019
accounted for a total gross emission of 11.53 million tons of CO2 [42], most of which came
from the energy sector, specifically from fossil fuel vehicles, such as cars, buses, motorcycles,
and trucks [43,45,46].

Many studies have suggested that urban forests may act as a local sink within
cities [47–49]. Nowak et al. [50] quantified the carbon (C) storage and sequestration by
urban trees in United States urban areas; they estimated 643 million tons of C stored and
25.6 million tons of C annually sequestered per year. Zhao [51] quantified C storage and
sequestration by urban forests in Hangzhou, China; the total was estimated at 11.74 million
tons of C, and sequestration was 1,328,166.55 t C per year, annually representing an 18.57%
offset of the amount of carbon emitted by industrial enterprises.

The ability of urban trees to retain and store carbon has also been studied in the
LAC region [52–54]. CO2 sequestration is the most valuable service provided by the
parks in Sao Paulo city [55]. Most LAC publications frequently deal with issues related
to ecosystem services in relation to biodiversity conservation and the quantification of
regulating services [56].
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Carretero et al. [57] estimated the carbon storage of Morus alba trees as a dominant
species in the urban forest of Mendoza city, Argentina, considering the total tree coverage;
all city area, both urban and rural, accumulates 67,208 tons of carbon, evidencing the
relevance of urban forestry for carbon storage. Reynolds [58] found 103.8 KgCO2 stored
attributed to all the public trees at Aburra Valley, Colombia, and the same trees were
estimated to remove 2 kg CO2 year−1.

Although some studies have linked the influence of green spaces on promoting ES to
trees in the LAC region, little research has been conducted to quantitatively understand the
effect of urban trees on carbon storage due to growth in a subtropical region, such as the
city of São Paulo, and there is a need for studies that can help to better demonstrate this.

Urban trees are severely impacted by urban conditions [59], such as sealed surfaces
that result in reduced water availability [60], limited nutrient availability [61], reduced
soil aeration [62], reduced rooting space [63], and high soil compaction and high bulk
density [64].

Many studies have indicated that tree growth patterns are influenced by the sur-
rounding environment; the more sealed the site, the less water is absorbed, and the less
photosynthesis takes place, resulting in less carbon (C) being produced for growth and
metabolic functions, negatively affecting tree growth [65,66].

Regarding tree growth patterns, radial stem growth is a common response variable
in forestry and ecological tree research, as it regards tree health, yield, and ecosystem
functioning [67–69].

To better explore this mutual relationship, based on the influence of the environment
on the growth of trees and the effect of trees on the environment, this paper investigates
the potential of urban trees to retain carbon and their sequestration rate measured by stem
growth and the influences that two distinct urban sites, a park and a neighborhood paved
sidewalk, have on these variables in the city of São Paulo, Brazil.

The research addressed the following questions:

A. How is the Cenostigma pluviosum trees’ growth pattern considering the trees’ surround-
ing environment interference?

B. How does the stem radial growth of Cenostigma pluviosum depend on local meteo-
rological parameters: air temperature (◦C), air relative humidity (%), precipitation
(mm), soil temperature (◦C), and soil volumetric water content (%)?

C. What are the estimates of the total carbon stored and CO2 annually sequestered by
the trees studied?

2. Materials and Methods
2.1. Study Area

Brazil is the largest country in Latin America and the Caribbean (LAC), with 84.3%
(160 million) of its population living in urban areas [70,71]. Its largest urban agglomeration
is the Metropolitan Region of São Paulo (MRSP), with 39 municipalities totaling 22 million
inhabitants [72].

São Paulo, the largest city in Brazil and the second largest in Latin America and the Caribbean
(LAC), has an area of 1,521,110 km2 and is densely populated (7398 inhabitants/km2) [71]. The
estimated population of the municipality is 11,451,245 inhabitants [72].

According to the Köppen-Geiger climate classification, the city of São Paulo has a
Cwa climate (humid subtropical), presenting a dry winter (July, August, September) and a
warm summer (January, February, March) [73]. From 1990 to 2019, the average rainfall per
year was 1552 mm, mostly occurring in summer; the average minimum temperature was
13.8 ◦C, and the average maximum was 27.9 ◦C [74]. The city is located on a plateau of an
escarpment that separates the metropolitan area from the coastline, and its sea breezes also
influence climatic patterns [75,76].

After a dedicated field campaign, we selected two different areas in São Paulo, ap-
proximately 4.9 km away from each other, which had the same tree species compared in
their different environmental conditions: the first one, Pinheiros neighborhood, is in an
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urbanized area, mixed with residential low-rise buildings and a commercial zone, where
the trees were planted in the pavement area; and the second one in a green area, Ibirapuera
Park, the largest urban park in the city, where the trees were surrounded by a permeable
area, grass, and a parking lot over permeable soil (Figures 1 and 2). In this paper, both
areas will be identified as the TreeLabs PIN, for Pinheiros neighborhood, and IBIRA, for
Ibirapuera Park.
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Figure 2. TreeLabs installed in (a) the Ibirapuera Park (TreeLab IBIRA) and (b) the Pinheiros neigh-
borhood sidewalk (TreeLab PIN). São Paulo, 2021. Julia R-Leite.

Another important aspect of the locations chosen was the security to protect the
equipment from vandalism by the SABESP Headquarters (Basic Sanitation Company of the
State of São Paulo-Sabesp) in the Pinheiros neighborhood and the Municipal Police Station
in Ibirapuera Park. To reinforce this, we designed and built a solid iron casing to protect
the equipment on each tree (Figure 2).

2.2. Tree Selection and Morphological Measurements

Due to the sensor availability, we selected three individual trees to study: two sur-
rounded by grass in Ibirapuera Park (IBIRA1, IBIRA2) and one tree on the sidewalk at
Pinheiros neighborhood (PIN1) and one tree, all of them of the species Sibipiruna (Cenos-
tigma pluviosum) (Figure 3) [77], a common tree species in the city, which is very well
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adapted to urban areas and widely planted in the city, a native tree of the Brazilian At-
lantic Forest. It is a yellow flowering ornamental tree, a semi-deciduous species that loses
most of its leaves during the winter (June–August) [78,79]. The specific wood density is
654 kg/m3 [80], and the specific leaf area is 27.21 m2/kg [81].
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All the trees have similar structural characteristics. Rahman et al.’s [82] methodology
was used for the structural measurements and analyses. Stem diameter at breast height
(DBH) was measured using a diameter tape at a height of 1.30 m. Tree height was calculated
using a MileSeey PF3 pulse laser rangefinder. Crown radii were measured with a tape
measure in eight intercardinal directions along the ground surface from the center of the
trunk to the tip of the projection shoot and used to calculate the crown projection area (CPA).

The leaf area index (LAI) was obtained by hemispherical photography taken in October
2022, using a Canon EOS 6D camera with a fisheye lens (SIGMA 8mm F 3.5 DG circular),
following Moser et al. [64]. Among several methods, LAI values were calculated using
the LAI-2000G algorithm with WinSCANOPY 2009a software (Regent Instruments, Inc.,
Quebec, QC, Canada).

The surface sealing [%] was derived from the unsealed area (UA) and the maximum
crown projection area influence (CPAmax). The mean crown radius (CR) was calculated
by taking the average of the distance from the tree trunk to the widest measured crown
extension in the cardinal and intercardinal directions (N-NE-E-SE-S-SW-W-NW) with a
measuring tape (accuracy ± 0.1 m). The maximum crown projection area influence equals
π multiplied by the 1.5-mean crown radius squared. In the same way, UA was calculated
by the squared mean radius of the unsealed distances measured from the tree trunk to the
sealed area in all cardinal and intercardinal directions and multiplied by π. The sealed area
was calculated by deducting the unsealed area from the maximum crown projection area
influence. The surface sealing [%] is the ratio between the sealed area and the maximum
crown projection area influence.

2.3. Biomass Estimated by Allometric Relations

Carbon storage in urban forests depends on the accumulation of biomass in trees,
which is affected by tree structural characteristics, such as canopy cover, LAI, wood density,
photosynthesis rates, site conditions, and DBH [47,83,84]. Carbon sequestration is directly
related to the annual rate of change in carbon stored in above- and belowground biomass
over the course of one growing season [85,86].

To estimate the total biomass of the trees studied, we applied allometric equations
systematized in the CityTree model [30] based on the relationship between DBH, tree height,
crown start, and wood density [47,87,88]; these calculations can provide information about
the volume of a tree (volumetric equations) and the dry weight of a tree (direct equations).
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2.4. Meteorological Data Collection

The weather data used in the research were derived from the meteorological station of
the LSF/IEE-USP [74]. The data included air temperature (◦C) and relative humidity (%).
Precipitation (mm) was obtained from FCTH [89]. All data were recorded continuously
with a resolution of 10 min from 24 August 2021 to 15 October 2022.

2.5. Soil Volumetric Water Content and Temperature Measurements

The percentage of water in the soil and temperature were measured at both sites using
the EM 36—Soil Volumetric Water Content (VWC) and Soil Temperature Sensor (Ecomatik
GmbH, Dachau, Germany). Four sensors were installed horizontally at each site under the
trees through the soil profile to a depth of 15 cm. Raw data were collected every 10 min
from 24 August 2021 to 15 October 2022 and stored in a Campbell CR300 data logger
equipped with a Campbell Logger Multiplexer DL 96.

In Ibirapuera Park, the sensors were installed under 20 cm of the unpaved area at a
distance of 3 m around each of the trees. In Pinheiros, however, the unpaved area around
the trunk is narrow, and it was difficult to create the space to install the sensors because the
ground was full of stones. As the tree had almost no free space around its trunk, we chose
two trees planted beside it to dig and install two sensors around each tree, at the furthest
opening point from the trunk, about 25 cm away.

Two-sample t-tests were applied to verify the statistical difference in soil temperature
and soil volumetric water content.

2.6. Stem Growth

Continuous measurements of stem growth were made on each tree, equipped with
an automatic radius dendrometer type DR (Ecomatik, Dachau, Germany) at a height of
approximately 1.80 m. The changes observed in the dataset corresponded to radial growth
and water status in relation to diurnal diameter variation [90]. These were converted into
an electrical signal [91,92].

Raw data were collected every 10 min from 24 August 2021 to 15 October 2022 and
stored in a Campbell Scientific CR300 data logger equipped with a Campbell Logger
Multiplexer DL 96. After data processing, the daily values recorded by the dendrometers
at 6 a.m. were used for the analyses detailed as follows.

The growth analysis included the trees PIN1, IBIRA1, and IBIRA2. Dendrometer dis-
placement was converted into micrometers, and daily radial growth curves were developed
for each tree.

Based on the growth pattern, it was possible to assume that growth appears to occur
at a constant rate for certain time intervals.

We have fit separate models for each one of the three trees. To account for different
growth rates according to four different time periods, the models were based on a seg-
mented regression methodology [93]. The time periods were specified a priori, and they
depend on the tree. The model for tree i can be expressed as:

STGij = ai + bitij + ci
(
tij − ki1

)
+
+ di

(
tij − ki2

)
+
+ ei

(
tij − ki3

)
+
+ ε1ij (1)

where STGij is the response (dependent) variable representing the average stem growth for
tree i at time tij, the independent variable. Also, in Equation (2),

(tij − kil)+ = I(tij > kil)(tij − kil)

=

{
tij − kil i f tij ≥ kil
0 i f tij < kil

(2)

with kiℓ representing the ℓ-th (= 1, 2, 3) change-point defining each one of the four time
periods in which changes in the rate of growth take place for tree i. The term εij represents
the error, assumed to be normally distributed with mean 0 and variance σ2i.

Alternatively, the model in Expression (1) may also be written as:
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STGij =


ai + bitij + ϵij, if tij ≤ ki1
ai + bitij + ci

(
tij − ki1

)
+ ϵij, if ki1 ≤ tij < ki2

ai + bitij + ci
(
tij − ki1

)
+ di

(
tij − ki2

)
+ ϵij, if ki2 ≤ tij < ki3

ai + bitij + ci
(
tij − ki1

)
+ di

(
tij − ki2

)
+ ei

(
tij − ki3

)
+ ϵij, if tij ≥ ki3

(3)

All data analyses were performed in R software, version 4.3.1, using the programmable
library segmented [94]. The standard errors (SE) and the confidence intervals with a 95%
confidence coefficient for all growth rates of interest were calculated.

2.7. Biomass Increment, Carbon Storage, and CO2 Fixed

With the total stem growth defined for each tree and area studied, the biomass incre-
ment, carbon storage, and fixed CO2 were derived from the City Tree 3.1 model [30]. The
tree species-specific parameters applied were wood density (kg dw/m3) and specific leaf
area (m2/kg dw). Parameters to calculate stem biomass and foliage biomass were DBH
(cm), height (m), crown start (m), crown diameter (m), and LAI (m2/m2). Branch biomass
was estimated according to Forrester et al. [95]. The belowground biomass was estimated
and corrected for tropical climate according to Cairns et al. [96]. The model calculated the
total biomass (kg C) for the trees at the beginning of the measurement on 24 August 2021
and after 15 October 2022, which resulted in the C storage and fixed CO2 during this period.

2.8. Statistics

Further data analysis was developed with R version 4.3.1 (functions readr; readxl;
lubridate, among others) [97]. Spearman’s rank correlation tests were applied to assess the
influence of meteorological data, soil temperature, and volumetric water content on the
trees’ daily growth value by cor.test function.

3. Results
3.1. Tree Morphological Characteristics

The trees at Ibirapuera presented similar morphological characteristics, except for the
crown, where IBIRA2 had a lower CPA (27%) and LAI (50%).

PIN 1 is around 2.89 m shorter (23%) and has a crown with less volume than those
in Ibirapuera Park (27%, 35%) (IBIRA). The crown projection area (CPA) in Pinheiros is
larger (42%, 58%), and its degree of grass area within CPA was much smaller than the value
found in Ibirapuera Park TreeLabs (0.29% against 100%) (Table 1). The trees at Ibirapuera
do not have as much sunlight, being shaded by other trees, despite having 100% permeable
soil around.

Table 1. Average morphological characteristics of trees and degree of openness within the crown
projection areas (CPAs). (±) Standard error of the mean.

CPA
(m2)

Degree of
Grass Area
within CPA

(%)

Crown
Diameter

(m)

Crown
Start
(m)

Crown
Volume

(m3)

DBH
(cm)

Height
(m)

LAI
(2000)-Log

October
2022

TreeLab
IBIRA

1 90.27 100 10.72 9.5 315.9 40.13 13.00 2.94
2 66.15 100 9.18 7.2 357.23 49.70 12.60 1.47

TreeLab
PIN

1 154.48 0.19 14.02 7.2 231.71 49.40 9.77 3.29

PIN1 also had higher values of crown diameter (14.0 m) and DBH (49.4 cm).
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3.2. Microclimatic Conditions

The microclimatic conditions along the studied period are presented in Figure 4.
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University of São Paulo between 24 August 2021 and 15 October 2022.

Concerning precipitation, we verified an initial rainy period with a monthly accu-
mulation of 236 mm in October 2021, reaching its maximum in December 2021 (285 mm).
In March 2022, a decrease was observed, when a monthly accumulation of 135 mm was
registered, marking the beginning of a drier period, which reached the lowest monthly
value in June 2022 (17 mm) and extended until September 2022. No higher values were
presented in monthly accumulation (36 mm), but more frequent rainfall events occurred,
which can characterize a change in the rainfall pattern.

Relative air humidity was the highest in January 2022, with a monthly average of 84%
(±7.6), and the lowest in July 2022, 70% (±7.5), rising again from September 2022 with
80%. The air temperature started to rise in October 2021, corresponding to early spring,
and had its peak in summer on 18 January 2022, at 35.06 ◦C; the highest monthly average
air temperature was 24 ◦C, recorded in March 2022 (±2). In May 2002, the temperatures
decreased; the lowest temperature was recorded on 5 May 2022, at 5.9 ◦C, with June 2022
being the month with the lowest average temperature at 17 ◦C (±2). It went back up with
the beginning of spring, from October 2022, with a monthly average of 20 ◦C.

3.3. Soil Volumetric Water Content and Temperature Status

Given that the permeable area rate under the CPA in tree PIN is only 0.29% and that in
trees IBIRA it is 100%, the results marked by the soil sensors indicate that soil permeability
has a positive effect on the increase of soil moisture and a negative effect on soil temperature
(Figure 5).
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Figure 5. Daily mean totals of soil temperatures (ST) (◦C) and soil volumetric water content (VWC)
(%) at two sites: TreeLabs IBIRA and TreeLabs PIN between 24 August 2021 and 15 October 2022.

Soil temperature was higher at PIN throughout the period. Yet, we observed the
opposite situation for volumetric water content (VWC). In IBIRA, there was a higher
percentage of water volume in the soil throughout the period.

The total soil temperature (ST) mean in PIN was 2.2 ◦C higher, registering 21.25 ◦C
(±2.14), while in IBIRA it was 19.05 ◦C (±2.37) (t-value = −14.069, df = 823.48,
p-value= 2.2 × 10−16). The plots showed similar behavior where the soil temperature
increased gradually from October until March 2022, when they reached the highest monthly
value for IBIRA, at 22.6 ◦C, and for PIN, at 24.3 ◦C. Afterward, the temperatures began
to decrease, reaching lower temperatures; IBIRA in July 2022 (16.4 ◦C) and PIN in June
(19.1 ◦C). In both areas, the ST started to increase from October 2022, presenting 18.7 ◦C
and 19.9 ◦C, respectively, following the higher air temperatures (Table 2).

Table 2. The mean difference between the two sites: TreeLabs IBIRA (Ibirapuera Park) and TreeLabs
PIN (Pinheiros neighborhood) in terms of ST (soil temperatures) and VWC (volumetric water content).

Sites ST (◦C) VWC (%)

IBIRA 19.0 ± 2.4 * 22.0 ± 6.8 *
PIN 21.2 ± 2.1 * 17.5 ± 6.6 *

t-value −14.069 9.5324
df 823.48 831.53

p-value 2.2 × 10−16 2.2 × 10−16

± Standard error of the mean. * Mean values vary significantly at p < 0.001.

Concerning the total value of volumetric water content (VWC) mean, in PIN the result
was 17.6% (±6.63), and in IBIRA it was 22.0% (±6.79), being 4.4% higher than the value
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registered in PIN (t-value = 9.5324, df = 831.53, p-value = 2.2 × 10−16). In the two study
areas, the highest monthly mean values were measured in IBIRA in March 2022 (29.4%)
and PIN in January 2022 (28.5%), both in the summer, according to the highest precipitation
accumulation (Table 2). These values are related to the rainfall season (from December
to the end of March), with the highest amount of rainfall registered in December 2021
(285 mm); probably, the VWC at IBIRA is higher until March, because the permeable area
is able to keep the soil humidity longer. The lowest monthly average VWC percentages
were recorded in IBIRA in May 2022 (22.8%) and in PIN in July 2022 (14.7%). In both areas,
the VWC started to increase again after September 2022, presenting monthly values of
25.13% and 20.13%, respectively, corresponding to the beginning of the next rainfall season
(Figure 5).

3.4. Stem Growth Pattern

The mean daily growth increment of Cenostigma pluviosum presented similar behavior;
however, we notice that the growth rate of the trees does not seem to be constant over time
(Figure 6). The segmented linear regression models with three switching points resulted in
four distinct straight lines for each tree [94,95]. The days related to each point are specified
in Table 3 that presents the estimated growth rates over time for each of the trees, with the
estimated increases and decreases at the switching points.
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Figure 6. Daily growth of the Cenostigma pluviosum trees at Ibirapuera Park and Pinheiros neighbor-
hood between 24 August 2021 and 15 October 2022 (418 days in total).

The PIN1 tree’s total stem growth is reduced compared to the two trees in IBIRA.
Comparing trees PIN1 and IBIRA1, they have similar total growth over time, but the
estimated growth rate in tree PIN1 was noticeably higher from 10 March 2022 to 12 April
2022, resulting in higher growth in the end (Table 3). Trees IBIRA1 and IBIRA2 have similar
beginning and ending of the growth curve, but between March and April 2022, a very
high growth increase is noticed, which precedes an abrupt decrease in growth rates from
17 March 2022 at tree IBIRA1 (Table 3) and 30 March 2022 at tree IBIRA2 (Table 3).

All trees presented a period of reduced growth that coincided with the autumn season
(Figure 6), with lower precipitation, temperatures, VWC, and ST. For tree PIN1, the low
stem growth period stabilization is from mid-March 2022, and for tree IBIRA2 and tree
PIN1, from early April 2022; all are similar dates. This stabilization time extends until
October 2022.
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Table 3. Estimated stem growth rate (µm/day) and confidence interval for each studied tree and
their respective time frame division.

TreeLab Time Frame
Estimated Stem

Growth Tax (µm/day)
Confidence Interval

Lower Limit Upper Limit

IBI1

24/08/21–19/10/21 9.29 8.43 10.15
19/10/21–03/01/22 7.75 7.19 8.31
03/01/22–17/03/22 2.06 1.46 2.67

after 17/03/22 −0.08 −0.21 0.05

IBI2

24/08/2021–10/02/22 9.54 9.37 9.70
10/02/22–30/03/22 28.76 27.61 29.91
30/03/22–01/08/22 0.30 0.03 0.57

After 01/08/22 0.81 0.03 1.59

PIN1

24/08/21–28/11/21 6.33 5.94 6.73
28/11/21–10/03/22 1.50 1.15 1.86
10/03/22–12/04/22 10.69 8.73 12.65

after 12/04/22 0.89 0.73 1.06

The model below (Figure 7) provided an Adjusted R2 of 0.998, indicating adequate
adjustment using segmented linear regression with 3 random cutoff points. Confidence
intervals with a 95% confidence coefficient for the growth rates of all trees are presented
below. The confidence interval is equivalent to performing a hypothesis test to verify that
the rate is statistically different from zero (when the value 0 should not be in the interval).
Figure 7 shows the adjustment obtained for the tree growth curves resulting from the
estimated growth rates.
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3.5. Microclimatic Effects on Stem Growth

The interference of the microclimate variables ST, VWC, P, ARH, and AT with stem
growth was tested by a Spearman Correlation (Figure 8 below) during the stem growth
period, considered between September 2021 and the end of March 2022 (Figure 7, Table 3).
The other months were not included in these analyses because of their low stem growth
rate (Table 3).
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Figure 8. Spearman’s correlation between the stem growth daily average (micrometer) and the
microclimate variables for the months included in the tree growth period from September 2021 to
March 2022. (A)—(VWC) Volumetric water content (%); (B)—(ST) Soil temperatures; (C)—(AT) Air
temperature; (D)—(ARH) Air relative humidity; (E)—(P) Precipitation; (F)—for all the measure-
ments together. Asterisks indicate a significant correlation (* at α < 0.05, ** at α < 0.01, *** at an
α-level < 0.001).

According to the analysis of all months together (Figure 8), VWC and ST were the
microclimatic variables that most impacted the stem growth of all trees with a high and
significant correlation, especially VWC to IBIRA1 (0.82, ***) and IBIRA2 (0.76, ***), which
presented a higher correlation coefficient than PIN (0.67, ***). Although the monthly corre-
lations for ST vary and include negative values, the overall positive correlation indicates
that the months with the strongest positive correlations prevail, presenting significative
values to PIN (0.57, ***), IBIRA1 (0.81, ***), and IBIRA2 (0.83, ***).

The other correlations for all the months together did not present significant interference.
The monthly correlations varied considerably, reflecting the complexity of the interac-

tions between environmental variables and tree growth.

3.6. Stem Growth Increment

Considering the entire study period the trees were measured by dendrometers, from
24 August 2021 to 15 October 2022, the radial stem growth were 1.2 mm and 3 mm,
respectively, for IBIRA1 and IBIRA2, and for the tree PIN1 1.3 mm (Table 4).

In the same period studied, the basal area increment (BAI) for IBIRA1 and IBIRA2 was
1516.6 mm2 yr−1 and 4710 mm2 yr−1, and for PIN1 it was 2021.8 mm2 yr−1 (Table 4).
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Table 4. Measured stem growth increment (mm), BAI—Basal Area Increment in mm2, all values per
tree and also the average for each studied area, IBIRA and PIN. ±SD (Standard Deviation); period:
24 August 2021 to 15 October 2022.

Site Stem Growth Increment
mm/Period

BAI—Basal Area Increment
mm2/Period

IBIRA1 1.2 1516.6
IBIRA2 3.0 4710.0

PIN 1.3 2021.8

3.7. Biomass, C-Storage, and CO2 Removal

For tree PIN1, the initial values of total biomass and fixed CO2 were 463 kg of C and
1698 kg CO2, respectively; for IBIRA1, 347.7kg of C and 1274.80 kg CO2; and for IBIRA2,
521.1 kg of C and 1910.60 kg CO2 (Table 5).

Table 5. Calculated total biomass increment (kg C) and total fixed CO2 increment (kg) along 418 days,
based on the initial and final values; all values per tree and the average for each studied area: IBIRA
and PIN. ±SD (Standard Deviation).

Initial Total
Biomass
(kg C)

Initial
Fixed CO2
(kg CO2)

Final total
Biomass
(kg C)

Final Fixed
CO2

(kg CO2)

Total Biomass
Increment

(kg C)

Total Fixed CO2
Increment
(kg CO2)

24/08/2021 24/08/2021 15/10/2022 15/10/2022 418 days 418 days
IBI1 347.7 1274.80 351.1 1287.40 4.2 15.3
IBI2 521.1 1910.60 532 1953.70 12.8 47.1
PIN 463.1 1698 468 1716 4.9 17.9

Considering the total biomass of the trees at the beginning of the study, and based on
the rate of the total basal area increment (mm2/per tree) of each area, we could estimate that
from 24 August 2021, to 15 October 2022, the growth corresponded to a biomass increment
in PIN1 of 4.9 kg C yr−1; in IBIRA1, it was 4.2 kg C yr−1; and IBIRA2, 12.8 kg C yr−1.
They fixed, in PIN1, 17.9 kg CO2 yr−1; in IBIRA1, 15.3 kg CO2 yr−1; and in IBIRA2,
47.1 kg CO2 yr−1 (Table 5).

4. Discussion

The Cenostigma pluviosum stem growth pattern displayed a sharp increase between
spring and late summer and a dormancy phase from autumn, which included all the
winter, and resumed its increase for the next springtime. Gheyret et al. [98] compared
the growth pattern of evergreen and semi-deciduous forest trees in a Chinese subtropical
environment, and for the semi-deciduous trees, the growth pattern was the same as we
found for Cenostigma pluviosum, also a semi-deciduous species, while they found for
evergreen trees a slightly longer growth period, until late autumn.

Even the tree planted on the Pinheiros’ sidewalk, which has a higher LAI value, crown
projection area and crown diameter higher, showed a lower radial and basal stem growth
rate, total biomass increment (kg C), and total fixed CO2 increment (kg CO2) in comparison
to the IBIRA2 tree. During the period studied, tree stem growth was higher in IBIRA2,
with permeable surroundings and consequently higher soil moisture (Table 5), which is
related to their more intense metabolic activity. The IBIRA1 tree showed a lower radial
and basal stem growth rate, total biomass increment (kg C), and total fixed CO2 increment
(kg CO2) in comparison to PIN, very small difference between these two trees, although
IBIRA1 showed lower values like DBH, CPA, and crown diameter.

Regarding site characteristics, such as the degree of soil sealing, the more sealed the
surface, the less water is absorbed and the less photosynthesis occurs; consequently, less
carbon (C) is produced for growth and metabolic functions. The explanation for this is
the stomata closure, reducing transpiration rate and carbohydrate production. As a result,
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we have tree growth at the Pinheiros sidewalk being negatively affected. In this case, we
could observe that the growth patterns of Cenostigma pluviosum were influenced by the
soil surrounding environment. Both trees presented a significant difference between soil
temperatures and volumetric water content, registered by the soil measurements’ mean
value differences and presented by the VCW a significant and positive coefficient in the
Spearman correlation.

The ST variable presented a more complex interference over the trees’ growth. First,
because a lower temperature mean value was registered over all studied time at Ibirapuera
Park than on the Pinheiros’ soil. This was expected because the park soil has more shade
and humidity and receives less sun incidence. This inversion can be the reason the monthly
Spearman correlation was negative during September 2021 (PIN1), October 2021 (all trees),
January 2022 (all trees), February 2022 (PIN1), and March 2022 (all trees), indicating that
the Spearman correlation presented a negative interference between stem growth and soil
temperatures (ST) when the data were analyzed monthly.

Another aspect that may have influenced the ST correlation is the fact that stem growth
does not have a constant rate; it fluctuates and has often been close to zero, or even negative,
and these values may also have contributed to a negative correlation result.

The other microclimatic variables, such as AT, ARH, and P, also showed positive corre-
lation, albeit lower, but their results could not be directly used to compare the differences in
stem growth because the measurements were taken from a general meteorological station.
These data were only included to present a general idea about how they influence the trees’
growth rate behavior.

For the trees’ basal area increment, the results are consistent with the few references
found about trees of subtropical climate. Comparing the basal area growth of the three
trees, PIN1, IBIRA1, and IBIRA2, 2021.8 mm2 yr−1, 1516.6 mm2 yr−1, and 4710.0 mm2 yr−1,
respectively, were recorded in the period studied. The results of a more robust study carried
out by Gheyret et al. [98] on trees in a forest environment in China found a relative annual
basal increment ranging from 690 to 1940 mm2 yr−1 for the deciduous species and from
1870 to 3270 mm2 yr−1 for the evergreen species; these values are a relevant and comparable
reference for the results we found.

Comparing the results we found with other studies related to average carbon storage
per tree, the Sao Paulo city values are on the same level as the comparative results from
Europe. The average of C sequestration by PIN1, IBIRA1 and IBIRA2 are, respectively,
468 kg C, 351 kg C, and 532 kg C; accordingly, Russo et al. [99] found an average of C
storage per tree of 377 kg C, measured by allometric calculations with a sample of 468 trees
in the city of Bolzano, Italy. The average C sequestration per year was also similar to
the value found for IBIRA2; Russo et al. [99] presented the 12 Kg C yr−1 tree−1, and we
found for PIN1, IBIRA1, and IBIRA2, 4.9 kg C yr−1 tree−1, 4.2 kg C yr−1 tree−1, and
12.8 kg C yr−1 tree−1, respectively.

The same comparison could be made to results from Beijing, China, with values of
tree C storage presented as 130.62 kg C and for CO2 sequestration per year a result of
5.85 kg CO2 yr−1 from a study conducted in a forest environment [100], which is lower
compared to the values found for PIN1, IBIRA1, and IBIRA2: 17.9 CO2 yr−1, 15.3 CO2 yr−1,
and 47.1 CO2 yr−1, respectively.

Considering the differences in methodology, such as field measurement or modeling
approach, tree species, tree age, and especially that the comparisons were made with other
studies from temperate climates instead of subtropical ones, the results found in the present
research were comparable in magnitude to those from Europe and China, and showed
a higher CO2 sequestration rate, especially in the park situation (IBIRA). In a study on
subtropical trees, with a longer growing period and more abundant heat and soil humidity,
the results of higher growth rate values are equally expected [101–103].

There are some limitations to the current study, despite our efforts to accurately
measure and quantify C storage and annual CO2 sequestration by individual urban
trees. For example, the limited number of trees measured did not allow us to have a
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more significant sample size to analyze more meaningful results. The period of time
analyzed—418 days—is long, but it only represents the microclimatic conditions of this
period. With a more extended analysis in time and/or samples, it will be possible to better
understand the growth pattern of Cenostigma pluviosum and other local urban tree species.
To date, there are few studies related to this topic concerning trees in Brazil, or even Latin
America, that could be used to improve the discussion of the results.

Further research is needed, especially on subtropical trees commonly planted in
Brazilian cities, to closely monitor their growth and develop a more sophisticated allometric
growth model for these trees. Such data and models can help us better understand how
urban trees affect urban carbon balances and carbon cycling and guide further plans for
urban forests in Sao Paulo city.

5. Conclusions

This makes it possible to indicate that for better tree performance, an urban forest
plan should provide for planting on permeable surfaces so that CO2 sequestration and
C storage are maximized wherever possible. Where this is not possible, nor is the use of
permeable pavements, tree planting on sidewalks should be performed by planting boxes
underground, with large and adequate dimensions, as suggested by the municipality’s
technical literature.

São Paulo city, densely urbanized and heavily populated, is subject to the effects of
UHI [34] and is also susceptible to the implications of climate change, such as higher air
temperatures, increase in intense precipitation, and more flooding events [104]. It is a city
with numerous neighborhoods still lacking green areas and street trees, which makes it even
more necessary to expand the vision of the role of trees in regulating these climate risks.
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