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ARTICLE INFO ABSTRACT
Keywords: Urban forest soils play a pivotal role in enhancing the environmental sustainability of cities, contributing to
Carbon cycle various natural processes, including plant-microbe interactions, microbial activity, and the decomposition of

Nitrogen cycle

Soil conservation
Urban forests
Urban sustainability

organic matter. Consequently, urban forest soils emerge as effective NBS, underscoring their potential to mitigate
environmental challenges and foster sustainable urban ecosystems. In these sense, this manuscript aimed at
evaluating how soil attributes of the urban forests of Sao Paulo, Brazil, with different adjacent land uses, in-
fluence the capacity to store the excess of C and N from anthropogenic emissions, making this ecosystem an
important reservoir of urban anthropogenic emissions. Three hundred urban forest soil samples were collected
from the surface to a depth of 50 cm. All samples were analyzed for C and N content (and their stable isotopes). In
addition, granulometric tests were also carried out to classify the soils. It was found that the most central forest
fragment has the highest C and N contents at all analyzed depths, probably due to the association with physical
aspects of soil texture. For all layers, the most central fragment soil sample, the only one with a clay soil, pre-
sented approximately twice as many elements when compared to the soil samples of the other sites. In general, C
and N stocks (and their stable isotopes, 5'3C and 5'°N, respectively) varied significantly in forests located in the
center-periphery direction (%N - F = 24.58, p < 0.05; %C - F = 22.48, p < 0.05; 8'°N - F = 4.27, p < 0.05; 5!3C -
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F=19.8, p < 0.05; C/N - F = 14.56, p < 0.05). This more central forest fragment with higher vehicle emissions
showed greater potential to store these atmospheric elements and with greater neutralizing efficiency than the
other forest fragments. 5!3C and 5!°N contents together with the G:N ratio indicated the efficiency of biogeo-
chemical cycling, through decomposition, in different urban forest fragments. More peripheral fragments showed
high efficiency in C and N cycling along the analyzed soil profiles, while in the most superficial layer, the most
central fragment was highly efficient. These shed light results how integrating NbS principles into strategic urban
planning and city-level climate policies can bolster the effectiveness of urban green areas. The integration not
only promotes carbon sequestration and efficient nutrient cycling in the soil but also fosters sustainable practices,
contributing to a more resilient urban landscape.

1. Introduction

Urban soils are key components to support ecosystem services and
strategies for climate change adaptation in cities, especially in terms of
offsetting greenhouse gases emitted by human activities (Lorenz and Lal,
2015; Li et al., 2022; Zhan et al., 2023). The atmospheric, hydrological,
and thermal conditions of urban environments influence nutrient
cycling in soils, thus limiting the use of biogeochemical models of non-
urban ecosystems in cities. This compartment, called “brown infra-
structure” (Pouyat and Trammell, 2019), offers a series of important
ecosystem services to cities including nutrient cycling, carbon seques-
tration and water purification. It supports the set of trees in cities i.e.,
green infrastructure) that optimize carbon sequestration and storage, in
addition to helping control water content in urban ecosystems. Thus, the
coupling between trees and soil together offers greater resilience to
cities (Chen, 2015). This underscores the need for a more in-depth un-
derstanding of biogeochemical patterns and processes in urban areas.

The classic concept of urban ecology assumes that anthropogenic
drivers influence the control of ecosystem structure and functions
(Alberti 2008), in addition to considering that anthropogenic effects
decrease in a linear gradient from the center to the periphery of cities
(Theobald, 2004). This may be a flawed concept due to the non-linear
and complex growth of cities. Urbanization is nonetheless estimated to
decrease the capacity to store carbon, contributing to the loss of up to
0.05 Pg C annually from forest biomass in pan-tropical regions, either by
changes in land use or by the intensification of erosive processes (Seto
et al., 2012). Furthermore, specific uses of urban areas, i.e., roads and
avenues with intense vehicular traffic or excessive industrial activity,
can interfere with the stock of elements in the soil as well as the size and
age of the city or functional zoning (Vasenev and Kuzyakov, 2018). In
addition, switching vegetation typology, e.g. from grassy fields to
wooded parks, or vice versa, can change carbon isotope ratios (*3C/!2C)
as well as the significant input of carbon from fossil fuels in soils
(Spencer et al., 2009; Pereira et al., 2022). Nevertheless, soils play a
critical role in the carbon balance, being responsible for storing up to
two-thirds of all the forest carbon present in cities (Richter et al., 2020).

The vehicular fleets and industrial processes adjacent to cities also
contribute to high amounts of N deposition in soils, changing the
availability of the element over time (Du et al., 2022; Cui et al., 2016;
Decina et al., 2020). This slow and continuous process of atmospheric
deposition can interfere not only with the amount of available nitrogen
(N) to plants in the soil but also determine the values present at different
depths, depending on soil type. Such N values in different soil layers may
result from specific geochemical or biological processes, which can be
reliably evidenced by the abundance of isotopic N, 5'°N.

Urban forests are subject to the continuous effects of heat islands;
therefore, it is expected that high temperatures increase the rate of
mineralization in the soil and interfere in N transformation processes
when compared to natural systems (Trammell et al., 2020). This tem-
perature effect is not limited to N and is also associated with lower C
stock in urban forest soils (Pouyat et al., 2006; Pouyat et al., 2017).

In recent decades, there has been a growing interest in studies related
to carbon and nitrogen in urban forests worldwide (Pouyat and Tram-
mell, 2019; Trammell et al., 2020; Du et al., 2022). However, in

countries of South America, where urban adaptation to environmental
challenges is imperative, information is still lacking in this field. The gap
is even more significant when considering the isotopic approach (5'3C
and 8'°N) in urban forests, with only a few studies exploring this aspect
(Pereira et al., 2022). Indeed, the spatial distribution patterns of the
abundance of 13C and '°N, whether as potential indicators of contami-
nation sources or of ecophysiological processes, are not well understood
in the tropics. Here, soils are generally poor in nutrients, acidic and
highly dependent on the cycling dynamics of organic matter deposited
on the surface (Bonilla-Bedoya et al., 2022).

The use of isotopic methodologies to accurately assess C and N can
shed light on the efficiency of urban forest soils in capturing and storing
these elements. Applying such approaches to vulnerable cities in Latin
America, as highlighted by Bonilla-Bedoya et al. (2022), can help update
management strategies to increase the soil carbon storage capacity in
urban-rural-natural gradient environments and contribute to local,
regional, and global climate variations. Furthermore, the greater ca-
pacity to store C and N can be an instrument for selecting priority areas
destined for conservation and carbon neutralization in urban sites. This
research approach can also be extended to manage forest fragments in
other vulnerable socio-ecological environments and support policy de-
cisions for expanding green infrastructure to adapt to large cities as well
as megacities in future climate change scenarios.

Increasing C and N stock through urban forests can serve as an
effective nature-based solution (NbS) to mitigate disturbances in
coupled systems, thereby ensuring the sustainability of social and
ecological systems (Pereira et al., 2021). Epelde et al. (2022) evaluated
the application of NbS under two conditions, ‘Feasible’ and ‘Ideal’, in an
urban district in Donostia-San Sebastian City, Spain, to optimize carbon
sequestration and storage in urban green areas. The soil sequestered
between 71% and 82% of the total amount of C and stood out for its key
role in climate change adaptation and mitigation strategies. Thus, by
combining the management of soils and vegetation, NbS increase the
amount of organic C and provide multiple benefits to soils, e.g., increase
edaphic biodiversity and pluvial flood control. Based on this premise, we
aimed to address the following research question: Considering the need
to neutralize excess atmospheric C and N emitted by human activities in
large subtropical cities, what would be the potential of urban forest soils
to store this surplus?

In our study, we hypothesized that C and N (%C, %N, 813C and
815N) in urban forests located along a center-periphery gradient in the
megacity of Sao Paulo would indicate the efficiency of soils being
enriched by these elements, making them efficient NbS for adaptation to
cities. Different land uses adjacent to forest fragments can be crucial in
enriching C and N content, especially in downtown urban soils (Tram-
mell et al., 2020; Pereira et al., 2022). Additionally, higher rates of N
redox in downtown urban soils may lead to a stronger discrimination of
15N, increasing soil 8'°N availability, especially in the upper soil layers
(Craine et al., 2009; Elmore et al., 2016). We also hypothesized that %C
stock is spatially related to land use and soil type (e.g., clay soils), and
that 5'3C values respond better to soil processes (e.g., litter production
and decomposition) showing a strong relationship with deep soil. Our
supposition was found to align with previous research (Martinelli et al.,
2017; Ngaba et al., 2019).
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This work is the first to investigate the main soil attributes of urban
forests in Sao Paulo, a Latin American megacity. We specifically aimed
to evaluate the physical-chemical structure, depth, and land use of the
surrounding soil, which influence the ability to store C and N, making
this compartment an important reservoir of urban anthropogenic
emissions.

Simple and low-cost alternatives to resolve complex issues are
increasingly desired, especially with regard to biodiversity and climate,
as well as settlements with great socio-environmental challenges. This
work points out, through isotopic indicators, the greater or lesser
accumulation of C and N in urban forest soils, thus offering a tool for the
management and expansion of urban forests in cities facing multiple
socio-ecological challenges.

2. Materials and methods
2.1. Study area

The area selected for our study is the megacity of Sao Paulo, Brazil,
covering more than 1,500 km?. It is situated almost entirely in the
Atlantic Forest biome at an altitude of more than 700 m a.s.l. A set of
water reservoirs in the peri-urban region guarantees water security for
the population. Unfortunately, these reservoirs have been threatened by
challenges with irregular occupation on their banks. Sao Paulo has the
highest Gross Domestic Product in the continent. With a population of
approximately 11,500,000 inhabitants, the city presents severe eco-
nomic and socio-environmental challenges (IBGE, 2023). Despite its
location in the richest region, a large part of the population lives on the
borderline of poverty and destitution, facing problems such as lack of
sanitation.

Severe environmental changes have recently taken place in the
municipality of Sao Paulo, marked by vast urban expansion and subse-
quent intense deforestation of the Atlantic Forest in an area of humid
forests interspersed with sedimentary river plains. This urban expansion
was accompanied by concentrated emissions of atmospheric pollution,
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creating hotspots of air contamination in the territory (Ferreira et al.,
2012; Ferreira et al., 2017), in addition to inducing other relevant im-
pacts, i.e., extreme heat island phenomena and the introduction of
exotic species.

Large green areas immersed in a gray matrix are evident on the
boundaries of the municipal territory, i.e., in peri-urban areas and dis-
tricts with high-income populations (Sao Paulo, 2020; Arantes et al.,
2021). Forest fragments of different sizes are spread throughout the city,
which play an important role in flood control, biogeochemical pro-
cesses, and the maintenance of urban biodiversity.

Precisely in the central region of Sao Paulo is located Trianon Park
(TP). This forest fragment lies at an altitude of 805 m a.s.l. and covers an
area of 4.86 ha; it is divided into two green blocks connected by a
pedestrian walkway crossing a busy avenue with heavy vehicular traffic.
TP is the only studied forest fragment without water bodies. Alfredo
Volpi Park (AVP) is situated in the western zone of the city, covering an
area of 14.24 ha ranging from 730 to 785 m a.s.1. This forest fragment is
located 6.0 km from the city center. Fontes do Ipiranga State Park (FISP)
is located in the southern zone and lies 11 km from the city center; it
covers a vast area of 495 ha and is dominated by dense forest remnants.
The altitude of this fragment varies between 759 and 837 m a.s.l. (for
details see Petri et al., 2018; Vieira et al., 2022). For this study the soil
samples were taken from a forest patch near the visitation area of the
Botanical Garden (area 2 in Petri et al., 2018). Carmo Park (CP), the
most distant fragment from the city center (19 km), is situated in the
eastern zone and covers an area of 150 ha within its polygon. The alti-
tude of CP ranges from 775 to 855 m a.s.l. (Fig. 1). TP is the forest
fragment with the greatest floristic diversity and most advanced suc-
cessional stage when compared to the AVP, FISP and CP fragments. The
latter is the most disturbed forest fragment, as it is periodically
vulnerable to fire occurrence (Aragaki, 2017; Silva et al., 2006).

2.2. Collection and analysis of edaphic material

Each forest fragment in this study had been previously divided into

| Carmo Park (P)

0 500 1.000 m
|

Alfreo i

Fig. 1. Location of forest fragments in the megacity of Sao Paulo.
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100 sub-plots of 10 m x 10 m, totaling 1 ha of studied area per fragment.
The exact location of the subplots followed a random procedure of
geographic coordinates which were assembled in 2019. Some works
have already been carried out in these forest fragments (Martins et al.,
2021; Pereira et al., 2022; Ramon et al., 2023) ensuring the sampling
design for ecological studies.

In each urban forest fragment (TP, AVP, FISP, and CP), 15 sampling
points were selected for soil collection. The sampling points were evenly
distributed between the edge, center, and core of each forest, thus
avoiding sample heterogeneity. Three soil samples were collected from
each sampling point at different depths: 0-10 cm, 10-20 cm, 20-30 cm,
30-40 cm, and 40-50 cm.

The collected material was dried in an oven with mechanical venti-
lation at 45 °C until reaching a constant weight, ensuring a controlled
and moderate drying process that prevents the degradation of carbon (C)
and nitrogen (N) compounds present in the samples. This approach
preserves the chemical integrity, accurately reflecting the original
composition for subsequent analyses (Gonzalez-Rodriguez et al., 2011).

After complete drying, the soil samples were divided into three
portions. The first portion was used to estimate bulk soil density, the
second was sieved using a 2-mm mesh for granulometry tests (Maquere
et al., 2008), and the third portion was ground and sieved through a
0.25-mm mesh for analysis in a mass spectrometer using the Elementary
Combustion Analyzer (EA- Carlo Erba) connected to the Mass Spec-
trometer Delta Plus (Finnigan Mat, San José, CA, USA). This analysis
measured the percentages of C, N, 5'°N, and §'3C (Martins et al., 2015).

2.3. Statistical analysis

One-way analysis of variance (ANOVA) was used, followed by
Tukey’s test, to evaluate the differences in the average percentage and
stock of C, N and their respective isotopes within each urban forest,
considering alpha <5%. The predictability of parametric tests such as
normality and homoscedasticity were verified. To verify probable cor-
relations and groupings between soil depths, a principal component
analysis (PCA) was carried out, considering the axes with greater
explicability of the analyzed factors. A linear regression curve was
designed with all §!3C and 6!°N values to understand the relationship
between the two variables in urban forest soils. All analyses were per-
formed using the Past Statistic Package (Hammer and Harper, 2001).

3. Results

In the TP forest fragment, soil density was approximately 30% lower
than in the other fragments and recorded almost twice the percentage of
clay compared to the other areas, with only half of the relative values of
the sand fraction. Meanwhile, AVP exhibited the highest percentage of
silt in the soil, but the values were only slightly above those of the other
study areas. TP soil was classified as very clayey, while soils in the other
fragments were classified as sandy loam. Across all study areas, soil
density increased with soil depth. The greatest difference in average soil
density between the deepest and most superficial layers was observed in
FISP, with values varying around 25% in both layers (see Table 1).

The percentages of N and C decreased with soil depth, following an
inverse relation to soil bulk density. For all layers, TP soil presented
approximately twice as many elements when compared to the soils of
the other sites (Fig. 2A and B). FISP soil presented the second highest
value of %N and %C in the superficial layer; however, in the deepest soil
layer FISP showed the lowest values. Soil 5'°N increased with depth in
all forest fragments. FISP and CP soils displayed the lowest isotopic
values in the most superficial layers, while TP registered the highest, as
hypothesized in this work. In the deepest layer CP showed the highest
value, with a 60% difference between the most superficial and deepest
layers, i.e. an increase of more than 5%o of the isotope signature. Again,
CP soil presented the greatest difference in 5!3C values between the most
superficial and deepest layers (Fig. 2D). FISP and CP soils showed the
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Table 1
Density, granulometric composition, and textures of the soils from four frag-
ments of urban forests, analyzed at different depths.

Depth Density (g Sand Clay Silt Texture
(cm) em™?) (%) (%) (%)
TP 0-10 0.79 + 0.04 19.4 60.6 20.0 vC
10-20 0.88 + 0.06 18.3 62.3 19.4 vC
20-30 0.93 £0.13 15.3 68.5 16.2 vC
40-50 0.97 + 0.08 12.0 73.3 14.7 vC
Mean  0-50 0.89 + 0.08 16.3 66.2 17.6 vc
AVP 0-10 1.10 + 0.22 46.5 34.2 19.3 FCS
10-20 1.25 +0.21 47.5 34.6 17.9 FCS
20-30 1.33 £0.19 42.8 33.8 23.3 FCS
40-50 1.41 £0.25 44.8 39.4 15.8 SC
Mean  0-50 1.27 £0.22 45.4 35.5 19.1 FCS
FISP 0-10 1.01 +0.10 56.4 26.8 16.8 FCS
10-20 1.26 + 0.06 58.1 26.6 15.3 FCS
20-30 1.41 £+ 0.09 59.4 26.5 14.1 FCS
40-50 1.48 +£0.15 54.7 321 13.2 FCS
Mean  0-50 1.29 + 0.10 57.1 28.0 14.9 FCS
CP 0-10 1.16 + 0.13 59.1 25.4 15.5 FCS
10-20 1.31 +0.12 59.7 26.2 14.2 FCS
20-30 1.44 £+ 0.06 60.7 25.8 13.5 FCS
40-50 1.45 +0.13 56.9 30.6 12.5 FCS
Mean  0-50 1.34+0.11 59.1 27.0 13.9 FCS

TP: Trianon Park; AVP: Alfredo Volpi Park, FISP: Fontes do Ipiranga State Park
and CP: Carmo Park. Textures: VC - very clayey, FCS - franco clayey sandy, SC -
sandy clay.

greatest variations of C:N ratio along soil layers, while the TP and AVP
curves did not vary (Fig. 2E).

PCA showed that the %C and %N vectors are associated with the
sampling units for the most superficial soil layers, while the §!3C and
51°N vectors are more closely associated to the sampling units referring
to the deeper parts of the soils (Fig. 3).

When not considering depth, TP soil presented a statistically higher
%N value (TP = 0.29%), followed by the FISP (0.19 %N), AVP (0.17 %N)
and CP (0.15 %N) soil values. CP and AVP were the fragments with
significantly lower %N values (Fig. 4A). The highest 5'°N value was
registered in CP soil (one-way ANOVA, F = 24.58, p < 0.05) (Fig. 4B),
embora apenas o FISP tenha apresentado valores estatisticamente infe-
riores do que PT e PC.

When accounting for soil %C, TP was statistically different from the
other areas and showed 4.58% of the element, followed by FISP 2.93%,
AVP 2.47%, and CP 2.31% (one-way ANOVA F = 22.48, p < 0.05;
Fig. 4C). The most negative value of §°C occurred in AVP soil
(—26.18%0), with a statistically lower value (one-way ANOVA, F =
19.08, p < 0.05). CP presented a higher average value for 8'3C
(—24.03%0) compared to FISP (—25.44%) and TP (—25.36%o) soils
(Fig. 4D). TP soil presented a statistically higher value of the C/N ratio,
while AVP soil displayed the lowest (one-way ANOVA F = 14.56, p <
0.05) (Fig. 4E).

By analyzing the correlation between §'3C and §!°N as predictor
variables, we observed that the soil samples collected in fragments
located on the extremities were predominantly marked by lower 5'3C
and 8'°N values. For the TP soil samples, 5'°C varied between —24.0%o
and —26.81%o and 8'°N varied between 5.57%o and 8.97%.. Sampling
units regarding CP soil showed a high amplitude for both 5'3C and §!°N,
with values for 8'3C ranging from approximately —21.37%o to —27.37%o
and those for 8'°N ranging from 3.35%o to 10.37%o (Fig. 5A). More
enriched values of 8'>C and 5!°N represent greater mineralization of the
elements and, consequently, greater efficiency in the biogeochemical
cycling of C and N. However, the association between §!°N and C:N ratio
was negative among the variables (Fig. 5B).

In terms of C and N stock in soil, TP soil stored about 25% more C
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Fig. 2. Variation of %N, %C, '3C, 8'°N and C:N ratio along the soil profile of the four forest fragments. Panels A and B express the percentage values of nitrogen and
carbon, panels C and D depict the isotopic values of nitrogen, and panel E the ratio between both chemical elements. TP: Trianon Park; AVP: Alfredo Volpi Park, FISP:

Fontes do Ipiranga State Park and CP: Carmo Park.

than the other forest fragments (Fig. 6), with a total of 36.24 tons C ha’l,
followed by FISP (29.53 tons C ha™'), AVP (27.09 tons C ha™') and CP
(26.76 tons C ha™'). By means of the F test, one-way ANOVA showed
that the fragments presented statistically different carbon (F = 3.96; p <
0.05) and nitrogen (F = 4.21, p < 0.05) stocks between the areas. For
both elements, TP presented the highest value stored in the soil, while
the other fragments did not differ in value.

Several studies regarding latitudinal zones similar to those of this
study have shown soil C and N stock values analogous to ours (Table 2).

4. Discussion
4.1. Particle size and C and N stock

The increase in soil bulk density of about 20% to 30% with increasing
depth in the four forest fragments suggests a strong effect of forest
growth in the soil’s physical structure, making the soil surface lighter
and more permeable for greater absorption of water and nutrients (Zeng
et al., 2014). This may also be a response to the high production of lit-
terfall on the ground, which is typical of subtropical forest systems
(Ferreira et al., 2014; Ferreira and Uchiyama, 2015), and the consequent
development of fine roots in the most superficial layers.

TP is located in the most central, least green and warmest region of

the megacity of Sao Paulo (Ribeiro et al., 2021). This is the only frag-
ment that does not have a water body in its area, which probably re-
quires greater root growth to search for water, thus altering the physical
structure of the soil. Moreover, TP is the forest fragment with the
greatest floristic diversity and the highest number of large trees (Ara-
gaki, 2017), in addition to having high litterfall production (Oliveira,
2019). These attributes combined with the higher average air temper-
ature can lead the more superficial soil layer to generate a higher rate of
litterfall decomposition and, consequently, present thicker humus layers
with lighter and looser soils, which can also explain the high contents of
%N and %C. In clay soils, mineralization rates tend to be lower than in
sandy soils due to a lower susceptibility to decomposition, since the
adsorption of organic matter to finer soil particles protects these from
biodegradation (Dungait et al., 2012). Another relevant fact that ex-
plains the higher %N in the most central forest fragment is the high
deposition of atmospheric N from the vehicle fleet that transits this area
of the city (Pereira et al., 2022; Konstantinov et al., 2023). Although our
study was carried out in four forest fragments, in three locations the
analyzed soils were clayey sandy loam (AVP, FISP and CP) and only very
clayey (TP). It is estimated that other urban forest fragments in Sao
Paulo have different types of soil and, consequently, different edaphic C
and N stock patterns (Metzger et al., 2006).
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Fig. 3. Principal component analysis, by means of correlation, showing multivariate correlations between the contents of %N, %C, 813C, and 815N at different soil
depths in the four forest fragments studied. Each sampling unit represents a soil sample at the indicated depth, regardless of the location of the four forest fragments.

4.2. Local and spatial variations in the isotopic signature of 5'>C and
5N

The availability of '°N increased with soil depth in all forest frag-
ments, since from the most superficial layer to the deepest, geochemical
transformations and the decomposition of organic matter prioritize the
mineralization of the lightest form of nitrogen, i.e., *N (Trumbore,
2009). Yet, in absolute terms both forms of N (**N and '°N) decrease in
the system due to leaching and reservoir exchanges. The PCA analysis
clearly showed that the surface layers in all fragments showed a similar
trend in relation to %N and %C, denoting groupings of sampling units.
The regression analysis between 5!°N and 8'C also corroborates these
results, since sample units with low isotopic N values also exhibited
more positive isotopic C values. Corroborating this finding it was
observed that high values of 5'°N were inversely associated with the C:N
ratio, which reflects a longer residence time of the organic matter in the
soil, since this soil fraction usually presents high values of §!°N with
increasing mineral association (Marin-Spiotta et al., 2009; Craine et al.,
2015). The amplitudes of 3'°N between the superficial and deeper layers
are in accordance with values reported in a large review that investi-
gated 88 soil profiles (Hobbie and Ouimette, 2009). The 5'3C contents
varied between the extreme layers of the soils. FISP and CP were the
fragments with the most accentuated curves in the variation of §'3C
along the soil profile, emphasizing that decomposition processes and
biogeochemical cycling were more efficient in peripheric forest frag-
ments in the megacity of Sao Paulo. The biogeochemical processes
identified in different forest fragments, as well as the 5'°N and §'°C
content along the soil profiles correspond with the C:N ratio curves of
different soil depths (Marin-Spiotta et al., 2009).

Depending on the rate of litterfall decomposition, heterotrophic
respiration, and consequent emission of greenhouse gases (CO3, CH4 and
N20) should be higher in soils with greater mineralization efficiency.
However, Souza et al. (2022) showed that there are no significant dif-
ferences in the emissions of these compounds between the soils of these
four forest fragments. This indicates that these urban soils are efficiently
absorbing C and N from the atmosphere, and that geochemical processes
facilitate the storage of such elements in different soil layers. This can be
driven by the differences in microbiota existing in the soils of these
urban parks, which are selected based on the physical conditions of the
urban environment (Wu et al, 2022; Tang et al, 2023), e.g.,

atmospheric pollution, soil management, use of insecticides and pesti-
cides, or age of urban parks (Lo, 2010; Hui et al., 2017).

4.3. Urban forest soils as efficient nature-based solutions

Our study results shed light on an excellent urban equipment that
contributes to offsetting anthropogenic emissions in urban areas. The
expansion, maintenance, and restoration of managed urban forest
fragments with native vegetation and the consequent generation of litter
can be an NbS that optimizes C and N stock in the edaphic compartment.
Moreover, the use of urban soils with specific physical properties, i.e.,
high amount of clay fraction as well as idle peripheral forest fragments,
can be considered key ecosystem in the stock of elements, as has been
reported in different systems (Li et al., 2023). This prospect can help
large cities and megacities to offset part of the high emissions within
their own territory, resolving part of the anthropization problem on a
local/regional scale.

This solution for adapting cities to climate change based on urban
forests is an NbS that should be incorporated into strategic environ-
mental planning and local climate policies, since emissions occur within
the megacity spatial scale. In this sense, Lafortezza et al. (2018) high-
light the importance of developing climate change adaptation strategies
by means of NbS to provide more resilient responses and enhance carbon
storage. Such information can be widely used in public policies to
expand qualified green areas, i.e., urban parks that protect wildlife.
Actions such as this one have been proposed by Sao Paulo City Hall (e.g.,
Municipal Plan for the Atlantic Forest, Municipal Plan for Adaptation to
Climate Change, and Municipal Plan for Protected Areas, Green Areas
and Open Spaces) with the intention of increasing the city’s green
infrastructure, thus aiming to adapt the megacity to future climatic and
environmental scenarios. Much has been discussed in this regard among
public management, academia and the third sector. However, the
ecological indicators for the selection of such areas are clearly lacking;
we believe our work brings results that can subsidize decisions in this
direction.

Although this study reported a higher stock of C and N in the TP
forest fragment, all the fragments stood out in terms of C and N values in
soils when compared to other forest systems. This fact clearly denotes
the importance of using urban soils as NbS for the planning of sustain-
able cities, aiming not only at maintaining ecosystem patterns and
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processes but also at developing the social component, since the con-
sequences of climate change affect both the ecological system and social

system (Nassary et al., 2022).

5. Conclusion and future research

Soils of the urban forest fragments of Sao Paulo have demonstrated
various potentials in storing C and N in their profiles and, consequently,
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Table 2
Comparative table with carbon and nitrogen stock values of urban soils (this and other studies).

Author/Year [C] Mg ha™!) [N] Mg ha™") %C %N 13C (%0) 15N (%0) Local

This study 36.24 + 15.83 2.32 +£1.00 4.58 0.29 —25.36 7.30 TP
27.09 + 21.36 1.88 +1.36 2.47 0.17 —26.18 6.70 AVP
29.53 + 20.09 1.92+1.15 2.93 0.19 —25.44 6.17 FISP
26.76 + 18.80 1.68 + 0.96 2.31 0.15 —24.03 7.08 CP

Nagy et al. (2014) 10.00 £+ 1.00 0.30 £+ 0.00 NA NA NA NA Florida, USA
14.00 + 2.00 0.40 £ 0.10 NA NA NA NA Florida, USA
18.00 £ 3.00 0.60 £ 0.10 NA NA NA NA Florida, USA
21.00 + 4.00 0.70 £ 0.10 NA NA NA NA Florida, USA
48.00 + 13.00 1.40 + 0.40 NA NA NA NA Florida, USA
38.00 + 9.00 1.10 + 0.20 NA NA NA NA Florida, USA

Martins (2010) 15.83 + 5.80 0.90 + 0.20 NA NA —28.3+0.5 2.0+ 0.6 Ubatuba, Brazil
24.12 + 8.21 1.75 £ 0.63 NA NA —27.5+0.5 5.6 +£0.8 Ubatuba, Brazil
29.74 + 6.51 2.33 £0.45 NA NA —28.5+0.9 4.3 +0.7 Ubatuba, Brazil
29.45 + 1.76 2.21 £ 1.00 NA NA 27.9 +£ 0.5 4.6 + 1.5 Ubatuba, Brazil

Silva (2017) 57 5 NA NA —27.44+0.3 6.7 +£ 0.7 Joinville, Brazil

Medeiros (2019) 20.4 NA NA NA —25.64 NA Rio de Janeiro, Brazil

Konstantinov et al. (2023) NA NA 3.09 0.22 —27.11 5.95 Tyumen, Russia

Norra et al. (2005) NA NA 6.1 0.4 —25.5 2.6 Karlsruhe, Germany

NA - Not available; TP: Trianon Park; AVP: Alfredo Volpi Park, FISP: Fontes do Ipiranga State Park and CP: Carmo Park.

different capacities in contributing to the neutralization of these ele-
ments emitted by human activities. Our results suggest that soil type,
combined with vegetation management, can optimize the potential for
storage of C and N and enhance the performance of NbS. Moreover, the
location of the forest system, as well as the use of adjacent land, seem to
have a strong influence on edaphic C and N reservoirs. Therefore, certain
attributes such as atmospheric pollution, heat islands or the inadequate
management of urban parks can alter soil biota and, consequently,
biogeochemical cycling.

These results also highlight that stable isotopes of C and N are effi-
cient indicators of distinct biogeochemical cycling patterns in the frag-
ments of this study, showing that the use of soil adjacent to the forest
fragment alters the behavior of 8'°N and &'C in different soil layers.
Thus, isotopic indicators can assess the efficiency of subtropical soils of
urban forests to be considered NbS that bring benefits to the urban
ecosystem and serve as adaptation instruments in cities. This approach
can contribute to the development of resilient urban ecosystems,

positively impacting environmental quality and biodiversity.

Despite these contributions, it is crucial to acknowledge the limita-
tions of our study. The focus on specific forest fragments and soil layers
may limit the extrapolation of our findings. Additionally, further
research is needed to explore the long-term effects of soil-atmosphere
interactions in urban environments. Future studies could expand this
work by investigating additional isotopic indicators and considering
broader geographical contexts.

However, our findings point to C and N stocks (and their isotopes) as
potential indicators to be used in the selection of priority areas for
conservation and management. It is suggested that these results are
applied in the implementation of municipal policies for the conservation
or promotion of urban afforestation, especially those that recommend
the expansion of urban green spaces. In conclusion, this research not
only advances the understanding of biogeochemical processes in urban
forests but also provides practical insights for policymakers and urban
planners.
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