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ABSTRACT — The Atlantic Forest is home to the largest urban centers in Brazil, which modify various aspects
of the natural quality of this forest. Soil chemical elements from three different sites in the Atlantic Forest in
the state of Rio de Janeiro were analyzed: (1) the best-preserved remnant of Atlantic Forest in the state; (2) the
largest urban forest in the world; and (3) an arboretum along the main vehicle route in the second-largest city in
Brazil. Energy dispersive X-ray fluorescence (EDXRF) analysis detected sixteen chemical elements including
nutrient components and potentially toxic elements. The urban soil had a higher concentration of heavy metals.
There was a significant concentration gradient of copper and lead from the urban site to the furthest forest site.
We emphasize that the results indicate potential negative consequences for the conservation of forests and
wildlife of state of Rio de Janeiro.
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ANALISE QUIMICA ELEMENTAR DO SOLO EM UM GRADIENTE DE
URBANIZACAO NA FLORESTA ATLANTICA

RESUMO — A Mata Atldntica abriga os maiores centros urbanos do Brasil e esses centros modificam varios
aspectos da qualidade natural dessa floresta. Neste estudo, elementos quimicos do solo em trés diferentes locais
da Mata Atlantica no Estado do Rio de Janeiro foram analisados: (1) o remanescente mais bem preservado de
Mata Atlantica no Estado do Rio de Janeiro, (2) a maior floresta urbana do mundo, e (3) um arboreto junto
a principal rota de veiculos da segunda maior cidade do Brasil. A andlise de Fluorescéncia de Raios X por
Dispersdo de Energia detectou dezesseis elementos quimicos, entre componentes de nutrientes e elementos
potencialmente toxicos. O solo urbano apresentou maior concentra¢do de metais pesados. O cobre e o
chumbo exibiram um gradiente de concentragdo significativo do sitio urbano ao sitio flovestal mais distante
dele. Destacamos que os resultados encontrados podem ter consequéncias negativas para a conservagdo das
Sflorestas e da fauna silvestre do Estado do Rio de Janeiro.

Palavras-Chave: Contaminag¢do do solo, Polui¢cao urbana, Solo urbano
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1. INTRODUCTION

The composition of soil surface layer may be
significantly affected by elements from its natural
constitution or by anthropogenic sources (Kabata-
Pendias 2011; Tume et al., 2017; Rodriguez-Eugenio
et al, 2018). Urban soils are strongly affected by
anthropogenic activities and high concentrations of
heavy metals have been found at these sites (Wei and
Yang, 2010; Lopes et al., 2015; Tume et al., 2018).

The industrialization and urbanization have been
responsible for an increase in heavy metal concentrations
in the environment (Nagajyoti et al., 2010; Zhu et al.,
2013). After being released into the atmosphere, the
main destination of these pollutants is the soil (Kabata-
Pendias, 2011). Unlike organic contaminants, which
are oxidized by microorganisms, heavy metals do not
undergo degradation and persist in the environmental for
a long period of time (Wuana and Okieimen, 2011; Zhu
et al., 2013; Romero-Freire et al., 2016).

The concentration of a given chemical element and
its bioavailability in the soil depend on the proximity to
its emission source, its chemical form and its interaction
with the other constituents of the soil (Pierangeli et
al., 2004; Kabata-Pendias, 2011). Upon entering the
soil of forest ecosystems, pollutants can directly affect
plants and/or threaten the functioning, composition and
structure of the ecosystem itself, as well as interfere with
several processes related to nutrient cycling (Furlan et
al., 2008; Mahajan et al., 2019; Matkowski et al., 2019).

Although seemingly isolated and protected, forest
remnants enclaved by, or close to, urban centers are
exposed to pollution (Hernandez et al., 2003; Rodriguez-
Eugenio et al., 2018). In this context, the Atlantic Forest
stands out by the fact that the largest urban centers and
circa 60% of population of Brazil are situated within this
biome (Scarano and Ceotto, 2015). The Atlantic Forest
is recognized as one of the most threatened biomes on
earth because the loss of most of its original distribution,
continued devastation of its current forest remnants
and proximity to pollution sources (Joly et al., 2014;
Rezende et al., 2018).

In this study, we compared the soils from two
forest remnants and from one planted area in the urban
center of the city of Rio de Janeiro, all of them in the
Atlantic Forest domain. Our objective was to address the
following questions: (1) Are there significant differences
in composition and chemical concentration of the
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elements found in the study sites soil? (2) Is it possible to
observe anthropogenic contributions of potentially toxic
chemical elements to the forest remnants soil? And (3)
If so, are there any concentration gradients of potentially
toxic chemical elements in relation to a pollution source
proximity?

2. MATERIALS AND METHODS

Three sampling sites were chosen in the metropolitan
area of Rio de Janeiro State, Brazil (Figure 1). Two of
the sampling points were located in forest remnants of
Atlantic Forest: Reserva Biologica do Tingua (TINGUA
- 22° 34951' S, 043° 26.248' W), the best-preserved
remnant of Atlantic Forest in Rio de Janeiro State, and
Parque Estadual da Pedra Branca (PEPB - 22° 56.244°
S, 043° 26.102° W), the largest urban forest in World.
The third sampling point was in the urban center: the
arboretum of Fundagdo Oswaldo Cruz (FIOCRUZ - 22°
52.335' S, 043°14.704' W) Manguinhos campus, that is
alongside the main vehicular route of the second largest
city in Brazil. The urban site (FIOCRUZ) is located
at sea level, because of this, we have selected regions
up to 200 meters above sea level in forest sites (PEPB
and TINGUA). It is worth mentioning that none of the
forest sites is located on a hillside or with a steep slope.
TINGUA and PEPB are located approximately 50 km
and 26 km from the urban site, FIOCRUZ, respectively.

Five sampling points were selected at each study
site and five soil samples took from each of these points.
Soil samples were collected at soil layers 0 (topsoil), at
0-3 cm depth, at regular intervals of 1 m. Only the soils
of the forest sites had a layer of litter (approximately 4
cm). As it is an arboretum, the soil of the urban site is
continuously swept and did not accumulate litter close
to the collection points. Thus, we opted to remove all
litter before the actual soil collection at the two sampled
forest sites. The soil samples were dried, homogenized
and sieved with a 325 mesh (44 um). Next, 500 mg
soil aliquots were pressed at a pressure of 2.32 x 10%
Pa for 15 minutes in order to obtain tablets of 2.5 cm
in diameter, 1.0 = 0.5 mm thickness and at a density of
100 mg/cm? (Anjos el al., 2000; Santos et al., 2019). All
samples were prepared in triplicates.

The soil samples were analyzed by energy dispersive
X-ray fluorescence (EDXRF). The XRF system was
equipped with an X-ray tube (Mini-X by Amptek) with
a silver anode (40 kV and 200 puA maximum voltage and
current) and an SDD detector (Silicon Drift Detector),
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Figure 1 — Study sites in the metropolitan area of Rio de Janeiro
State, Brazil. TINGUA: Reserva Biologica do Tingua.
PEPB: Parque Estadual da Pedra Branca. FIOCRUZ:
Fundagao Oswaldo Cruz.

Figura 1 — Sitios de estudo na regido metropolitana do Estado
do Rio de Janeiro, Brasil. TINGUA: Reserva Biologica
do Tingua. PEPB: Parque Estadual da Pedra Branca.
FIOCRUZ: Fundagdo Oswaldo Cruz

model XR-100SDD (Amptek), with 500 pm and 25
mm?2 Si-thickness and area, and FWHM of about 125
eV at 5.9 keV. Two different experimental conditions
were used in the analysis of soil samples. The first
experimental condition was used for a better excitation
of the low Z elements (S to Mn K-lines and Ba L-lines),
using 15 kV, 100 pA and an acquisition time of 200
s. The second experimental condition for excitation of
the high atomic number elements (Fe to Sr K-lines and
Pb L-lines), using 35 kV, 100 pA, 500 s and a TiO?
filter. All experiments were performed under normal
atmospheric conditions in room temperature. All XRF
spectra were processed using the software PyMCA
(Python Multichannel Analyzer) (Solé et al., 2007). In
this study the elemental concentrations were obtained
following the procedure developed by Anjos et al.
(2000).

To checking the precision and the accuracy of the
EDXRF system we carried out the elemental analysis
of a Certified Reference Material: IAEA-SL-1 (Trace
and minor elements in lake sediment). The reference
material samples were prepared in the same way as soil
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samples. The relative errors were lower than 14%. The
results obtained for SL-1 were in good agreement with
the comparative values certificate previously obtained,
indicating the method provides comparable results.

Statistical analyses were performed using the
software STATISTICA 7.0. Data were tested for
normality and homoscedasticity using Shapiro-Wilk and
Levene tests, respectively. Comparisons of parametric
data were performed using ANOVA (one-way) test,
followed by the Tukey post-test, while comparisons of
non-parametric data were done with the Kruskal-Wallis
test. All tests were evaluated using a 95% confidence
interval (Zar, 2010).

3. RESULTS

Sixteen chemical elements were detected in all the
study sites: potassium, calcium, titanium, chromium,
manganese, iron, nickel, copper, zinc, gallium, bromine,
rubidium, strontium, zirconium, niobium and lead.
Significant differences were detected among the three
sites for all elements except for iron and gallium (Figure
2). Potassium and manganese concentrations were
higher in the soil of the forest remnants (TINGUA and
PEPB) than in the urban soil (FIOCRUZ), although
the difference in manganese between TINGUA and
FIOCRUZ was not significant (Figure 2).

Bromine and titanium concentrations differed
significantly between forest remnants, TINGUA and
PEPB, with higher values in PEPB, although neither
forest remnant site differed significantly from the urban
site (FIOCRUZ) (Figure 3). Rubidium concentrations
were significantly different among three sites (Figure
3), with the highest concentration being in PEPB and
the lowest in FIOCRUZ. Chromium concentration
was significantly lower in PEPB than in the other
two sites (Figure 3), but it did not differ significantly
between FIOCRUZ and TINGUA (Figure 3). The same
relationship was observed for calcium and strontium
(Figure 4). TINGUA soil differed significantly from
the other sites in zirconium and niobium concentrations
(Figure 4), which were lower and higher, respectively.
The concentrations of these elements did not differ
significantly between PEPB and FIOCRUZ.

The soil of FIOCRUZ has statistically higher nickel
concentrations than the soil of TINGUA (Figure 5).
FIOCRUZ also had significantly higher copper, zinc and
lead concentrations (Figure 5) when compared to the
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Figure 2 — Box-plots of iron, gallium, potassium and manganese soil concentrations of the three study sites. The letters above the box
indicate the results of ANOVA and Kruskal-Wallis tests. Different letters indicate statistics differences *p <0.05.

Figura 2 — Box-plots de concentragées de ferro, galio, potdssio e manganés no solo dos trés locais de estudo. As letras acima da caixa
indicam os resultados dos testes ANOVA e Kruskal-Wallis. Letras diferentes indicam diferencas estatisticas * p <0,05

other two studied sites (Figure 5). It is worth noting that
zinc concentration did not differ significantly between
forest remnants (TINGUA and PEPB), while copper and
lead concentrations were significantly higher in PEPB
than in TINGUA (Figure 5).

Copper and lead concentrations were significantly
different among three studied sites (Figure 5). These
elements exhibited a concentration gradient from the
urban site to the furthest forest site TINGUA, with
FIOCRUZ having the highest concentrations of these two
elements, followed by PEPB and then TINGUA. The same
concentration gradient pattern was observed for zirconium,
nickel and zinc, although significant differences were not
always detected among these sites (Figures 4 and 5).

Revista Arvore 2021;45:e4504

4. DISCUSSION

This study showed that higher concentrations of
potassium and manganese in the forest remnants soils,
and that higher concentrations of heavy metals, such as
nickel, chromium, copper, zinc and lead, are in the urban
site, indicating the negative effects of urban anthropic
activities. High soil concentrations of heavy metals have
been identified as a risk to the health of living organisms
and, consequently, to biodiversity conservation (e.g.:
Dai et al.,, 2004; Freitas et al., 2015). However, the
biodisponibility of chemical elements will depend on the
total values, the chemical forms in which the interaction
and the other components of the soil (Pierangeli et al.,
2004; Guilherme et al., 2005; Appel et al., 2008).
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Figure 3 — Box-plots of bromine, titanium, chromium and rubidium soil concentrations of the three study sites. The letters above the box
indicate the results of ANOVA and Kruskal-Wallis tests. Different letters indicate statistics differences *p <0.05.

Figura 3 — Box-plots de concentragoes de bromo, titanio, cromo e rubidio no solo dos trés locais de estudo. As letras acima da caixa
indicam os resultados dos testes ANOVA e Kruskal-Wallis. Letras diferentes indicam diferencas estatisticas * p <0,05.

In forest ecosystems, among other factors, the high
concentration of nutrients has been attributed to the
decomposition of organic matter and efficient recycling
of nutrients from litter (e.g.: Curvelo et al., 2009; Viera
et al., 2013; Bachtold and Melo Junior, 2015). Thus,
it is possible that the litter layer observed only in the
TINGUA and PEPB forest remnants soils may have an
influence on the higher concentration of potassium and
manganese in these sites compared to the urban site,
FIOCRUZ.

Although we have not explored in this study,
the local geology is an important component of the
concentration of chemical elements in the soil (e.g.:
Freedman, 1995; Kabata-Pendias, 2011). The higher

SilF

concentrations of rubidium in the forest sites soil, for
example, can be attributed to its natural occurrence
because this element is a common element of the earth’s
crust. Rubidium mainly occurs in higher concentrations in
heavy clay soils (Saraiva, 2007; Kabata-Pendias, 2011),
as are found at TINGUA (MMA/IBAMA, 2010) and in
soils composed by gneiss and granitic rocks (Kabata-
Pendias, 2011), as are found at PEPB (INEA, 2016).

It is not possible to conclude whether the high
concentration of niobium in the soil of TINGUA is
associated with natural sources or anthropic activities.
High concentrations of this element have been observed
in cambisol and latosol soil types (Melfi et al., 1991;
Kabata-Pendias, 2011; Santos, 2013), which are found at
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Figure 4 — Box-plots of calcium, strontium, zirconium and niobium soil concentrations of the three study sites. The letters above the box
indicate the results of ANOVA and Kruskal-Wallis tests. Different letters indicate statistics differences *p <0.05.

Figura 4 — Box-plot das concentragdes de cdlcio, estroncio, zirconio e niobio no solo dos trés locais de estudo. As letras acima da caixa
indicam os resultados dos testes ANOVA e Kruskal-Wallis. Letras diferentes indicam diferencas estatisticas * p <0,05.

TINGUA (MMA/IBAMA, 2010). However, there is an
anthropogenic interference that could also explain this
result in Reserva Biologica do Tingud, the occurrence
of gas and oil pipelines of the Petroleo Brasileiro S.A.
company (Petrobras). There are no records of leakage
from these pipelines (MMA/IBAMA, 2010; Aragjo et
al., 2014), but niobium is widely used in steelmaking,
and steel is the main material used for construction oil
pipelines and platforms for deepwater oil exploration
(Alves and Coutinho, 2015; Tarselli, 2015).

The difference in calcium concentration found
between the soils of TINGUA and PEPB, and the
similarity of the concentrations of this element in the
soils of TINGUA and FIOCRUZ, may be explained by
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anthropic contribution. Calcium is an element commonly
found in particulate matter emitted into the atmosphere
by construction sites (Resende, 2007), and in the solid
residues of oil refining (Mariano, 2001). These sources
are present in the region where the FIOCRUZ site is
located, and a large cement factory a full ~17 km away
can explain the results obtained to TINGUA.

Among the chemical elements that were in high
concentrations inthe soil of FIOCRUZ, nickel, chromium,
copper, zinc and lead are of particular interest because
of their observed high concentrations and because they
are elements with proven toxicity (Freedman, 1995;
Nagajyoti et al., 2010; Matkowski et al., 2019). Nickel,
copper and zinc are considered micronutrients for plants
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Figure 5 — Box-plots of nickel, copper, zinc and lead soil concentrations of the three study sites. The letters above the box indicate the
results of ANOVA and Kruskal-Wallis tests. Different letters indicate statistics differences *p <0.05.

Figura 5— Box-plots de concentragdes de niquel, cobre, zinco e chumbo no solo dos trés locais de estudo. As letras acima da caixa indicam
os resultados dos testes ANOVA e Kruskal-Wallis. Letras diferentes indicam diferengas estatisticas * p <0,05.

and in excessive concentrations, such as other elements,
they can be toxic (Taiz and Zieger, 2013). These five
chemical elements also stood out in other analyses
carried out with urban soils in China, Saudi Arabia,
Egypt and Brazil (the states of Sdo Paulo and Rio de
Janeiro) (e.g.: Duarte and Pasqual, 2000; McAlister et
al., 2005; Assirey and El-Shahawi, 2015; Elnazer et al.,
2015; Lopes et al., 2015). In studies of air pollution in
the city of Rio de Janeiro, these elements were found
at high levels in the region of FIOCRUZ (Quiterio et
al.,, 2004; Mcalister et al., 2005; Silva et al., 2008).
These elements are also among the major heavy metals
observed in particulate matter emitted by vehicles and
industries (Mohanraj et al., 2004; Srivastava et al.,
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2016). These findings are consistent with our results,
given the presence of these sources near FIOCRUZ.

The high concentrations of copper and zirconium
observed in the soil of FIOCRUZ can be associated with
a variety of sources. Copper is present in fertilizers,
sewage and industrial waste, and it is released in
the process of corrosion of alloys, such as ducts and
electric wires (Kabata-Pendias, 2011; Melo et al,
2016). Zirconium is often found in urban environments
because it is one of the major components of cellular
batteries (Reidler and Giinther, 2003) and is also found
in sewage sludge (Sigolo and Pinheiro, 2010). All these
factors are present in the urban site, FIOCRUZ (EMOP,
2012), and explain the high concentrations observed.

Revista Arvore 2021;45:e4504



The high concentrations of lead and zinc found in the
three studied sites can be worrying. These elements
when bioavailable and in high concentrations can cause
serious deleterious effects to microorganisms, animals
and plants (Hernandez et al., 2003; Peakall and Burger,
2003; Lukkari et al., 2004; Lukkari et al., 2005; Salazar
and Pignata, 2014; Yaqub et al., 2015; Fang et al,,
2015). The use of zinc and lead in the automobile parts
manufacturing and as catalysts in fossil fuel burning has
resulted in increased concentrations of these elements
with the expansion of urban centers and an increasing
number of vehicles (Kabata-Pendias, 2011; Elnazer et
al., 2015; Melo et al., 2016).

Atmospheric deposition is an important mode of
pollutants entrance into forest ecosystems (Lovett et al.,
2000; Rodrigues et al., 2007; Souza et al., 2017). Heavy
metal input, such as zinc and lead, has already been
reported for Atlantic Forest remnants of southeastern
Brazil, specifically the states of Rio de Janeiro and Séo
Paulo (Franga et al., 2004; Oliveira et al., 2005; Elias
et al., 2006). Such atmospheric deposition can explain
the observed high concentrations of these elements
in the studied forest remnants. However, the highest
concentrations were observed in soil samples from the
urban site (FIOCRUZ). High concentrations of these
metals have been previously reported for other urban
soils (Barcellos et al., 1991; Manta et al., 2002; Wei and
Yang, 2010). Therefore, the high concentrations of these
two elements indicate a considerable anthropogenic
contribution to all study sites.

5. CONCLUSIONS

The present study results showed significant
differences in the concentration of elements in the soil
of the three studied sites. The forest sites soil possessed
higher concentrations of potassium and manganese,
which according to the literature, can be attributed to
the higher production of litter. On the other hand, and
as expected, the urban site had higher concentrations of
copper, zinc and lead, associated by literature as being
common in anthropized environments.

The contribution of anthropogenic activities to
increased concentrations of chemical elements found
in the soil, such as copper and lead, shown by both
differences in the elements concentration among the
study sites and by the relationship between concentration
and proximity of pollution sources, resulted in a directly
proportional concentration gradient.
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Although the EDXRF technique is not considered
standard in the establishment of quality reference values
for soils, the registration these chemical elements and their
respective concentrations, according to an urbanization
gradient, becomes important for future comparisons.

Though the equipment used provides the total
concentrations of each chemical element and not the
bioavailability of each one, we highlight that presence of
potentially toxic elements in forest soils was an unusual
finding and must be considered dangerous because it
can have negative consequences for these remnants,
hotspots of biodiversity.
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