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RESUMO

O manejo sustentavel do solo é fundamental para garantir a produtividade agricola,
conservar OS recursos naturais € manter oS Servicos ecossistémicos essenciais ao
equilibrio ambiental frente aos desafios climaticos. O objetivo deste trabalho foi avaliar
a sustentabilidade ambiental dos solos do Pontal do Paranapanema - SP sob diferentes
usos, por meio de estoques de carbono, servigos ecossistémicos e qualidade do solo, em
uma area abrangendo quatro municipios da regido. Primeiramente foram avaliados os
estoques de carbono em Latossolos e Argissolos de textura grossa sob seis usos de terra
contrastantes. Em seguida, foi proposto para regiao um indice de servigos ecossistémicos
(SE), que considerou os indicadores de sequestro de carbono (representa o
armazenamento de C no solo), ciclagem de carbono (refere-se a dinamica e transformagao
do C nos ecossistemas), fertilidade do solo (disponibilidade de nutrientes as plantas),
estrutura do solo e regulagdo da 4dgua (capacidade de absorver, movimentar e armazenar
agua). Para finalizar, foi investigado como os indicadores microbiologicos influenciam a
qualidade fisica e quimica destes solos. Os resultados mostraram que em ambos 0s tipos
de solo, os menores estoques de carbono ocorreram sob o cultivo de mandioca. Em
Argissolos, a restauracdo florestal e a cana-de-agucar apresentaram os maiores estoques
de carbono organico no solo (COS), enquanto em Latossolos, os maiores estoques
ocorreram em florestas primadrias e pastagens, sugerindo que culturas como gramineas e
perenes, com pouca perturbacdo do solo, sdo eficazes na preservacdo ou mesmo no
sequestro de COS nessas areas. O indice de servicos ecossistémicos variou de 0,51 no uso
do solo com cassava a 0,76 no uso com forest restoration, se apresentando como uma
ferramenta estratégica para apoiar o manejo sustentavel do solo em regides tropicais,
como o bioma Mata Atlantica, indicando que, quando bem manejados, os solos
apresentaram uma maior capacidade de fornecimento de SE. Por fim, os indicadores
microbiologicos, como o carbono da biomassa microbiana, a atividade da B-glicosidase,
a respiracdo basal e quociente metabdlico, mostraram-se sensiveis ao uso da terra,
apresentando respostas claras as praticas de manejo. A integragdo destes indicadores nas
avaliagdes da qualidade do solo permite uma compreensdo mais profunda dos processos
biologicos e da sua relevancia para a sustentabilidade e funcionalidade dos solos tropicais.
Este estudo também enfatiza a necessidade de praticas agricolas sustentdveis para
preservar a estrutura e a microbiota do solo, garantindo a resiliéncia e a funcionalidade
dos solos tropicais. Ao alinhar-se com os Objetivos de Desenvolvimento Sustentavel da
ONU, a pesquisa contribui para acdes de combate as mudancas climaticas (ODS 13),
conservagdo de ecossistemas terrestres (ODS 15), uso responsavel de recursos naturais
(ODS 12), e promocao de praticas agricolas sustentaveis (ODS 2). Essa abordagem
interdisciplinar ndo apenas expande o conhecimento cientifico sobre os impactos do uso
da terra nos servigos ecossistémicos do solo, como também fornece suporte direto a
produtores rurais e gestores ambientais na adog¢do de praticas mais responsaveis e
efetivas, assegurando a resiliéncia dos solos tropicais frente as crescentes demandas
ambientais e climaticas.

Palavras-chave: Latossolo; Argissolo; carbono do solo; solos tropicais.



ABSTRACT

Sustainable soil management is essential to ensure agricultural productivity, conserve
natural resources, and maintain the ecosystem services that support environmental
balance in the face of climate challenges. This study aimed to assess the ecological
sustainability of soils in the Pontal do Paranapanema region (Sao Paulo, Brazil) under
various land uses, focusing on carbon stocks, ecosystem services, and soil quality across
four municipalities in the region. First, carbon stocks were evaluated in coarse-textured
Oxisols and Ultisols under six contrasting land uses. Then, an ecosystem services (ES)
index was proposed for the region, considering indicators of carbon sequestration
(representing the storage of C in the soil), carbon cycling (referring to the dynamics and
transformation of C in ecosystems), soil fertility (availability of nutrients to plants), soil
structure, and water regulation (capacity to absorb, move, and store water). Finally, the
influence of microbiological indicators on the physical and chemical quality of these soils
was investigated. Results showed that in both soil types, the lowest carbon stocks
occurred under cassava cultivation. In Ultisols, forest restoration and sugarcane exhibited
the highest soil organic carbon (SOC) stocks, while in Oxisols, the highest stocks were
observed under primary forests and pastures, suggesting that systems with perennial crops
or grasses and minimal soil disturbance are effective in preserving or even enhancing
SOC sequestration. The ecosystem services index ranged from 0.51 under cassava
cultivation to 0.76 under forest restoration, highlighting its potential as a strategic tool to
support sustainable soil management in tropical regions such as the Atlantic Forest biome.
This indicates that, when properly managed, soils have a greater capacity to provide ES.
Microbiological indicators—such as microbial biomass carbon, B-glucosidase activity,
basal respiration, and the metabolic quotient—were sensitive to land use and showed clear
responses to management practices. Integrating these indicators into soil quality
assessments allows for a deeper understanding of biological processes and their relevance
to the sustainability and functionality of tropical soils. This study also emphasizes the
need for sustainable agricultural practices to preserve soil structure and microbial
communities, ensuring soil resilience and functionality. Aligned with the United Nations
Sustainable Development Goals (SDGs), this research contributes to climate change
mitigation (SDG 13), terrestrial ecosystem conservation (SDG 15), responsible use of
natural resources (SDG 12), and the promotion of sustainable agriculture (SDG 2). This
interdisciplinary approach not only expands scientific knowledge on the impacts of land
use on soil ecosystem services but also provides direct support to farmers and
environmental managers in adopting more responsible and effective practices, ensuring
the resilience of tropical soils in the face of increasing environmental and climate
demands.

Keywords: Oxisols; Oltisols; soil carbon; climate change, tropical soils.



INDICADORES DE IMPACTO

A pesquisa desenvolvida na tese apresenta impactos significativos em diferentes areas.
Socialmente, promove a conscientizagdo sobre a conservagdo ambiental e a adogdo de
praticas agricolas sustentdveis, impactando diretamente agricultores e gestores
ambientais no territorio do Pontal do Paranapanema, no bioma Mata Atlantica. O carater
extensionista da pesquisa ¢ evidente, envolvendo a participagdo ativa de comunidades
agricolas locais e técnicos ambientais, que se beneficiam diretamente do indice de
servigos ecossistémicos criado, uma ferramenta pratica para decisdes de manejo
sustentavel. Estima-se que aproximadamente 20 profissionais, incluindo docentes,
estudantes e técnicos da UFLA, estiveram diretamente envolvidos, ampliando a
transferéncia de conhecimento para publicos externos a instituicdo. Economicamente, o
trabalho contribui para a eficiéncia no uso de recursos naturais, reduzindo custos
relacionados a degradagdo do solo e beneficiando pequenos ¢ médios agricultores que
dependem da qualidade do solo para sua subsisténcia. Além disso, a tecnologia
desenvolvida oferece suporte para praticas agricolas que priorizam a sustentabilidade e a
produtividade. No aspecto tecnologico, a pesquisa destaca-se pela abordagem inovadora
na criacdo de indices, integrando andlises cientificas e estatisticas aplicadas, o que
possibilita avangos na tecnologia de produg¢do e na conservagdo do solo tropical.
Culturalmente, reforga a valorizagdo dos ecossistemas brasileiros, particularmente da
Mata Atlantica, promovendo uma narrativa que conecta as comunidades locais a
importancia do solo como recurso essencial. Ao divulgar os resultados e incentivar
praticas de restauracdo e preservacao, a pesquisa fomenta mudangas culturais em dire¢ao
a sustentabilidade ambiental. O territorio abrangido inclui 4reas de floresta fragmentada,
restauragdo, pastagens, cultivos de cana-de-agicar, mandioca e rotagdo de culturas na
regido do Pontal do Paranapanema, impactando populacdes agricolas locais que
dependem diretamente do solo. Os impactos podem ser classificados nas areas tematicas
de meio ambiente, por sua contribui¢do a conservacao de solos e mitigagdo das mudangas
climéticas; tecnologia e produgao, ao desenvolver ferramentas inovadoras para o manejo
sustentavel; educa¢do, pela disseminacao de conhecimentos e conscientizagdo ambiental;
e cultura, ao promover a preservacdo do patrimonio natural. A pesquisa estd em
alinhamento direto com diversos Objetivos de Desenvolvimento Sustentavel (ODS) da
ONU, como o ODS 2, ao promover praticas agricolas que asseguram seguranga alimentar;
o ODS 6, ao tratar da regulacdo hidrica dos solos; o ODS 12, ao fomentar consumo e
producao responsaveis; o ODS 13, ao incentivar o sequestro de carbono como estratégia
contra mudancas climaticas; e o ODS 15, ao contribuir para a conservacao e restauracao
de ecossistemas terrestres. Esses esforcos demonstram o impacto abrangente da tese, que
transcende a academia e beneficia amplamente a sociedade.



IMPACT INDICATORS

The research developed in this thesis presents significant impacts in various areas.
Socially, it promotes greater awareness regarding environmental conservation and the
adoption of sustainable agricultural practices, directly impacting farmers and
environmental managers in the territory of Pontal do Paranapanema, within the Atlantic
Forest biome. The research's extensionist character is evident, involving active
participation from local agricultural communities and environmental technicians who
benefit directly from the ecosystem services index created, a practical tool for sustainable
management decisions. It is estimated that approximately 20 professionals, including
professors, students, and technicians from UFLA, were directly involved, thus expanding
knowledge transfer to external audiences beyond the institution. Economically, the work
contributes to resource efficiency by reducing costs related to soil degradation, benefiting
small and medium-sized farmers who depend on soil quality for their livelihoods.
Furthermore, the developed technology supports agricultural practices that prioritize
sustainability and productivity. In the technological aspect, the research stands out for its
innovative approach in creating indices, integrating applied scientific and statistical
analyses, enabling advancements in production technology and tropical soil conservation.
Culturally, it reinforces the value of Brazilian ecosystems, particularly the Atlantic Forest,
promoting a narrative that connects local communities to the importance of soil as a vital
resource. Through disseminating results and encouraging restoration and preservation
practices, the research fosters cultural shifts toward environmental sustainability. The
impacted territory includes fragmented forest areas, restoration sites, pastures, sugarcane
plantations, cassava cultivation, and crop rotation systems in the Pontal do Paranapanema
region, affecting local farming populations who rely directly on soil. The impacts can be
classified within the thematic areas of the National Policy on Extension: Environment,
for its contribution to soil conservation and climate change mitigation; Technology and
Production, through the development of innovative tools for sustainable management;
Education, by disseminating knowledge and environmental awareness; and Culture, by
promoting the preservation of natural heritage. The research aligns directly with several
United Nations Sustainable Development Goals (SDGs), including SDG 2, by promoting
practices that ensure food security; SDG 6, addressing soil water regulation; SDG 12,
fostering responsible consumption and production; SDG 13, encouraging carbon
sequestration as a strategy against climate change; and SDG 15, contributing to the
conservation and restoration of terrestrial ecosystems. These efforts demonstrate the
comprehensive impact of the thesis, which transcends academia and broadly benefits
society.
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ORGANIZATION OF THE THESIS

This thesis is organized into four sections. The first part presents the
introduction, the justification for the project, and the overall objective of the thesis. The
remaining sections comprise three papers based on experimental data.

In Paper 1, we explored the importance of soil organic carbon (SOC)
reservoirs, which can be easily affected by land use changes, particularly in humid
tropical sandy soils where organic decomposition is rapid and SOC stabilization is weak.

In Paper 2, we evaluated the soil's capacity to provide ecosystem services,
such as carbon storage, carbon cycling, soil fertility, soil structure, and water regulation,
and how each land use impacts these services.

Finally, in Paper 3, we introduced a soil quality index and examined the
influence of microbiological soil quality indicators, such as B-glucosidase, microbial
biomass carbon, basal respiration, and the metabolic coefficient, on the physical and

chemical quality of the soil.
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FIRST PART

INTRODUCTION

The Pontal do Paranapanema region is the second poorest area in the State of Sao
Paulo. It has experienced deforestation since the early 20th century due to agricultural
production. Following the oil crisis in the 1970s, there was a need to boost national
ethanol production, which led to an increase in sugarcane cultivation and heightened
interest in the region's lands (Pimenta and Rocha, 2018). In 2013, CTG Brazil (China
Three Gorges Corporation) entered Brazil to generate hydroelectric power. Today, it
stands as the second-largest power generator in the country, backed by private capital.
Additionally, the region has a history of land disputes attributed to land-grabbing practices
dating back to the 19th century (Origuéla et al., 2012).

The intense land occupation can result in a series of environmental damages, such
as soil compaction, low organic matter and soil fertility, an increase of greenhouse gas
emissions, and reduction of water infiltration and movement in the soil, with
consequences for the recharge of water bodies (Vasconcelos et al., 2014). On the other
hand, the conversion for conservation fields can lead to soil organic carbon (SOC)
sequestration and improvement in soil quality (Lal, 2004).

Thus, to maintain the soil quality and yield, it is necessary to reclaim degraded
areas. Its benefits include erosion control, water conservation, nutrient cycling, stable and
sustainable crops, and soil carbon sequestration (Lal, 2018). It is important to fit the
correct soil management to the soil type, since soils with higher clay content, such as
Oxisols, have a better capability of carbon sequestration. The contrary happens with
coarser-textured soils, which have a greater loss of carbon in the soil profile (Zinn et al.,
2005a).

To offset the areas flooded by the damming of Parana and Paranapanema rivers,
CTG Brazil company promoted a planting of over 11 million trees, totaling 6,715 hectares
of restored areas, and set conserved 2,818 hectares of areas for regeneration and
conservation efforts (Adeodato, 2018). The recovery of these areas can be assessed
through soil quality by utilizing physical, chemical, and microbiological indicators in
regions undergoing forest restoration (Vicente et al., 2012). These indicators are
frequently used as measures of soil quality due to their easy determination and low cost

(Lana et al., 2017). Additionally, the soil quality indicators can be integrated into these
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indices (Scarpare et al., 2019), which effectively highlight the weaknesses and strengths

of management systems (Cherubin et al., 2016).

THEORETICAL FRAMEWORK

History of land use and occupation in the Pontal do Paranapanema region.

Pontal do Paranapanema, located in the far west of the state of Sdo Paulo, is the
second poorest region in the state. The region is demarcated by the Parand and
Paranapanema rivers. After most of its forests were cut down at the beginning of the 20
century, the region was turned over to agricultural production of crops such as cotton and
coffee and occupied by pastures from the 1950s onwards (Origuéla et al., 2012). In
addition, this region has a history of territorial disputes due to a large number of properties
illegally acquired through “land-grabbing” (Feliciano, 2018).

With the oil crisis in the 1970s, Brazil needed to invest in new energy matrices,
due to the PROALCOOL (National Alcohol Program) project with the aim of replacing
part of the fleet of gasoline-powered cars with cars powered by ethanol, produced from
sugarcane (Pimenta and Rocha, 2018). So, there was an urgent need to expand the areas
of cultivation for agrofuel production in Pontal do Paranapanema (Adeodato, 2018). In
an attempt to curb deforestation in the region, the Governor of the State of Sao Paulo,
Franco Montoro, created the “Integrated Plan for the Development of Pontal do
Paranapanema”, and the creation of the “Morro do Diabo State Park”, through Decree
No. 25.342, of July 4, 1986 (Silva, 2010). In June 1990, the MST (Landless Rural
Workers’ Movement) carried out its first major occupation in Pontal do Paranapanema,
beginning the process of territorialization and the struggle for land in the region
(Fernandes and Ramalho, 2001).

Pontal do Paranapanema is the western region in Sdo Paulo State, where it is
located the last remaining of the Atlantic Rainforest biome (Carrasco et al., 2020). The
region is within what Thomaz Junior (2010) names hydro-agricultural business, which
limits to the west of Sdo Paulo, east of Mato Grosso do Sul, north-west of Parana,
Triangulo Mineiro, and south-southwest of Goids State.

Thus, Pontal do Paranapanema stands out for having a history of pasture
occupation and land conflicts, as well as the expansion of sugarcane crop. Covered by
sediments of the Bauru-Caiué aquifer, the whole region can be considered as naturally
vulnerable, since it is an aquifer with direct recharge (Romagnoli and Manzione, 2018).
Due to its water production, the region is also exploited by large construction projects,

such as hydroelectric dams — which flood large areas of farmlands — and road and rail
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corridors, which also cause mass displacement (Fernandes et al., 2010). Initiatives of
environmental protection and optimization of land use and occupation have consequences
for the conservation of soils and water resources in a water basin, quantitatively or

qualitatively (Silva et al., 2017).

Land use in the Pontal do Paranapanema

Intense land occupation can provoke a series of environmental damages. These
speed up the degradation of the watershed, leading to losses in soil quality and water
resources (Silva et al., 2017). The initial process of environmental degradation of an area
is deforestation. Among the consequences of deforestation is a decline in soil productivity
and local climate change (Soares et al., 2019). In addition, it leads to carbon dioxide (CO>)
emission into the atmosphere. It happens mainly through burning, decomposition of
vegetal residues, and soil respiration (Souza, 2022). A report by the World Resources
Institute (2024) showed that global CO; emissions in 2022 were 182 times higher than in
1850, the year of the Industrial Revolution.

Land use changes with the replacement of native vegetation by agricultural use can
induce soil degradation (Souza, 2022) and significantly harm the provision of multiple
ecosystem services (Foley et al., 2005). Carrasco et al. (2020) mapped land uses in the
Pontal do Paranapanema, concluding that the dominant land use is pasture, with 48.4%
in 2017. Farming was the second largest use, with a 45.4% increase between 1987 and
2017. The authors also pointed out that vegetated areas were low in all the years assessed.
In another survey, Rodrigues et al. (2019) pointed out that more than 84% of the
permanent preservation area remains with a deficit of tree vegetation.

When poorly managed, pastures also harm the environment. Besides economic
impacts, such as reduced productivity and pasture quality, they have lower animal
stocking capacity (Zanello and Micheels, 2025). After pasture, the most common land use
in the Pontal do Paranapanema region is agricultural cultivation, with sugarcane as the
most expressive (Rodrigues et al., 2019). The conventional soil management system used
in the sugarcane can cause an increase in bulk density and a decrease in soil porosity and
water infiltration (Vasconcelos et al., 2014). On the other hand, the no-till system provides
a greater amount of organic material into the soil and high biological activity, favoring
plant growth (Bertol et al., 2016).

Rodrigues et al. (2019) also report significant annual crop areas. Successive
monoculture and extensive agricultural practices, and inadequate crop rotations lead to
the degradation of soils and other natural resources, affecting food security (Hussain et

al., 2021). A small rate of change in land use was by Carrasco et al. (2020). Despite the
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increase in growth rates is 0.4% a year, for 30 years, the region presented a serious deficit
of native vegetation.

Among the main environmental risks that agricultural business entails are soil
compaction, reduced aggregate stability (Silva et al., 1990), soil loss (Armbrust et al.,
1994), increase in soil temperature (Carrasco et al., 2020; Pan and Ziaul, 2017), and pH
change, sum of bases, bases saturation (Cardoso et al., 1992). Soil microorganisms are
also affected, altering the decomposition of organic matter, and nutrient availability and
absorption (Lange et al., 2019). In addition, there is a 16 to 20% loss of global soil C
stock (Hussain et al., 2021).

The economic and social problems of these indiscriminate land use changes are
significant, with implications for food security (Gazzoni, 2014), agriculture, health, social
welfare, migration (Madden et al., 2020), land distribution, wildlife conservation, carbon
sequestration and emissions, among others (Souza, 2022). Therefore, in order to minimize
the impacts associated with environmental degradation, the adoption of sustainable soil
management practices is inevitable. These practices help to maintain natural resources,
provide food security, and improve soil quality. In addition, achieving the COP 21 goal
of ending illegal deforestation by 2030 and recovering 12 Mha of native vegetation

(Roque, 2015).

Soil quality indicator

Soil is an essential element of natural capital and performs fundamental ecological
functions to provide several ecosystem services (Simth et al., 2021). Besides being the
basis for crop production, soils filter water, and regulate its flow; and host the soil biota,
which are the decomposing agents of dead plant material. In this sense, soil quality is
fundamental for supporting the functioning of the ecosystem as well as for supplying ES
(Drobnik et al., 2018). The measurement of soil quality is based on the evaluation of the
attributes involved in the processes involved in the development of agricultural crops
(Lana et al., 2017).

Among the soil attributes, soil texture is one of the main indicators of soil quality
and productivity (Wang et al., 2018). It is a soil characteristic related to the primary
particles (sand, silt, and clay) and their feel to the touch (friction, silkiness, and stickiness)
(Bertol et al., 2016). Texture influences adhesion and cohesion between particles, as well
as soil management. Clay contents are a key indicator of soil aggregation stability, as it
represents the suspended solid fraction transported over greater distances by surface

runoff.



22

One soil attribute that is influenced by both its particle size fractions and by
management is bulk density. It corresponds to the mass of dry soil in a volume of soil. It
is variable and depends on the soil's constituent material, structure, aggregation, porosity,
land use, and management (Bicalho, 2011). For each soil, there is a critical bulk density,
when it decreases or prevents root growth, according to Kumar (2024). Bulk density can
influence other soil properties, such as gas exchange in the pore system, water retention
and infiltration, root penetration, and nutrient cycling (Rabot et al., 2018). Influenced by
bulk density, low macroporosity can help identify soil structural degradation, which
affects oxygen diffusion, water infiltration, and drainage, and thus root development
(Vengavasi et al., 2024).

When soils susceptible to compaction, such as Oxisols, are used for productive
systems, degradation processes such as compaction and erosion can happen (Scarpare et
al., 2019). It is known that Oxisols are among the most predominant soils in areas of risk
in the Pontal do Paranapanema. However, they also stand out due to its low organic matter
content, stable granular structure, and good drainage, which easily favors the vertical
movement of solutes (Romagnoli and Manzione, 2018). On the other hand, sandy clay
loam and sandy clay soils, such as the predominant soils in the region -Oxisols and
Ultisols, present less capacity for water and nutrient retention, in this way, the plant
induces root development in depth to make up for the lack of these resources (Otto et al.,
2009).

In this context, in order to analyze the viability of soil use and management, the
estimation of quality indicators is a very useful tool, as it is capable of assessing the
system's capacity to be self-sustaining and viable. In addition, the indicators must be
effective in pointing out the weaknesses and strengths of management systems (Cherubin

et al., 2016).

Soil organic carbon

The determination of soil organic carbon (SOC) is also recommended for
monitoring the soil quality (Franzluebbers, 2002), SOC is the greatest carbon pool in the
biosphere (Sparks, 2019). The reduction of soil organic matter, besides boosting CO>
emissions into the atmosphere, leads to soil degradation and its chemical, physical, and
biological attributes (Vezzani and Mielniczuk, 2009). In this sense, SOC can be
considered a soil quality indicator (Wink et al., 2019).

SOC stock is regulated by various factors, such as climate, relief, vegetation, parent
material, soil texture and type (Stevenson and Cole, 1999), altitude (Zinn et al., 2018),
and the frequency and depth of soil cultivation (Zinn et al., 2005b). Studies have shown
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that the stabilization of C in the soil is influenced by soil mineralogy. The clay, silt, and
sand fractions play an important role in stabilizing C (Saidy et al., 2013). In soils with
high sand content, a lower rate of organo-mineral associations is expected. This reduces
the physical protection of soil organic matter (SOM) (Tenelli et al., 2025), making soils
more sensitive to agricultural practices (Totti et al., 2025).

For Brun and Conceigao (2010), in soils with higher sand content on the surface,
such as some Oxisols, soil management must be conducted meticulously, due to their low
carbon contents, making the correct management of these soils necessary in order to
increase C through this soil class. When there is a change in land use, if agricultural
cultivation is carried out with minimal disturbance, in addition to preserving its physical
characteristics, it is also possible to recover the soil carbon stocks (Oliveira et al., 2022).
After 20 to 40 years of forest restoration, soil C content can be reestablished, increased,
or even decreased, according to the management adopted in that area (Specht and West,
2003).

A higher content of this element can help preserve the soil structure, forming bigger
and more stable aggregates, which aid the retention of available water to plants and create
greater permeability, drainage, and soil aeration. Soil carbon offers substrate and energy
for sustaining microbial activity, and maintains a pool of N, P, and other nutrients, which

provides productivity for plants, and helps mitigate climate changes (Milne et al., 2015).

Soil quality indices

Indices are a good tool for understanding soil quality indicators (Lal, 1999). Soil
attributes can lead to which use has more benefits for sustainability in the study areas
(Lopes et al., 2009). In addition, studies that look to integrate the link between soil quality
and ES with decision-making are still scarce, making it necessary for more strategies that
can ensure the sustainable provision of soil-related ES (Silva-Olaya et al., 2022).

The assessment of quality indicators in indices has been shown as a more and more
helpful tool in the evaluation of the system’s capacity to self-sustain and make itself viable
in the present and future (Cherubin et al., 2016). Therefore, it reveals the weaknesses and
strengths of land use and management, being capable of corroborating the importance of
biodiversity to maintain ecological services (Oliveira et al., 2007).

According to Kroll et al. (2012), the provision of soil ES tends to be more
influenced by soil management practices and land use intensity than by the use itself.
Thus, there are no universal indicators, since every system has its characteristics, needing

a group of indicators for the system in question. In this regard, by formulating these
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ecosystem services and soil quality indices, it is possible to assess the capacity of the

management system to self-sustain and make itself viable.

OBJECTIVES

The objectives of our research were to evaluate the environmental sustainability of
soils in the Pontal do Paranapanema — SP, under different uses, through carbon stocks,

ecosystem services, and soil quality indices.

HYPOTHESES

Under similar land uses, Oxisols are expected to exhibit greater potential for carbon
stabilization and improved soil quality indicators than Ultisols, suggesting that intrinsic
mineralogical and textural properties may modulate land use effects on soil functioning.

Land uses with continuous vegetative cover—such as native forest, reforestation,
and sugarcane—are hypothesized to foster greater carbon sequestration and enhanced soil
quality compared to uses with seasonal cover or intensive management (e.g., cassava,

annual crops), due to sustained organic inputs and lower disturbance intensity.



25

SECOND PART - PAPERS

Article 1 - Written by the standards of the scientific journal Geoderma

Regional - Published version

Article title:

Organic carbon stocks across various land use systems in sandy
Ultisols and Oxisols in Brazil

Autores:

Maria Cecilia Vieira Totti

Yuri Lopes Zinn

Sérgio Henrique Godinho Silva
Bruno Montoani Silva
Fernanda Almeida Bocoli
Vanéssa Lopes de Faria

Andrés Olaya Montes

Salvador Francisco Acufia-Guzman
Alexandre Uezu

Laury Cullen Junior

Vinicius Ferreira Fernandes

Junior Cesar Avanzi

Periodico:

Geoderma Regional

ISSN

2352-0094

DOI

https://doi.org/10.1016/j.geodrs.2025.¢00924



https://doi.org/10.1016/j.geodrs.2025.e00924

26

PAPER 1 - ORGANIC CARBON STOCKS ACROSS VARIOUS LAND USE
SYSTEMS IN SANDY ULTISOLS AND OXISOLS IN BRAZIL

Maria Cecilia Vieira Totti®°, Yuri Lopes Zinn?, Sérgio Henrique Godinho Silva?, Bruno
Montoani Silva?, Fernanda Almeida Bocoli?, Vanéssa Lopes de Faria®, Andrés Olaya
Montes*P, Salvador Francisco Acufia-Guzman®, Alexandre Uezu¢, Laury Cullen Junior¢,

Vinicius Ferreira Fernandes®, Junior Cesar Avanzi® *

* Department of Soil Science, Federal University of Lavras, Lavras, Minas Gerais 37200-900,
Brazil

® Amazonian Research Center CIMAZ-MACAGUAL, University of the Amazon, Florencia
180002, Colombia

¢ Department of Agricultural and Biosystems Engineering, University of Puerto Rico-Mayagiiez
Campus, Mayagiiez, PR 00681, USA

4 Institute for Ecological Research, Faculty for Environmental Conservation and Sustainability,
Nazaré Paulista, Sdo Paulo 12960-000, Brazil

¢ Department of Soil and Fertilizer Research, Agronomic Institute of Campinas, Campinas, Sdo
Paulo 13020-902, Brazil

Received 12 September 2024
Accepted 25 January 2025

* Corresponding author.

E-mail address: junior.avanzi@ufla.br (J.C. Avanzi).

Abstract

Soil organic carbon (SOC) is a major carbon pool that can be easily affected by land use
change, especially in tropical humid sandy soils, where organic decomposition is fast and
SOC stabilization is weak. Here, we assessed SOC stocks in coarse-textured Oxisols and
Ultisols under six contrasting land uses in western Sdo Paulo, Brazil, an area marked by
warm temperatures, within the Atlantic Rainforest biome. Soils were sampled for bulk
density and SOC content to a 1-m depth in areas under a) primary native forest, b) native
forest restoration, c) pastures, d) sugarcane, €) cassava, and f) annual crops. Even under
primary forests, SOC stocks were low relatively to other Brazilian soils under cooler
climates and with finer textures, and the effect of land use changes varied with soil type.
In both soil types, the lowest SOC stocks occurred under cassava cultivation, a traditional
indigenous crop with low soil coverage and which requires intensive soil disturbance for
harvesting. In Ultisols, forest restoration and sugarcane presented the highest SOC stocks,

whereas in Oxisols, the highest stocks occurred under primary forests and pastures,
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suggesting that gramineous perennial crops with little soil disturbance are effective in
preserving or even sequestering SOC in these areas. When only primary forests are
compared, SOC stocks in Oxisols were higher than in Ultisols, probably due the effect of
higher soil bulk densities on the Ultisols, rendering root development and thus SOC
accrual in subsoil more difficult.

Keywords: Soil organic matter. Oxisols. Ultisols. Tropical Rainforest
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1 Introduction

Billion metric tonnes of carbon, equivalent to 3.3 times the size of C of the atmosphere
pool and 4.5 times the size of the biotic pool (Lal, 2004). Most of this C exists as soil
organic carbon (SOC), the main component of soil organic matter, which in highly-
weathered tropical soils, is critical to soil fertility and health (Bocoli et al., 2021). SOC
directly and indirectly affects processes such as soil water retention, soil aggregation and
resistance to erosion (Mantovani et al., 2024), and acts as the main energy and C source
for the soil food web, and consequently promotes nutrient cycling (Haghverdi and Kooch,
2019). Globally, the conversion of forests to croplands has been reported to reduce not
only biomass C but also SOC stocks (Babu et al., 2020; Koga et al., 2020; Padbhushan et
al., 2022), the latter due to mechanical cultivation accelerating SOC decomposition and
lower organic inputs (Zinn et al., 2002). Long-term annual soil cultivation significantly
depletes SOC, consequently reducing nutrient supply through mineralization and
decreasing nutrient retention by organic colloids, the primary source of cation exchange
capacity (CEC) in tropical humid soils (Zinn et al., 2005).

Tropical rainforests play a fundamental role as terrestrial carbon sinks (Mantovani

et al., 2024), and their year-round high net productivity can help mitigate anthropogenic
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CO2 emissions (Terra et al., 2023). According to Joly et al. (2014), the Atlantic Rainforest
is Brazil's most threatened biome due to its long history of agricultural expansion,
infrastructure and urban development, resulting in widespread deforestation. This biome
historically occupied an area of ca. 1.1 Million km2, or 15 % of the national territory, but
currently only 12.5 % of the original native forest area remains intact, or < 2 % of the
total (Instituto Brasileiro de Florestas, 2024). However, Carvalho et al. (2010) suggested
a substantial carbon storage capacity in deforested soils in the Atlantic Rainforest biome
is still possible, by adoption of best management practices. For instance, forest restoration
can store 178 % more SOC over time compared to monoculture systems, highlighting the
potential advantage for carbon sequestration and storage (Lal, 2004; Yang et al., 2019).
Among the various C pools in forest restoration areas, the largest pool is also SOC (Zanini
etal.,2021). Conversely, conventional tillage for annual crops and even fast-growth forest
plantations are known to deplete SOC in comparison to native vegetation in humid Brazil,
especially in sandy soils, where stabilization of humic substances by sorption onto clays
is limited (Zinn et al., 2002, Zinn et al., 2005). Thus, understanding how SOC in Atlantic
Rainforest soils behave as C sinks or sources under various land use systems is essential
for outlining mitigative measures and promoting sustainable agriculture.

Here, we aim to assess SOC stocks to a depth of 1 m in coarse-textured Ultisols
and Oxisols in Southeastern Brazil, under six representative land use systems, with focus
on forest restoration, a critical environmental recovery initiative whose potential for SOC
sequestration potential is still poorly investigated. We hypothesized that: a) forest
restoration would exhibit greater potential for carbon sequestration than agricultural land
uses in sandy soils, and b) SOC stocks will be similarly influenced by the same land uses

across both soil types.

2 Materials and methods

2.1 Study area

The area sampled is located within the Pontal do Paranapanema region, in the
westernmost part of the State of S3o Paulo, Southeastern Brazil (Fig. 1), with local
altitudes ranging between 350 and 560 m. The region has a tropical climate with a dry
season, classified as Aw according to the Kdppen system, with an average annual
temperature of 21.9 °C and an annual precipitation of 1370 mm, with most rainfall
occurring between December and February (summer), while the winter season is
characterized by warm and dry conditions. The area is considered a part of the Atlantic

Rainforest biome, which extends along Brazil's eastern coastline, and in some parts
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stretching hundreds of kilometers inland. Geologically, the area comprises aeolian
sandstones from the Botucatu Formation, deposited above basaltic flows from the Serra
Geral Formation (Silva et al., 2003). Deforestation in the area began in the 1950s (Uezu
and Metzger, 2016), with no records of primary forest being cleared prior to this period.
However, since then, part of the remnant forests have been partly degraded due to

selective logging, fires and grazing, particularly at the forest edges.
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Fig. 1. Maps illustrating the study area highlighting the specific locations where soil samples were
collected in the Pontal do Paranapanema region, Sdo Paulo, Brazil.

To choose sites for correct sampling of Oxisols and Ultisols, we used the soil maps
of the State of Sdo Paulo elaborated by Rossi (2017). However, a brief soil description
was performed at each site to verify whether the soil map unit accurately matched the
field conditions. The sampling sites were chosen to include the two predominant soil
types in the area and biome, namely Oxisols and Ultisols, and the most common land use
systems in the State: 1) native forest fragments (Semideciduous Forest); 2) secondary
forest restoration; 3) pastures featuring terraces as a conservation practice; 4) sugarcane,
5) cassava, and 6) annual crop rotations (soybean/corn) (Fig. 2). The secondary forest
restorations are aged 15-20 years, and were established by planting seedlings of local
native species, aiming the preservation of the original genetic pool (Mendes et al., 2021).
The land use history of each site is detailed in Table S1 (Supplementary Data). The main
features of each land use are robust soil cover under forest restoration areas (Fig. 3a), soil
compaction but high straw cover in sugarcane plantation (Fig. 3b, d), deep root
development in pasture (Fig. 3¢), and excessive soil disturbance, poor soil cover and rill

erosion under cassava (Fig. 3d).
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Fig. 2. Sampled land uses in study area: a) native forest fragment, b) secondary forest restoration,
¢) pasture, d) sugarcane, e) cassava, and f) annual crop rotation.

Fig. 3. Main features of land use systemsﬁ a) forest restoration area; b) soil compaction under
sugarcane plantation; c) root development under pasture; d) sugarcane straw mulch after
harvesting; and e) rill erosion under cassava cultivation due to excessive soil disturbance and poor
soil cover.

The study area comprised 36 sampling locations derived from the combination of

these two soil types and six land uses, with three replications.

2.2 Soil sampling and characterization

Soil sampling was conducted across two soil classes (Oxisols and Ultisols) and
six land uses, with three replicates per combination, totaling 36 sampling points. At each

point, five individual soil samples were collected and combined to form a composite
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sample. Samples for soil characterization were taken at depths of 0—20 cm and 80—-100 cm
using an auger. The sampling was performed in February 2023, during the rainy season.
Soil particle-size distribution was determined using the pipette method after dispersion
with 0.1 mol L' sodium hydroxide (NaOH), wet sieving, and siphoning according to Gee
and Or (2002). Soil pH was determined in 0.01 mol L' CaCl,; exchangeable Ca2,
Mg?* and AI** were extracted with 1 mol L' KClI; available K* and P were extracted with
0.05 mol L' HCI and 0.0125 mol L' H,SO4 (Mehlich-1) solution; and potential acidity
(H + Al) was extracted in a 0.5 mol L calcium acetate solution, pH 7.0. Exchangeable
Ca> and Mg? were determined by atomic absorption spectrophotometry and Al* by
titration with NaOH; K* was determined in a flame photometer and P by colorimetry;
H + Al was determined indirectly by reading in a potentiometer in SMP solution buffered
at pH 7.0 (Quaggio and Van Raij, 2001). Soil organic matter was assessed using the wet
combustion Walkley and Black (1934) method.

Undisturbed soil samples for SOC content and bulk density (Bd) analyses were
taken using metal cores (5 cm height and diameter) at depths of 0-5, 5-10, 15-20, 45—
50, and 95-100 cm (Blake and Hartge, 1986). SOC content were determined in samples
of approximately 5 g of fine earth (<2 mm), further ground with mortar and pestle to a
100-mesh (0.149 mm) size, by dry combustion in an elemental analyzer (Flash EA1112,
Thermo Electron Corporation, Milan, Italy) following Nelson and Sommers
(1996) methodology.

The thickness of the evaluated soil layer was corrected to calculate mass-
equivalent SOC stocks, considering changes in bulk density due to management, using

the method suggested by Signor et al. (2014):

f.
Corrected depth = (Re Bd
Corr. Bd

) X dep. ref. ()

where Ref. Bd. is the weighted average bulk density in the reference area under
native forest (kg dm~3), Corr. Bd is the weighted average bulk density in the assessed area
(kg dm™3), and dep. Ref. is the depth in the reference area for the layer equivalent to the
one being corrected (cm). Mass-equivalent SOC stocks were calculated for each treatment

and three standardized depths (0-20, 0-50, and 0—100 cm) as follows:

Cstock =Bd X ¢ x L x 100 2)

where Cstock is the carbon stocks (Mgha™!), Bd is the soil bulk density
(Mg m?), ¢ is the SOC content (%), L is the soil layer thickness (m), and 100 is a unit
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conversion factor. In addition, in order to better estimate SOC stocks in the subsoil
standard layers, we averaged SOC and bulk density data between the two end sampling
depths. For instance, to estimate SOC stocks at the 50—100 cm standard depth, we
computed a mean value for SOC concentration and bulk density from data obtained for

the 45-50 and 95-100 cm sampled depths.

2.3 Data analysis

To test the effects of land use on soil properties, the normality of the data for
different soil indicators was verified using Shapiro-Wilk tests (p > 0.05), followed by
analysis of variance (ANOVA). When ANOVA was significant (p < 0.05), means were
compared using the Scott-Knott test (p < 0.05). Principal component analysis (PCA) was
also performed to showcase the correlation between the measured variables and SOC
stocks. All univariate and multivariate statistical analyses were conducted using RStudio

4.3.1 software.

3 Results

3.1 Soil characterization, bulk density and SOC concentrations

The sampled Oxisols and Ultisols, despite their different taxonomic
classifications, showed similarities in key soil attributes (Table S2), consistent with highly
weathered tropical humid soils. Clay contents were typically less than 20 % in the 0—
20 cm layer, consistently with the sandstone parent material. Clay contents were generally
higher at the 80—100 cm depth, and slightly more for Ultisols. Soil pH values were nearly
neutral under forest fragments, with exchangeable Al3* relatively low. Available K and P
and CEC levels were generally low, even in cultivated fertilized soils. There were few
significant differences between land use systems and soil types in regard to soil fertility
indicators (Table S2).

Bulk density values (Fig. 4) were consistent with those reported for coarse-
textured soils in Brazil, and considerably higher than commonly reported for clayey soils
developed from sediments (Zinn et al., 2002). In both soil types but especially in Oxisols,
primary forest fragments presented much lower bulk densities values than other land uses,
throughout the 1-m soil profile. In Oxisols, bulk density was the lowest and varied little
with depth, whereas in Ultisols, it increased considerably from the 0—5 cm to the 10—
20 cm depth, with limited variation beneath that layer. In Ultisols, annual crops and
cassava showed the highest bulk densities in the upper layers, reaching 1.66 g cm at the

5-10 cm depth (Fig. 4a). The highest bulk density was reported under sugarcane in
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Oxisols, where compaction resulted in values as high as 1.8 g cm at the 15-20 cm depth

(Fig. 4b).
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Fig. 4. Bulk densities of a) Ultisols and b) Oxisols, under different land uses along the top 1-m
depth. The bars represent the standard error of the mean.

SOC concentrations were relatively low, always less than 1.2 % even under native
forests, which however is consistent with values reported for coarse-textured tropical
humid soils at low altitudes and under high mean annual temperatures (Zinn et al., 2002).
In Ultisols, secondary forest restoration showed the highest values at the top 5 cm
(1.09 %), with a significant decrease to 0.25 % at the 95-100 cm depth (Fig. 5). Although
the native forest fragment did not show the highest SOC concentrations in the top 5 cm
in Ultisols, it showed high values at the 95-100 cm depth (Fig. 5). Furthermore, SOC
concentrations under primary forest were similar to those under sugarcane in the topsoil,
pasture and annual crops in the 5-10 cm layer, and to all other land uses in the 10-20 cm,
and 45-50 cm layers. Pasture and annual croplands showed similar patterns, with SOC
contents of 0.63 % and 0.55 %, respectively, at the surface and 0.15 % and 0.23 % at the
I m deepest layer. Cassava crops presented the lowest SOC content in most layers in

Ultisols.
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Fig. 5. Soil carbon content along the profile of Ultisols and Oxisols under different land uses. The
bars represent the standard error of the mean.

In Oxisols, the primary forest fragment showed the highest SOC content, reaching

1.17 % at the surface layer, which was statistically different from all land uses except
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pasture, and reached 0.36 % at depth, not significantly different from other land uses. The
secondary forest restoration in Oxisols presented low SOC concentrations, similar to

cassava crops, reaching only ca. 0.6 % at the 0—5 cm depth.

3.2 SOC stocks

As with bulk density and SOC concentrations, the effect of land use systems on
SOC stocks varied with soil type (Fig. 6). In Oxisols, SOC stocks under cassava and
restoration forests at all three standard depths were nearly half of those under the primary
forest fragments, which did not differ from the pasture in deeper layers. Conversely, in
Ultisols, the highest SOC stocks were observed under secondary forest restoration,
although not significantly different from the primary forest, and almost doubling SOC
stocks under cassava, for the three depths. In Ultisols, sugarcane also presented high SOC

stocks as compared to primary forests, which did not occur in Oxisols.
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Fig. 6. Carbon stocks of Ultisols and Oxisols under different land uses at different depths. The
bars represent the average standard error of the replicates. Within each depth, upper case letters
indicate statistically significant differences among soil type for each land use, and lowercase
letters indicate statistically significant differences due to land use within each soil type, inside at
the 5 % significance level (Scott-Knott).

3.3 Principal component analysis

To better understand the drivers of soil carbon stock, several easily measurable
chemical variables were analyzed through the principal component analysis (PCA) (Fig.
7). The PCA explained more than 60 % of the variance in the data between components
1 and 2. The plots indicate that SOC stocks were strongly correlated with carbon (C) and
nitrogen (N) concentrations, as well as with clay and silt contents. SOC stocks were
inversely correlated with bulk density, which in turn was inversely correlated with C
content. Other soil fertility indicators, such as potassium (K), phosphorus (P), calcium

(Ca), magnesium (Mg), and pH, were not significant in explaining SOC concentrations
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or stocks. As noted before, primary forest fragments and forest restoration presented the
highest carbon stocks, particularly in Ultisols. Additionally, there was no grouping

between the soils, indicating that both soils present the same patterns of SOC retention.
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Fig. 7. Principal Component Analysis (PCA) of Ultisols and Oxisols under different land uses.

3.4 Discussion

Secondary forest restoration showed high SOC stock in Ultisols for all depth
layers, which may have been driven by increased bulk densities below the 20-cm depth.
This compaction is likely due to intensive agricultural land use prior to abandonment and
subsequent planting of tree seedlings for forest restoration. The results suggest that the
forest restoration in degraded Ultisols is very effective in regard to SOC accretion and
stabilization, since it recovered after approximately only ca. 15 yrs., with obvious benefits
also to other associated ecosystem services, such as nutrient cycling, soil fertility, water
structuring and regulation, plant growth and food production.

This recovery was facilitated by the cessation of annual soil tillage and subsequent
forest biomass accumulation (Fig. 3a) (Siqueira Neto et al., 2009). Therefore, forest
restoration in areas with coarse-textured Ultisols proved to be a viable soil and
environmental conservation strategy, serving as a C sink in both soils and biomass.

However, forest restoration performed differently in Oxisols, showing low SOC
stocks. This might suggest that in Oxisols, characterized by their low fertility
(Supplementary Material Table S2), may face challenges in enhancing recovery and SOC
accrual —particularly through root system contributions, especially in deeper layers

(James et al., 2019). Carbon input and renewal is much slower at deeper soil layers
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(Moraes et al., 2002), and despite signs of improvement in Oxisol quality (e.g., reduced
bulk density compared to agricultural land uses in surface, Fig. 4), the soil profile has not
yet recovered former SOC levels (Freitas et al., 2018). These Oxisols thus still bear the
impacts of past land use, which may also reflect that forest restoration efforts were
performed without mechanical practices to ameliorate soil compaction, such as
subsoiling. Diagnosing soil compaction and making informed decisions regarding its
mitigation can then increase the success of environmental restoration strategies and
associated benefits (Benevenute et al., 2020; Peixoto et al., 2019; Souza et al., 2021). The
striking difference between bulk density patterns in Oxisols and Ultisols under native
Brazilian forests has been shown earlier by Padua et al. (2015). Another factor that may
limit the increase in carbon stocks in forest restoration areas is the selection of plant
species. The chosen plants were selected primarily for being native to the region and for
their role in establishing forest corridors to support local fauna, rather than for their
potential to contribute carbon to the soil.

Pastures presented intermediate bulk density values and SOC stocks, which can
be considered a favorable outcome since this perennial land use requires minimal labor
and inputs, while providing constant land coverage and C accrual. The sandy soil favors
root development of grasses (Fig. 3¢), contributing to C inputs through root turnover and
decomposition (Santos et al., 2019). In fact, Rittl et al. (2017) observed SOC stocks under
pastures similar to those under forests at a 30-cm depth, and a tendency for SOC increase
over time.

In Oxisols, sugarcane plantations showed a pattern similar to those of forest
restoration, with a comparable SOC stock. Similarly to the pastures, this may be due to
the high number of fine, dense roots with relatively short lifespans that rapidly incorporate
SOC, in addition to the presence of sugarcane straw (Fig. 3d). The discontinuation of
burning before harvesting, as required by law in Brazil some years ago, has also increased
the addition of straw into soils (Leal et al., 2013). Cherubin et al. (2018) reported an
average rate of soil C increase in sugarcane fields without burning of 0.81 and
1.37 Mg ha™! year ! for the 0-30 cm and 0-100 cm depths, respectively. Given that
sugarcane in Brazil is largely used to produce ethanol biofuels, our data suggest that this
crop is highly sustainable, in relation to the other agricultural uses evaluated, not only in
offsetting fossil fuel emissions but also in sequestering C in soils.

Under annual crops, a significant portion of the total biomass is constantly
removed from the production system (Anderson-Teixeira et al., 2009), leading to a

decrease in SOC stocks. Forest soils exhibited approximately 20 % higher SOC stock at
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the 0—20 cm depth than a 40-year no-tillage system within the Atlantic Forest biome;
however, when considering the entire soil profile (0—60 cm), the overall SOC stock was
comparable between the soils under long-term no-tillage system and forest in an Ultisol
(Thomaz and Kurasz, 2023). These findings suggest that adopting no-tillage management
practices favors C accumulation under grain production.

Cassava crops had the lowest SOC values among all assessed land uses, which
can be ascribed to a) low biomass production and soil coverage, b) intensive cultivation
practices for planting, and c) heavy soil disturbance (Fig. 3e) through manual or
mechanical harvesting, which promotes aggregate disruption, enhanced soil aeration, and
thus accelerates SOC decomposition (Figueiredo et al., 2017). Thus, although cassava,
like pastures and sugarcane, is also a perennial crop, which typically have a considerable
potential for SOC sequestration (Ledo et al., 2020), its cultivation practices render it even
more disruptive to soil structure and SOC than annual crops. Cassava was a major food
staple for pre-Columbian peoples in Brazil, when it was planted in nomadic slash-and-
burn agriculture, and still is a very traditional food source. However, it seems obvious
that in its current conventional approach, on steady farms, cassava crops promote SOC
depletion and soil degradation, turning the area into a net C source, especially where sand
contents are high (Le et al., 2018). Innovative cassava cultivation methods are urgently
needed to mitigate SOC depletion, whether through reduced soil disturbance or increased
biomass yield, including cover crops.

In Ultisols, native forest fragments showed the third-highest SOC concentrations
among land uses, and bulk densities in these areas were the lowest for Ultisols (Fig. 4).
Although constant biomass accretion occurs, it was not sufficient to attain the highest
SOC stocks, when compared to forest regeneration. Nevertheless, these values are
comparable to those reported by Freitas et al. (2018) in nearby Guariba, Sao Paulo. In
Oxisols, native forest fragment areas showed the highest SOC stocks, consistent with
long-term protection and forest climax stages (Souza et al., 2021).

Higher SOC content and stocks in native forests under Oxisols compared to
Ultisols are likely due to higher bulk densities in Ultisols, which hinder root development
and C accrual, especially in subsurface layers. However, these values are relatively low
compared to native forest soils with higher clay contents and at higher altitudes (i.e., due
to lower mean temperatures) as reported by Zinn et al., 2002, Zinn et al., 2018. These
results suggest that the Pontal do Paranapanema is not an area with high potential to store

SOC, but at the same time, this study supports the conclusion that this and similar warm
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humid, sandy soil areas deserve more care when implementing some traditional food and
annual crops, in order to minimize SOC losses.

When comparing the averages SOC stocks for land use and soil type combinations
(Fig. 6), there were few significant differences between the land uses, especially for the
0-100 cm layer. This indicates strong variations in SOC stocks, especially true for
sugarcane and pastures, which presented the wider error bars in Fig. 6, whereas cassava
and annual crops presented the narrower variations, suggesting a consistent depletive
effect on SOC. Jobbagy and Jackson (2000) highlighted that plant types significantly
affect the vertical distribution of SOC, suggesting that preferential C allocation in root
systems and their adequate vertical distributions enhance SOC accrual in deeper layers.
Moreover, Bai et al. (2020) reported that root cellulose is the primary driving factor to the
changes of SOC sequestration in grassland restoration. Our study reveals that vertical
variations in SOC distribution for the same plant species may be influenced by additional

factors contributing to carbon deposition at depth.

3.5 Conclusions

This study demonstrated that SOC stocks in tropical sandy soils of the Pontal do
Paranapanema region are significantly influenced by both soil type and land use. In
Ultisols, the highest SOC stocks were observed under forest restoration and sugarcane,
while in Oxisols, native forest fragments and pastures showed the greatest SOC stocks.
Consequently, our initial hypothesis that forest restoration on sandy soils (Ultisols and
Oxisols) would exhibit greater potential for carbon sequestration than under other
agricultural land uses was not fully supported by our results, especially due to the high
SOC stocks under sugarcane, a perennial crop with high biomass accretion, and to the
relatively low stocks for forest restoration in Oxisols.

Although cassava cultivation was the most SOC-depletive system, our findings
indicate that different land uses promote SOC accretion and depletion differently among
soil classes, thus rejecting our second hypothesis as well. The SOC stock gap between the
two soil types under forest restoration shows the importance of edaphic factors such as
structural patterns leading to considerable differences in soil bulk density and SOC
allocation in subsoil. Our results also suggest that management practices should be
tailored to specific soil types to optimize carbon sequestration. These steps are crucial for
developing effective land management practices that enhance SOC storage and contribute

to mitigating climate change impacts in tropical sandy soils.
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Table S 1. Land use history in the Pontal do Paranapanema region.
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Locations Soil 2023 2021 2019 2017 2015 2013
1 Ultisol Restoration
Ultisol Restoration ‘ Pasture

3 Ultisol Restoration

4 Oxisol Restoration ‘ Pasture
5 Oxisol Restoration

6 Oxisol Restoration

7 Ultisol Pasture

8 Ultisol Pasture

9 Ultisol Pasture

10 Oxisol Pasture

11 Oxisol Pasture

12 Oxisol Pasture

13 Ultisol Sugarcane

14 Ultisol Sugarcane

15 Ultisol Sugarcane

16 Oxisol Sugarcane

17 Oxisol Sugarcane ‘ Pasture
18 Oxisol Sugarcane

19 Ultisol Annual crop ‘ Sugarcane
20 Ultisol Annual crop ‘ Sugarcane
21 Ultisol Annual crop ‘ Pasture
22 Oxisol Annual crop Sugarcane
23 Oxisol Annual crop Pasture
24 Oxisol Annual crop Pasture
25 Ultisol Cassava Pasture
26 Ultisol Cassava Pasture
27 Ultisol Cassava Pasture
28 Oxisol Cassava Pasture
29 Oxisol Cassava Pasture
30 Oxisol Cassava Pasture
31 Ultisol Fragment
32 Ultisol Fragment
33 Ultisol Fragment
34 Oxisol Fragment
35 Oxisol Fragment
36 Oxisol Fragment




Table S 2. Statistical analysis of the soil type and land use factor.
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CE
Factor Clay Sand Silt Bd pH K P Al C
—-mg dm3--- - cmol. dm>-
% gcm’ - --
0-20 cm
Land use X
Soil type
p=0.66 p=0.56 p=0.17 p=0.34  p=0.98 p=0.61 p=0.77 p=0.81  p=0.28
Land use
Sugarcane 21.1 a 745 a 45 a 164 a 59 a 81 a 251 a 013 b 4.7 a
a
Fragment 189 b 771 a 48 a 124 b 6.1 a 243 a 16 a 040 a 4.6 a
a
Annualcrop 163 b 788 a 39 a 159 a 49 a 519 a 147 a 0.13 b 42 a
a
Restoration 145 b 825 a 38 a 150 a 53 a 441 a 36 a 023 ab 39 a
a
Cassava 11.5b 846 a 45a 15 a 58 a 23 a 22 a 010b 25 a
Pasture 105 b 8.1 a 29 a 151 a 48 a 87a 24 a 010D 32 a
p=0.02 p=020 p=0.89 p<0.01  p=0.07 p=0.08 p=0.09 p=0.01  p<0.01
Soil type
Ultisol 141 a 821 a 37 a 152 a 55 a 285a 55 a 016 a 39 a
Oxisol 168 a 787 a 44 a 150 a 54 a 179 a 11.1 a 0.21 a 38 a
p=0.16 p=0.14 p=0.48 p=0.59  p=091 p=0.36 p=031 p=038  p=0.75
73. 15. 147. 194.
CV (%) 36.2 9.7 2 7.5 7 5 9 81.3 23.8
80-100 cm
Land use X
Soil type p=0.49 p=0.40 p=044 p=024 p=0.92 p=042 p=0.77 p=025 p=0.55
Land use
Sugarcane 276 a 670 a 53 a 155a 51 a 48 a 06 a 022 a 29 a
Fragment 227 a 709 a 40 a 133 b 49 a 126 a 0.8 a 050 a 2.7 a
Annualcrop 25.1 a 738 a 35 a 157 a 52 a 87 a 20 a 028 a 2.7 a
Restoration 173 a 720 a 25 a 162 a 52 a 243 a 12 a 023 a 25 a
Cassava 184 a 796 a 3.1 a 154 a 52 a 23 a 02 a 015 a 2.1 a
Pasture 255 a 772 a 44 a 152 a 57a 10a 04 a 0.13 a 23 a
p=0.07 p=0.09 p=0.49 p<0.01  p=044 p=035 p=0.46 p=0.06 p=0.26
Soil type
Ultisol 21.8 a 751 a 31 a 156 a 52 a 133 a 0.6 a 026 a 2.5 a
Oxisol 238 a 717 a 45 a 149 a 53 a 47 a 11 a 024 a 2.6 a
p=0.37 p=0.18 p=0.11 p=0.08  p=0.69 p=020 p=043 p=0.81 p=0.74
67. 11. 217. 189.
CV (%) 28.9 10.2 4 6.8 7 1 6 82.6 24.1

Averages followed by different letters mean that the land uses differed from each otherat

5% probability using the Tukey test (p < 0.05).
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Highlights

e Land use directly affects the soil’s ability to provide ecosystem services.
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e Forest restoration helps recover sustainability and mitigate climate change.
e Restoration and sugarcane improve the supply of ecosystem services.

e Intensive cassava cropping harms soil fertility and structure.

e (Carbon cycling and fertility show synergies; intensive use shows trade-offs.

e The index supports sustainable soil management in tropical regions.

Abstract

Soils are essential in providing ecosystem services and fundamental for environmental
sustainability and climate change mitigation. With this in mind, this study aimed to
propose an index of soil ecosystem services, under different uses, focused on the physical
quality of the main soil classes in the Brazilian Atlantic Rainforest biome. The study
assessed the ES provided by two soil classes (Ultisols and Oxisols) under different land
uses in the Atlantic Rainforest biome (forest fragment, forest restoration, pasture,
sugarcane, cassava, and annual crop) on Pontal do Paranapanema, Brazil. The proposed
ecosystem services index considered the indicators of carbon sequestration, carbon
cycling, soil fertility, soil structure, and water regulation. The results showed that, when
well-managed, uses such as forest restoration and sugarcane presented a greater capability
to provide ES. Intensive cultivation, such as cassava, had a negative impact on soil
fertility and structure. There were synergies between carbon cycling and fertility, while
compensations appeared in intensive uses, confirming the need for proper soil
management. Finally, the ecosystem services index was presented as a strategic tool for
supporting sustainable soil management in tropical regions, such as the Atlantic
Rainforest biome.

Keywords: sustainability; Oxisol; Ultisol; soil carbon; forest restoration; forest fragment

1 Introduction

Soil is an essential element of natural capital, performing ecological functions that
underpin the provision of several ecosystem services (ES) (Smith et al., 2021). Beyond
its fundamental role in supporting agricultural production, soil also filters and purify
water, regulates hidrological flows, host the soil biota responsible for decomposition and
nutrient cycling, and acts as a significant carbon reservoir, storing app the found in the
supplies physical support for infrastructure and human activities (Jonsson et al., 2017).

However, the capacity of soil to perform these vital ecological functions is
strongly influenced by site-specific natural factors, including climate, topography, soil

type, as well as land use management practices (Hyun et al., 2022; Adhikari and
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Hartemink, 2016; Silva-Olaya et al., 2022). Changes in land cover and soil management
can significantly promote or hinder the supply of ES (Foley et al., 2005). In agricultural
soil, the intensive practices used for food production threaten the soil’s long-term capacity
of soil to deliver essential ecosystem services, thereby compromising the
sustainability of ecosystems and communities (FAO, 2017).

This scenario is particularly relevant in countries such as Brazil, one of the largest
global food producers (REF), where economic pressures have driven extensive land
conversion to intensive agricultural and livestock production systems (REF). Although
some studies have evaluated structural and governance-related determinants influencing
the adoption of sustainable agricultural practices in Brazil (Latawiec et al., 2017)
(Latawiec et al., 2017; ADD REF), There remains a paucity of studies focusing on the
impact of these agricultural systems on soil-related ES. Previous research has
predominantly examined how different land use systems affect individual soil physical,
chemical, and biological properties in tropical regions (ADD REF). However,
comprehensive evaluations considering multiple soil ES remain scarce, despite their
importance for guiding sustainable land management policies and practices.

In this study, we employed a comprehensive approach to assess the
provision of four critical soil ES —carbon sequestration, carbon cycling, soil fertility,
and soil structure and water regulation—in six representative agricultural land-use
systems located in Central Brazil across two major Brazilian soil classes. Specifically, our
objectives were to (i) evaluate how different agricultural systems influence the
soil's capacity to support these key soil ES, ii) to identify potential synergies and
trade-offs among these services. We hypothesized that conservation-oriented
agricultural systems result in higher overall provision of soil ecosystem services

compared to conventional intensive agricultural systems, regardless of the soil type.

2  Material and methods

2.1 Study area

The study was performed in southwest Brazil, specifically at the Pontal do
Paranapanema region, located at the westernmost part of the State of Sdo Paulo (Fig. 1).
According to the Koppen climate classification, there are two types of climates in the
region, Aw (tropical savanna) and Cwa (humid subtropical). Throughout the year, the
temperature usually varies from 11°C to 37°C, with an average annual rainfall of around
1,500 mm, mainly concentrated from December to February (summer), with a dry period

in winter. The region is part of the Atlantic Rainforest biome, which covers most of
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Brazil’s eastern coastline, in stretches that extend hundreds of kilometers into the
continent. Geologically, the area is made up of basaltic flows from the Serra Geral
Formation, overlain by aeolian sandstones from the Botucatu Formation. The local

altitude varies between 350 and 560 meters above sea level (Silva et al., 2003).
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Fig. 1. Location of soil samples in the Pontal do Paranapanema region, Sao Paulo, Brazil.

Soil sampling was performed over the two main soil classes in the region i.e.
Oxisols and Ultisols (Table 1). In each soil class, six land use systems were studied: 1)
native forest fragments (Semideciduous Forest); 2) secondary forest restoration; 3)
pastures featuring terraces as a conservation practice; 4) sugarcane, 5) cassava, and 6)
annual crop rotations (soybean/corn) (Fig. 2). The secondary forest restorations are aged
15-20 years, and were established by planting seedlings of local native species, aiming
the preservation of the original genetic pool (Mendes et al., 2021) (Fig 2). The soil
particle size distribution to a depth of 0.20 m in each land use system is presented

in Table 1.

Table 1. Average results of the physical characterization of soils in the study area.

Ultisol Oxisol
Use Depth Clay Silt Sand Clay Silt Sand
_____ (%)-----

Fragment 0.00-0.20 16.6 1.4 82.1 21.4 6.5 72.1
Restoration ~ 0.00-0.20 16.7 4.0 79.2 12.3 1.7 85.9
Pasture 0.00-0.20 8.0 4.2 87.8 12.9 4.9 82.3
Sugarcane 0.00-0.20 18.6 43 77.1 23.6 4.6 71.8
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Cassava 0.00-0.20 10.7 2.1 87.2 12.4 55 82.1
Annual crop  0.00-0.20 14.2 6.3 79.5 18.4 33 78.3

Fig. 2. Most common soil uses in the Pontal do Paranapanema region. a) forest fragment; b)
secondary forest (restoration) c¢) pasture, d) sugarcane, ) cassava, ¢ f) annual crop.

2.2 Sampling and data collection

Soil samples were collected in February 2023. Three sampling points were
established across each land use system studied per each soil class, totalling 36 sampling
points in the study area. Then, soil cores (3 cm diameter x 5 cm depth and 8 cm diameter
x 5 cm depth) were collected in each sampling plot at the soil layer 0 — 20 cm depth
for the analyses of physical properties with preserved structure. Disturbed soil samples
were also collected for chemical and biological analyses. In addition to the analysis of
soil resistance to penetration and water infiltration rate, it is carried out in situ.

Following the framework used by Silva-Olaya et al. (2022), which connects key
soil properties to ecosystem services through soil functions, we measured X physical soil
properties and X biochemical properties related to soil chemical fertility and hydrological
functions.

Undisturbed soil samples were used to assess soil physical properties. Soil bulk
density was determined by the ratio between the mass and volume of dry soil (Blake e
Hartge, 1986). Soil porosity was determined using the table tension method, applying 6

kPa to the saturated samples to determine macroporosity, followed by drying the samples
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in an oven at 105°C and weighing to obtain total porosity. Microporosity was calculated
by the difference between total porosity and macroporosity (Teixeira et al., 2017).

The mean weight diameter (MWD) and geometric mean diameter (GMD) of the
aggregates were assessed using Yoder wet sieving (Kemper and Chepil, 1965). Soil
resistance to penetration (RP) was evaluated in the field with an impact penetrometer
(Stolf et al., 2014). The constant head permeameter assessed saturated conductivity (Ks)
(Klute and Dirksen, 2018). The soil water infiltration rate was assessed using the Mini
Disk Infiltrometer (Zhang, 1997).

Distrubed soil samples were sieved (2 mm), ground, and air-dried for further
biochemical analysis. Soil pH (CaCl, 0,01 mol L), available phosphorus (P), potassium
(K), calcium (Ca), magnesium (Mg), aluminum (Al), sodium (Na), potential acidity
(H+Al), the sum of exchangeable basis (SB), bases saturation index (V), cation exchange
capacity at pH = 7 (CTC), cation effective exchange capacity (t), aluminum saturation
(m), P-remaining (P-rem), and organic matter (OM) were carried out according to
Teixeira et al. (2017).

The concentrations of soil organic carbon (SOC) were determined by dry
combustion using an elemental analyzer (Flash EA1112, Thermo Electron Corporation,
Milan, Italy), following the method described by Nelson and Sommers (1996). Soil
carbon stocks were calculated following the analytical methods reported by Totti et al.
(2025). The fractionation of organic matter into particulate fraction and mineral fraction
was carried out following the methodology of Leuthold et al. (2023).

B-Glycosidase was assessed according to Dick et al. (2015). Microbial biomass
carbon (MBC) and soil basal respiration (SBR) were assessed according to the
methodology of Mendonga and Matos (2005). The metabolic quotient (qCO2) was
determined from basal soil respiration and microbial biomass carbon (Anderson and

Domsch, 1993).

2.3 Soil ecosystem services assessment

Soil physical and biochemical properties were used as indicators to develop sub-
indices of four soil ecosystem services: SE 1 - carbon sequestration; SE 2 - carbon
cycling; SE 3 - soil structure and water regulation; SE 4 - soil fertility. These sub-indices
were then combined to create an overall SES index for each land use system studied.

The ecosystem services (ES) analyzed in this study were categorized based on
their respective soil functions, acknowledging that many services arise from the
synergistic interaction of multiple ecological functions. For ES1, related to carbon

sequestration, it was considered a supporting ecological function, essential for the
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regulation of the climate. Indicators used for this service included total soil carbon stock,
soil organic carbon content, and its fractions (particulate organic matter — POM and
mineral-associated organic matter - MAOM), in addition to microbial biomass carbon.
For SE 2, the carbon cycling was framed as a process underpinning both soil fertility
support and climate regulation, as it directly influences the accumulation, stability, and
quality of soil organic matter. To assess this function, we used B-glucosidase activity (a
key enzyme in cellulose degradation) and basal respiration (an indicator of active
microbial metabolism).

For the SE 3 - soil fertility service, we selected chemical attributes such as pH,
potassium (K), phosphorus (P), calcium (Ca), magnesium (Mg), cation exchange capacity
at pH 7.0 (CEC), and available nitrogen and phosphorus, all of which are directly
associated with agricultural productivity and the support of natural vegetation. Finally,
for the SE 4 - soil structure and water regulation service, indicators related to soil
aggregation were adopted, including the mean weight diameter (MWD) and geometric
mean diameter (GMD) of aggregates. Additionally, macroporosity, microporosity, total
porosity, bulk density, and soil penetration resistance were included, as they reflect the
soil’s capacity to infiltrate and retain water, resist erosion, and sustain biological activity.
For the water movement function, infiltration rate and saturated hydraulic conductivity
(Ks) were used.

Table 2 illustrates the mechanisms by which land use affects the soil's capacity
to provide those ecosystem services (ES). Thus, justification was inserted into the choice
of these services. There is a flowchart in Fig. 3 with the attributes used as indicators for
each assessed ES. It is important to note that the evaluated attributes are not direct
measures of ES, but they represent the soil’s capability of providing ES (Silva-Olaya et
al., 2022).

Table 2. Selected ecosystem services related to soil, impact mechanisms due to the change of land
use, and justification for choosing this service.

]SEcéll-related Mechanisms Justification
Soil is the Earth's largest carbon
Land cover and soil amendments | reservoir. Soil carbon supports other
change the carbon balance in the | ES, such as food production,
Carbon . o . .
. soil and, therefore, the soil's | nutrient cycling, and  the
sequestration . . . . g .
capacity to sequester and store | conservation of soil biodiversity
carbon. (Hoffland et al., 2020; Santos et al.,
2021).
The carbon cycle regulates climate
Carbon Supporting function for climate | by controlling atmospheric CO:
cycling regulation and fertility levels and supports soil fertility by
recycling essential nutrients for
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ecosystems (Oliveira et al., 2016,
2017)

Soil is a source of essential
chemical elements (nutrients)
Soil fertility | that support ecological functions.
provision Land use changes can increase or
deplete the supply of these
nutrients to plants and soil biota.

Soil fertility is essential for plant
growth and biological processes
(Eichert and Fernandez, 2023).

Soil structure regulates the global
hydrological and gaseous cycles.
Soil structure | Land use changes affect water
and water | and air regulation (drainage,
regulation retention, and availability), and
soil protection against erosion
and soil loss.

The structure of the soil is made up
of pores of different sizes, shapes,
and functionalities, responsible for
drainage, storage, and the supply of
water and oxygen to plants (Rabot ef
al., 2018).

Ecosystem Services Index

WATER
C J STRUCTURE AND
REGULATION

CARBON CARBON _
SEQUESTRATION CYCLING g::l;dens-ty

WMD
Infiltration rate
Carbon stock B - Glicosidase Ks
Microporosity
RIBC Macroporosity
POM Total porosity
Soil penetration
resistance

Organic C contente Basal respiration

MAOM

Fig. 3. List of indicators used in each ecosystem service. MBC = microbial biomass
carbon; POM = particulate organic matter; MAOM = organic matter associated with the
mineral fraction; K = potassium; P = phosphorus; Ca = calcium; Mg = magnesium; T =
cation exchange capacity at pH 7.0; P-rem = remaining phosphorus; N = nitrogen; GMD
= geometric mean diameter; WMD = weighted mean diameter; Ks = saturated
conductivity.

To calculate the ecosystem service indices, the soil data (i.e., the physical and
biochemical indicators) were normalized into an ordinal score ranging from 0 to 1 by
using the linear scoring functions. For doing that, the indicators were ranked in ascending
or descending order, depending on whether the indicators follow the logic “more is better
for ES delivery” or “less is better for ES delivery”. For the “more is better” indicators
(i.e., SOC, GMD, and WMD), each observation was divided by the highest observed
value, which was assigned a value of 1.0 by definition. As to the “less is better”

parameters (i.e., RP and Bd), the lowest observed value was assigned a value of 1.0. This
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value was then divided by the other observations to obtain their relative scores. In this
way, all the indicators from all the services follow the same rule, where 1 is the best value
and 0 is the worst.

Subsequently, we integrated the related indicator scores to create each soil
ecosystem services sub-index (Silva-Olaya et al., 2021) through different approaches. For
ES1, ES3, and ES4, which are represented by 5, 8, and 9 indicators, respectively, the
weighting of the indicators was based on principal component analysis (PCA). Basically,
the PCA loads for each indicator were multiplied by the corresponding normalized values
(previous step) and added together, thus generating a single value for each principal
component statistically relevant (i.e., eigenvalue > 1; Kaiser criterion). This value was
then multiplied by the proportion of the total variance explained by the principal
component. Finally, the values of all the PCs were added together to make up the ES sub-
index (Silva-Olaya et al., 2022) (Eq. 1).

ESsi=Xi-1 @ x (Is x Iw) (Eq. 1)

Where ESqi is the ecosystem services sub-index, a is the total variance explained
by the principal component (eigenvalues), Is is the indicator’s score (normalized value),
and /w is the indicator’s weight based on its eigenvector within each principal component.
For the ES2 calculation, which is made up of only two indicators, the weight of each
indicator was considered equal (50%).

Finally, we calculated the overall SES index for each land use system at each
soil class. As seen in Table 2, all the soil-related ES are equally important in the soil-
water-plant context; therefore, a simple additive approach was applied to integrate the
sub-indexes into the general index. Through this approach, an average was carried out,
where the individual sub-indexes of the soil-related ES were added together, and then the
product was divided by the number of ecosystem services. This procedure was performed
for all land use combinations and soil classes evaluated. To represent an overall ES index
for each soil class, an average of the ES indices of the land use within each soil class was

made.

2.4 Data analysis

To understand the influence of land uses on the soil's capacity to provide
ecosystem services (ES), the dataset was tested for homogeneity of variances and
normality using Bartlett's test (p > 0.05). Next, the individual ES sub-indices (carbon
sequestration, carbon cycle, soil fertility and soil structure, and water regulation) were

compared between land uses using one-way analysis of variance (ANOVA). To identify



55

the presence of statistically significant differences between the land use systems for each
soil class, Tukey's test was performed (p < 0.05).

Principal Component Analysis (PCA) was also used to determine the weight of
each indicator in the ES1, ES3, and ES4 sub-indices, and to calculate the weighted
contribution of each indicator to the composition of the sub-index (Kaiser's criterion),
thereby exploring the synergies and trade-offs between the ecosystem services evaluated.

To further understand the relationships between the ecosystem services sub-
indices, Canonical Correlation Analysis (CCA) was used. This multivariate statistical
methodology evaluates the interdependence between two sets of variables - in this case,
groups of indicators from each SE - and identifies the degree to which linear combinations
of one group are correlated with combinations of the other. The strength and significance
of the canonical correlations were evaluated using Student's t-test (p <0.05). All statistical
analyses were performed using the R software version 4.4.2 (R Core Team, 2023) in the

RStudio environment (version 2024.09.1+394).

3 Results and discussion
3.1 Influence of land use on the soil’s ability to provide ecosystem services

3.1.1 Ecosystem service 1 — Carbon sequestration

In general, there were no statistical differences between soils for the same uses
(Fig. S1), when evaluated individually, indicating that Ultisols and Latosols can behave
in the same way when subjected to the same management systems (Totti et al., 2025). The
highest value presented for ES1 was in the use of pasture (0.85) and forest fragment
(0.84), however, there were no statistical differences between these uses and forest
restoration (0.75) and sugarcane (0.74), as shown in Fig. 4. This result is confirmed by
the fact that grasses, such as sugarcane, are characterized by high root system renewal
(Oliveira et al., 2022). This results in higher carbon input into the soil, resulting in a higher
carbon stock in the soil, on par with forest fragments and forest restoration (Rousset et
al., 2024).

Annual crops (0.69) tend to have shallower and less developed roots, which
reduces the ability to sequester carbon in the soil (Jansson et al., 2021); for this reason, it
had a lower index value than the others. Finally, cassava had the lowest result (0.48). A
study conducted by Seena et al. (2022) highlighted that cassava cultivation can negatively
impact carbon sequestration because of its contribution to the rapid decomposition of
organic matter. This happens because management practices, such as soil disturbance and

low vegetation cover, increase the release of CO2.
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Fig. 4. Index ecosystem services provided by the soils in the Pontal do Paranapanema region -
Atlantic Forest, SP, Brazil.

3.1.2 Ecosystem service 2 — Carbon cycling

In general, for ES2 (Fig. 4), due to the great variability of the data between
replicates (Fig S2), there were no statistical differences between the land uses. For ES2
(Fig. 4), the highest value of the index was presented by the forest fragment, with 0.79.
The diversity of species used in this land use plays a key role, ensuring that soils with
different textures can accumulate carbon (Mantovani et al., 2023). The following are the
values presented by forest restoration (0.69), annual crop (0.66), pasture (0.57), and
sugarcane (0.57). Litter and root biomass are essential to overcome texture variations and
favor carbon sequestration in restoration areas (Paula et al., 2022), just as root renewal
favors this process in use with grasses (Oliveira et al., 2022). Once again, the use of
cassava had the lowest value, with an ES for nutrient cycling of only 0.47. Despite this,
there were no statistical differences between the SE 2 indices of land uses.

The high values of ES2, as occurred in the forest fragment, may be indicative of

high carbon and nutrient cycling in the soil. According to Carvalho et al. (2010), in
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tropical forests, high humidity and temperature accelerate the decomposition of soil
organic matter, resulting in rapid cycling of carbon and nutrients, limiting their

accumulation in the soil.

3.1.3 Ecosystem service 3 — Soil fertility
In general, for ES3 (Fig. 4), despite the great variability of the data between the

replications, sugarcane (0.73) presented the highest values (Table S2). This is mainly
because they are crops, where there is constant fertilization of the soil in these cropping
systems. When it comes to sugarcane, in addition to traditional fertilization, the system
receives vinasse and produces a good amount of straw from sugarcane production (Kumar
et al., 2024).

The annual tillage system (0.68) also receives frequent fertilization; however, the
rapid decomposition of organic matter and nutrient cycling in this type of crop makes this
land use not statistically different from the forest fragment (0.57), forest restoration
(0.59), and pasture (0.55) uses. The cultivation of cassava, although it receives soil
fertilization, can be applied in smaller quantities than recommended, because in the
region, it is used as a subsistence crop by producers with less financial power. In addition,
the system offers a favorable environment for cycling and leaching, and export of
nutrients from the soil (Seena et al., 2022). Although all uses did not present statistically
significant differences, soil uses without frequent soil fertilization showed lower ES3

values, indicating that they were less fertile.

3.1.4 Ecosystem service 4 — Soil structure and water regulation

As expected, the forest fragment presented the highest value of ES4, with a value
of 0.88. As there is no traffic or roundabout in this land use, a stable environment is
created, alleviating the indicators of this SE (Agbeshie et al., 2022). The same stable
environment is being established in forest restoration (Gardon et al., 2020), which is why
this land use showed the highest value (0.83). The other land uses, with lower rates, are
under frequent traffic, whether of cattle, in the case of pastures, or of agricultural
machinery for cultivated soils. For the same soil and moisture conditions, the heavier the
machinery traditionally used, the greater the soil compaction (Hakansson and Voorhees,
1997), leading to a lower ES4, resulting in the order of land use: cassava (0.74), annual
crop (0.72), pasture (0.70), and sugarcane (0.64).

This was the only SE where cassava did not present the lowest index, probably
because of its management. Despite the traffic of machinery, extensive soil disturbance

during harvesting operations can contribute to the reduction of Bd and consequently
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increase soil macropores, water infiltration, and conductivity in the soil (Figueiredo et al.,
2017), resulting in ES4 as the most conservationist conditions.

For the sugarcane crop, which presented the lowest ES4 value, the harvesting
operations include the use of heavy machinery, both harvesters and transport trucks,
which can contribute to a greater degradation of the soil structure (Esteban et al., 2019).
This heavy machinery traffic can result in soil compaction, which can compromise its
porosity and drainage capacity. Thus, it is essential to adopt appropriate management
practices in these areas to minimize soil compaction and avoid possible productivity
losses (Oliveira et al., 2022).

This ES showed a statistical difference between the soil classes. Ultisol presented
the best result, with a value of 0.80, while Oxisol presented a value of 0.70. The
dystrophic Red Oxisol is characterized by being a homogeneous and well-structured soil
(Bocoli et al., 2021). However, as this region has predominantly sandstones, the soils
usually have lighter textures (Marconato et al., 2006). These soils may contain a greater
amount of macropores, which may provide a greater percolation of water through the soil
profile (Table S3). On the other hand, Ultisol may have a higher amount of clay at depth
due to its formation process. This greater amount of clay can characterize a denser
structure, which in soils with low clay content can be beneficial, helping in the formation
of micropores and promoting water retention in these soils (Santos et al., 2018). These
differences from the point of view of soil genesis may have been essential for the analysis
of these soils, showing that the structure, behavior, and water retention are different and

should be considered in the management of these soils.

3.1.5 General ecosystem services index

The general index of ecosystem services presented three distinct statistical groups,
refuting the hypothesis of this study that land use can offer the same SE at the same
intensity in different soils (Fig. 4). In the general index of ecosystem services, forest
restoration 1is statistically equal to the system of forest fragments, indicating its
effectiveness in recovering soil functionality. This aligns with the results achieved by
Christin et al. (2016), who concluded that by choosing the right strategy, forest restoration
can recover much of the SE lost due to degradation.

The uses sugarcane (0.67), annual crop (0.69), and pasture (0.67) were statistically
equal, indicating that these land uses can be a sustainable use option for this region, when
management is well planned (Kumar et al., 2024). However, special attention should be

paid to the use of sugarcane to ES4, as discussed earlier.
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The cassava crop presented the worst performance in the general HE indexes, with
a value of 0.53. This result reflects the negative impact of intensive management, such as
frequent soil disturbance and low soil cover, which strongly affects carbon sequestration
and nutrient cycling. This land use, under the current management system, was not
sustainable for this region, requiring special care for soil conservation (Seena et al., 2022).

To improve the sustainability of cassava cultivation and increase the provision of
soil ecosystem services, it is essential to implement conservation practices that reduce
physical and chemical soil degradation. The use of no-till or minimum tillage, combined
with the planting of cover crops, such as green manure or mulch, helps to improve soil
structure, with greater accumulation of organic matter and reduced erosion (Turetta et al.,
2017; Oliveira et al., 2022). In addition, crop rotation with legumes benefits the supply

of and stimulates soil biological activity (Bhunia et al., 2021).

3.2 Principal Component Analysis (PCA) for Soil-Related ES Sub-indices
Evaluated

The data presented in Fig. 5 shows the relationship between soil-related ES sub-
indices and land uses, investigated through PCA. The first two components explained
61.4% of the variance in Ultisol and 82.1% in Oxisol. It is possible to notice that, in
Ultisol, there is a clear relationship between the forest fragment and ES4, as this land use
provides a stable environment, with good soil structure and aeration (Agbeshie et al.,
2022). The forest restoration showed a relationship with ES3, indicating soil fertility
recovery (Mosier et al.,, 2021), and, still in the Ultisol, there was also an inverse
correlation between cassava and ES4, once again proving that this land use harms soil
sustainability (Seena et al., 2022).

In the Oxisol, the main correlations were between the forest fragment and ES4
and ES2, supporting Zinn et al. (2002), who concluded that when soil structure is highly
aerated, it can contribute to rapid carbon cycling. Finally, pasture use showed a correlation
with ES1 and ES2, confirming the previously discussed results, revealing that pasture has

a strong relations with carbon storage and cycling in the soil (Silva-Olaya et al., 2022).
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Fig. 5. Principal component analysis (PCA) of the four evaluated soil-related sub-indices under
the forest fragment, forest restoration, pasture, sugarcane, cassava, and annual crop. Note: Carbon
stock (ES1), C cycling (ES2), soil fertility (ES3), and water regulation (ES4).

3.3 Interactions between ecosystem services

Canonical correlation analysis (CCA) revealed correlations between the soil
properties indices and soil-related ES (Fig. 6). The CCA makes it possible to present and
quantitatively express the complex interrelationships between the large groups of ES
indicators (Oliveira et al., 2019). In Ultisol, the main correlations were between the soil
structure and water regulation (ES4) and the carbon sequestration (ES1), carbon cycling
(ES2), and soil fertility (ES3). The soil structure is closely linked to the water and nutrient
retention capacity, which directly affects fertility (Mosier et al., 2021). Soil structure also
has a major impact on the carbon stock, especially regarding the carbon cycling and

storage in the soil (Zinn et al., 2007, 2005).

Ultisol Oxisol
ES2 ES2

carbon carbon

cycling cycling

Fig. 6. Schematic representation of the canonical correlations between the sub-indices of soil-
related ecosystem services evaluated in typical soils of the Atlantic Forest.
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Correlations in Oxisol behaved somewhat differently. The highest correlation
(0.91) was between soil fertility and carbon cycling. Soil fertility is related to carbon
cycling because the reduction of the soil carbon stocks also decreases nutrient retention
and availability to plants, thus reducing soil fertility (Mantovani et al., 2024; Silva-Olaya
et al., 2022). Fertility is also related to carbon sequestration. Most of the C in the soil
exists as organic carbon (SOC), the main component of the soil organic matter that, in
tropical soils, such as Oxisol, is fundamental to soil fertility and health (Bocoli et al.,
2021).

Finally, soil structure and water regulation (ES4) were related to carbon
sequestration (ES1). Soil management practices directly influence the provision of these
soil functions (Tesfaye et al., 2022). These practices can increase soil carbon content to
sufficient levels to support soil structure, nutrient cycling, and primary food production
(Zhao et al., 2022).

Although the results provide a comprehensive analysis of the ecosystem services,
the absence of socioeconomic data, soil losses due to erosion, and information on plant
growth represents a limitation of the work for a broader analysis. Future studies could
integrate these and other ecosystem services for a more complete understanding of the

ecosystem services that the region can offer.

3.4 Trade-offs and synergies between soil properties indices

PCA was applied for each land use, considering both soils, to identify synergies
and trade-offs between sub-indices (Fig. 7). In summary, there was synergy in all land
uses and soils, and trade-offs only in pasture and cassava for both soils, and forest
fragments only for Oxisol. The main synergies indicated by PCA were between carbon
cycling (ES2) and soil fertility (ES3) for sugarcane and cassava in both soils, and pasture
and annual crop for Oxisol. The same interaction between these ES was reported by Zhao
et al. (2022), who evaluated ES in predominant Chinese soils under different land use
types. The carbon cycle influences soil fertility, mainly in more clayey soils, since clay
aids in aggregation and thus provides greater protection for the organic matter. This, in
turn, contributes to a greater generation of electric charges in the soil, improving its
capacity to retain and supply nutrients in the soil (Bhunia et al., 2021).

Another synergy very present in the uses was between the ES2 — carbon cycling
and ES4 — soil structure and water regulation. The soil carbon performs a fundamental
biological function in dynamic regulation, flow, shapes, and soil nutrient cycling
(Haghverdi and Kooch, 2019), and simultaneously aids soil aggregation, improves its

structure, and increases the prevention of erosion (Mantovani et al., 2024).
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Fig. 7. Synergies and trade-offs between the sub-indices of the soil-related ecosystem services in
forest fragments, forest restoration, pasture, sugarcane, cassava, and annual crop areas, in Oxisols
and Ultisols. Note: Carbon stock (ES1), C cycling (ES2), soil fertility (ES3), and soil structure
and water regulation (ES4).

Regarding trade-off, it was present in pasture use, between ES1 and ES3 in Ultisol
and ES1 and ES4 in Oxisol. The PCA pointed out that, in this use, carbon stock can be
impaired by low soil fertility as much as structure, which favors decomposition and
carbon cycling (Zinn et al., 2005). In cassava, the trade-off was between ES3 and ES4 in
both soils, indicating that the intensive soil tillage in this crop disadvantages soil fertility
(Figueiredo et al., 2021; Seena et al., 2022).

Finally, in the forest fragment, the synergy between ES2 and ES3 indicated that
high carbon cycling, as previously shown, is negatively influencing soil fertility. A study
carried out by Baldotto and Xavier (2014) analyzed the relationship between the
mineralization of organic matter and fertility in different classes of tropical soil. The study
pointed out that in highly weathered, nutrient-poor soils, and with low CEC, as is the case

with the Oxisols and Ultisols in this study, there are lower accumulations of carbon and
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low availability of negative charges, which impairs humification and, consequently, soil

fertility.

4 Conclusions

This study confirmed that different land uses significantly influence the capacity
of soil to provide ecosystem services in the Atlantic Forest biome. Thus, the hypothesis
that conservation uses provide the same SE with the same intensity in different soil classes
was refuted, since there were differences between soils for soil fertility, soil structure,
water retention SE, and the overall ecosystem services index. Forest fragment land uses
and forest restoration demonstrated greater carbon sequestration capacity, highlighting
the importance of evergreen vegetation, soil cover, and high root renewal for
environmental sustainability. On the other hand, cassava cultivation had the lowest rates
in both soils, due to the negative impact of intensive soil management and tillage on soil
fertility, structure, and carbon cycling.

In addition, the results indicated important synergies between SEs related to
carbon cycling and soil fertility, and trade-offs in intensive systems, such as pasture and
cassava. These findings reinforce the need for management practices adapted to the
edaphic properties of each soil to promote the sustainability of land use. Finally, the SE
indexes applied in this study offers a practical tool to assist in management and land use
decisions in tropical regions of the Atlantic Forest biome, since it indicates which soil
ecosystem services are impaired or enhanced in each management system, facilitating

decision-making aimed at improving the production system.
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6 Supplementary material

Table S 1. Land use history of sampling points in the study areas.

Locations Soil 2015 2017 2019 2021 2023
1 Ultisol Fragment
2 Ultisol Fragment
3 Ultisol Fragment
4 Oxisol Fragment
5 Oxisol Fragment
6 Oxisol Fragment
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Fig. S. 1. Ecosystem service index provided by the land uses in the Pontal do Paranapanema
region — Atlantic Rainforest, SP, Brazil. Note: Carbon stock (SE-1), C cycling (SE2), Soil fertility
(SE3), soil structure and water regulation (SE4).
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Fig. S. 2. Variability between replicates of the ecosystem service of soils
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Table S 2. Ecosystem service index provided by the land uses in the Pontal do Paranapanema
region — Atlantic Rainforest, SP, Brazil.

Land Use ES1 ES 2 ES 3 ES 4 ES -
Overall

Forest fragment | 0.698 a | 0813 a | 0431 a|0.864 a 0.701 a
Forest restoration | 0.687 ab | 0.749 ab | 0485 a | 0.800 ab 0.680 ab
Pasture 0.683 ab | 0.709 ab | 0.490 a | 0.693 bc 0.644 ab

Sugarcane 0.728 a | 0.602 ab | 0.687 a | 0.631 c 0.662 a

Cassava 0436 b | 0495 b | 0446 a | 0.728 abc | 0526 b
Annual crop 0.642 ab | 0.622 ab | 0.627 a | 0.713 abc | 0.651 ab

Soil
Oxisol 0.636 a | 0.715 a [ 0509 a| 0671 b 0.633 a
Ultisol 0.653 a | 0.615 a |0.546 a|0.805 a 0.655 a

Note: Carbon stock (ES 1), C cycling (ES 2), Soil fertility (ES 3), soil structure and water
regulation (ES 4). Note. Means followed by the same letter are not statistically different

(p>0.5).



Table S 3. Mean comparison test of the attributes used to compose the ecosystem services index.
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Oxisol Ultisol
FragFl.nen ¢ Res t(ﬁ‘.a tion Pasture Sugarcane Cassava A::::;)al FragFl.nen ¢ Res t(i:a tion Pasture Sugarcane Cassava A::::;)al

SOC (%) 1.04a 0.46bc 0.85ab 0.59abc 0.47bc 0.51bc 0.60abc 0.86ab 0.54bc 0.67abc 0.27¢ 0.48bc
C Stock (Mg.ha) 17.83a 12.29a 21.55a 19.83a 11.80a 14.72a 15.37a 20.55a 14.67a 18.68a 8.96a 14.63a
C Particulate (%) 0.47a 0.52a 0.62a 0.29a 0.23a 0.47a 0.33a 0.27a 0.50a 0.32a 0.18a 0.22a

C mineral (%) 1.91a 2.15a 2.48a 1.62a 1.64a 1.76a 2.32a 2.29a 1.91a 1.95a 1.55a 1.90a
Gorvierobial 50550 178.6ab  4809ab  377.0ab  203.6ab  3741ab  |356.1ab  3052ab  3026ab 237.7ab  98.6b 181.1ab
Basal respiration 95.73a 80.14a 63.27a 51.69a 60.74a 54.52a 67.64a 95.09a 53.22a 60.36a 46.89a 66.13a
Glucosidase 236.12a 93.97a 123.91a  129.99a 102.19a 194.60a 147.50a 174.78a 98.69a 101.57a 61.92a 100.94a
QCo2 0.16a 0.93a 0.14a 0.16a 0.32a 0.16a 0.27a 0.32a 0.21a 0.51a 0.70a 0.42a
ph 4.87a 4.70a 5.70a 6.13a 5.37a 6.07a 4.97a 4.93a 5.97a 5.67a 5.37a 6.13a
K 7.23a 21.16a 13.71a 8.12a 0.00a 57.43a 41.42a 67.12a 3.75a 8.06a 4.56a 46.55a
P 1.89 to 2.06a 2.53a 34.38a 2.69a 22.96a 1.27a 5.22a 2.30a 15.75a 1.63a 6.57a
Na 2.33a 4.67a 5.00a 6.67a 3.00a 4.67a 2.67a 4.33a 3.00a 3.67a 2.00a 3.33a
Ca 0.81a 0.63a 1.00a 2.49a 1.00a 2.20a 1.40a 1.24a 1.01a 2.08a 0.91a 1.86a
Mg 0.55a 0.40a 0.73a 1.25a 0.48a 0.84a 0.65a 0.84a 0.77a 1.03a 0.66a 0.75a
Al 0.47a 0.30a 0.10a 0.10a 0.10a 0.17a 0.33a 0.17a 0.10a 0.17a 0.10a 0.10a
H+Al 2.83ab 2.13abc 1.80abc  1.10abc 0.93c 1.47abc 2.87a 2.40abc 1.10abc  1.53abc 1.00c 1.07bc
SB 1.38a 1.08a 1.77a 3.77a 1.48a 3.19a 2.07a 2.25a 1.79a 3.13a 1.59a 2.72a
Effective CEC 1.85a 1.38a 1.87a 3.87a 1.58a 3.35a 2.40a 2.42a 1.89a 3.30a 1.69a 2.82a
CEC pH 7 4.22a 3.21a 3.57a 4.87a 2.42a 4.65a 4.93a 4.65a 2.89a 4.67a 2.59a 3.79a
BS 32.48a 33.99a 49.34a 75.69a 60.90a 65.19a 40.58a 48.78a 62.44a 62.90a 60.52a 63.91a
Sat Al 31.05a 22.68a 5.43a 2.87a 6.54a 7.03a 18.82a 6.92 to 5.38a 8.12a 6.29a 5.33a
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P-Rem 46.67a 57.00a 52.90a 48.17a 55.63a 53.60a 50.10a 51.90a 59.27a 53.10a 57.97a 52.90a
N (%) 0.22a 0.12abc 0.19ab 0.15abc 0.11bc 0.13abc 0.15abc 0.20ab 0.12abc  0.15abc 0.07¢ 0.11bc
Bulk density 1.18c 1.52ab 1.52ab 1.75a 1.52ab 1.58ab 1.34bc 1.54ab 1.55ab 1.57ab 1.60ab 1.63ab
GMD 0.92a 0.77a 1.08a 0.66a 0.88a 0.61a 0.77a 0.74a 0.67a 0.51a 0.57a 0.79a
MWD 1.75a 1.51a 1.97a 1.66a 1.70a 1.39a 1.46a 1.67a 1.53a 141a 1.31a 1.84a
Infiltration cm/s  1.90a 2.73a 4.30a 4.43a 2.76a 4.33a 1.73a 4.20a 3.90a 5.15a 7.13a 6.50a
Ks 218.3a 181.7a 32.6cd 16.6d 30.4cd 39.2cd 103.2b 64.8bcd 43.2bcd  28.7cd 84.1bc 36.0cd
Microporosity 0.15bc 0.27ab 0.12bc 0.11c 0.15bc 0.11c 0.32a 0.20abc 0.12bc 0.10c 0.21abc 0.22abc
Macroporosity 0.30a 0.12b 0.20ab 0.18ab 0.16ab 0.21ab 0.14ab 0.18ab 0.18ab 0.18ab 0.12b 0.12b
Total porosity 0.46a 0.40ab 0.32ab 0.30b 0.31b 0.32b 0.45a 0.39ab 0.30b 0.27b 0.33ab 0.34ab
SRP 2.15a 3.27a 1.82a 3.04a 2.35a 3.92a 5.42a 1.54a 3.43a 1.87a 1.63a 2.05a

Subtitle: SOC = soil organic carbon; C stock = stock C; QCo2 = metabolic quotient; pH = active acidity; k = potassium; P = phosphorus; Na = sodium;
Ca = calcium; Mg = magnesium; Al = aluminum; H + Al = potential acidity; SB = sum of bases; Effective CEC = cation exchange capacity; CEC pH
7 = cation exchange capacity in pH 7; BS = Base saturation; Sat Al = ; P-Rem = remaining phosphorus; N = nitrogen; MWD = mean weight diameter;
GMD = geometric mean diameter; Ks = saturated conductivity; RP = soil penetration resistance. Note. Means followed by the same letter are not
statistically different (p>0.5)
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Highlights

e Microbial indicators influence soil quality under different land uses.

e Forested areas have better soil quality than intensive agricultural regions.
e Intensive cropping causes microbial stress and soil compaction.

e Sustainable management preserves soil structure, fertility, and function.
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Abstract

Land use alters soil quality, particularly in tropical regions with coarse-textured soils,
which are inherently more susceptible to physical and biological degradation. In this
context, microbiological indicators represent sensitive and integrative tools to assess
changes in soil functionality resulting from different management practices. This study
investigates the role of microbiological attributes as key determinants of soil quality
across distinct land use systems in the Pontal do Paranapanema region, Sdo Paulo. For
this purpose, a Soil Quality Index (SQI) was developed using physical, chemical, and
microbiological indicators and applied to both conservationist and intensive land-use
systems. The results showed that forested areas exhibited superior soil quality, while
intensive cropping was associated with increased microbial stress and compaction. In
coarse-textured soils, clay content and conservationist management practices, such as
annual cultivation under no-till farming, have a significant positive influence on soil
quality improvement. The microbiological indicators, microbial biomass carbon, [-
glucosidase activity, basal respiration, and metabolic quotient, as well as physical
indicators such as bulk density and porosity, and chemical indicators, such as N content
and Mg, were highly responsive to land use, reflecting changes in the biological
functioning of the soil. Integrating these indicators into soil quality assessments enhances
our understanding of biological processes and their relevance to the sustainability of
tropical soils. Canonical correlation analysis confirmed the strong predictive power of
microbiological indicators in distinguishing soil quality across land use systems. These
findings reinforce the importance of adopting sustainable agricultural practices to
preserve soil structure, microbial communities, and overall ecosystem resilience of
tropical soils.

Key-words: Ultisol; Oxisol; Microbial functionality; Intensive cropping systems;

Sustainable management.

1 Introduction

Soil quality plays a crucial role in managing agricultural productivity and
environmental sustainability (Rehman et al., 2022). According to Karlen et al. (1997), soil
quality is defined as the capacity of a specific soil type to perform its functions, within
the limits of a natural or managed ecosystem, to sustain plant and animal productivity,

maintain or improve water and air quality, and support human health and well-being.
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Soil quality assessment is carried out by measuring indicators, which represent
measurable soil attributes and processes with high sensitivity to changes in their functions
and the ecosystem services they provide (Doran & Zeiss, 2000; Silva et al., 2018). In this
context, the use of soil quality indicators has proven to be an effective tool for assessing
soil functionality and the sustainability of management systems (Cherubin et al., 2016).

Microbiological indicators have stood out as important tools for assessing soil
quality and health, offering an integrated perspective on soil dynamics and resilience
(Vogel et al., 2022). According to Doran & Zeiss (2000), soil microbiology is a key
component for understanding biogeochemical processes and ecological relationships
occurring in the terrestrial environment. Microbiological and biochemical indicators are
among the most sensitive and show rapid responses to changes in soil management when
compared to chemical and physical indicators (Cardoso & Andreote, 2016). Indicators
such as microbial biomass carbon (MBC), basal respiration (BR), and genetic diversity
reflect the implications of management practices and the soil’s capacity to respond to
environmental impacts (Vogel et al., 2022).

The use of physical indicators is essential for the quantification of soil health and
quality, which is based on the evaluation of the participating attributes of the processes
involved with the development of agricultural crops (Vicente et al., 2012). The most
frequently analyzed are soil porosity, bulk density, aggregation, pore distribution,
aggregate stability, and soil resistance to penetration (Lana et al., 2017). Soil chemical
attributes are also essential for assessing soil health and functionality, directly influencing
agricultural productivity and environmental sustainability. According to Nortcliff (2002),
soil fertility, determined by elements such as pH, N, K, and other nutrients, affects
microbial activity and plant growth.

The development of soil quality indices (SQIs) that integrate physical, chemical,
and especially microbiological indicators has been identified as an efficient approach to
determine the impact of management practices on soil health (Doran & Zeiss, 2000).
These indices are particularly useful for guiding management decisions and promoting
agro-environmental sustainability (Barbosa et al., 2023; Lal, 1999).

In coarse-textured soils, the inclusion of microbiological indicators in SQI
assessments provides more detailed insights into the interactions between biological
components and soil resilience (Andrews et al., 2004). In these soils, the physical

structure has a lower capacity to retain water and nutrients, which makes maintaining the
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functionality and productivity of agricultural ecosystems even more challenging (Wei et
al., 2023).

Management practices under different land uses play a decisive role in
determining soil quality, directly impacting microbiological processes and the soil’s
resilience capacity (Bhattacharyya et al., 2022). In sandy soil, nutrient retention is
impaired; therefore, appropriate management practices can enhance biological processes,
resulting in greater stability and sustainability (Andrews et al., 2004).

Thus, understanding the effects of land use and management and their relationship
with microbiological indicators and the SQI is fundamental for designing strategies that
lead to more efficient and resilient agriculture in the face of climate change and
environmental challenges (Bhattacharyya et al., 2022). This study aims to explore this
relationship by evaluating the influence of microbiological indicators on the quality of
coarse-textured soils under different land uses, based on the construction of a soil quality
index. This research hypothesizes that microbiological indicators respond sensitively to
variations in land use, regardless of use and cover, and can be used as reliable parameters

of soil health in naturally fragile environments.

2 Materials and Methods

2.1 Study Area and Soil Sampling

The study was conducted in the Pontal do Paranapanema region, located in the far
west of Sdo Paulo State, Southeastern Brazil, encompassing the municipalities of Teodoro
Sampaio, Euclides da Cunha Paulista, Sandovalina, and Mirante do Paranapanema (Fig.
1). According to the K&ppen climate classification, the region exhibits two predominant
climate types: Aw and Cwa, with annual temperatures ranging between 11 °C and 37 °C.
The area is characterized by a dry winter and a rainy summer and is part of the Atlantic

Forest biome.
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Fig 1. Location of the sampling points in the Pontal do Paranapanema region, Sdo Paulo State,

Brazil. Sourse: Totti et al. (2025).

To select the sampling areas, the soil map of Sao Paulo state (Rossi, 2017) was

used to identify the dominant soil types in the region. The main soils in the study area are

classified according to the Brazilian Soil Classification System (Santos, 2018) as Red

Latossolo and Red Argissolo, and according to the USDA Soil Taxonomy (Soil Survey

Staff, 2014) as Oxisols and Ultisols. The most common land use systems in the region

were also identified (Fig. 2): 1) Forest fragment (Semideciduous forest), 2) Forest

restoration (secondary forest), 3) Pasture with terraces as a conservation practice, 4)

Sugarcane, 5) Cassava, and 6) Annual crop (soybean/corn). The forest restoration areas

are 15 to 20 years old and were established by planting seedlings of local native species,

aiming to preserve the original genetic pool (Mendes et al., 2021).
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Fig 2. Predominant land wuses in the Pontal do Paranapanema region.

a) Forest fragment; b) Forest restoration; c) Pasture; d) Sugarcane; e) Cassava; f) Annual crop.

A total of 36 sampling points were selected, based on the combination of two soil
types and six soil uses, with three replications per combination. Soil samples were
randomly collected in the 0-20 cm layer in February 2023, during the rainy season.
Composite samples with the structure not preserved were collected to perform the
analyses of texture, chemical, and microbiological attributes of the soil, and aggregate
stability. The samples with the preserved structure were collected in volumetric rings of
5 cm wide by 2.5 cm high for analysis of apparent density, macro, micro, and total
porosity, and volumetric rings of 5 cm wide by 6 cm high to perform the analysis of
saturated conductivity. In addition to this, soil resistance to penetration and infiltration

rate in situ were analyzed.

2.2 Soil Attributes

2.2.1 Physical Indicators

Soil particle size (sand, silt, and clay fractions) was determined using the pipette
method with a 0.1 mol L™ sodium hydroxide (NaOH) solution as a dispersant. Soil bulk
density was calculated based on the dry soil mass. Total porosity was measured using the
tension table method. Saturated hydraulic conductivity (Ks) was determined using the

constant head permeameter method. Both methods followed Blake e Hartge, (1986).



80

Aggregate stability was assessed using the wet sieving method proposed by Kemper and
Chepil (1965), and the geometric mean diameter (MGD) and mean weight diameter
(MWD) of aggregates were calculated according to Wendling et al. (2005). Soil
penetration resistance (PR) was measured using an impact penetrometer and calculated
following Stolf et al. (2014). Water infiltration rate (In) was evaluated using the Mini Disk
Infiltrometer (Zhang, 1997).

2.2.2 Chemical Indicators
Soil pH (CaCl: 0.01 mol L), available phosphorus (P), potassium (K), calcium

(Ca), magnesium (Mg), potential acidity (H+Al), sum of bases (SB), cation exchange
capacity (CEC), base saturation (V%), and soil organic matter (SOM) were determined
following Teixeira et al. (2017).

2.2.3 Microbiological and Organic Matter Indicators

Microbial biomass carbon (MBC) was determined using the fumigation-
extraction method (Vance et al., 1987). Basal respiration (BR) was measured according
to Alef and Nannipieri (1995). B-glucosidase activity was determined through the
colorimetric method using B-glucoside (BG) as substrate (Dick et al., 2015). The
metabolic quotient (qCO2) was calculated as the ratio of BR to MBC (Anderson &
Domsch, 1993). Soil organic matter fractionation was performed according to Leuthold

et al. (2023).

2.3 Data Analysis

The goal of the statistical analysis was to evaluate the influence of microbiological
attributes on the quality of coarse-textured soils in Pontal do Paranapanema, under
different land uses. Initially, a Soil Quality Index (SQI) was constructed, following the
methodology proposed by Cherubin et al. (2016), adapted to the attributes assessed in this
study.

2.3.1 Correlation Analysis

For each soil type, Pearson correlation analysis was performed among all
microbiological indicators, organic matter fractions, and physical and chemical attributes.
This analysis aimed to identify which attributes were most strongly associated with soil
quality for each condition. Significant correlations were used to inform subsequent

multivariate analyses.
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2.3.2 Canonical Correlation Analysis (CCA)

Based on the results from the correlation analysis, a Canonical Correlation
Analysis (CCA) was carried out. This analysis was conducted to understand how physical
and chemical soil indicators respond to microbiological indicators. In this analysis, the
microbiological indicators (microbial biomass carbon, basal respiration, B-glucosidase
activity, and metabolic quotient) and organic matter fractions (Particulate Organic Matter
— POM, and Mineral-Associated Organic Matter — CAM) were defined as predictor
variables. The response variables consisted of the chemical and physical attributes that
had shown the highest correlations with the predictors in the previous step. This
multivariate approach enabled exploration of the complex relationships between

microbial activity and soil physicochemical conditions across different land uses.

2.3.3 Pearson Correlation Analysis (Individual)

Lastly, individual Pearson correlation analyses were conducted between the
microbiological indicators and the organic matter fractions, and with the most strongly
correlated physical variables: sand, clay, and bulk density. This step complemented the
multivariate analyses by offering a more detailed understanding of specific relationships,
especially regarding how soil texture and structure affect organic matter dynamics and
microbial activity, key aspects in the functioning of coarse-textured soils. The analysis
aimed to evaluate the performance of microbiological attributes as indicators of soil
quality under different land uses.

A Duncan test was applied to test for statistical differences between the soil
quality index averages. Statistical analyses were carried out in R software version 4.4.2
(R Core Team, 2023), using the R Studio integrated development environment version

2024.09.1+394 (RStudio Team, 2023).

2.3.4 Soil Quality Index (SQI)

The index was constructed based on data standardization (z-score), selection of
indicators sensitive to soil management, and aggregation through Principal Component
Analysis (PCA). The construction of the Soil Quality Index is described in four main

steps:
2.3.4.1 Selection of indicators

Physical, chemical, microbiological, and organic matter-related soil attributes

were selected based on their relevance in literature and sensitivity to soil management.
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Fig. 3 summarizes the chosen indicators. Subtitle: C = soil organic carbon; POM = C Particulate;
CAM = C mineral; qCO: = metabolic quotient; pH = active acidity; k = potassium; P =
phosphorus; Na = sodium; Ca = calcium; Mg = magnesium; Al = aluminum; H + Al = potential
acidity; SB = sum of bases; Effective; BS = Base saturation; Sat Al = ; P-Rem = remaining
phosphorus; N = nitrogen; MWD = mean weight diameter; MGD = geometric mean diameter;
Ks = saturated conductivity; PR = soil penetration resistance.

2.3.5 Data normalization

Each indicator was normalized using the min-max linear transformation:

x—xmin
X norm = ————— (1)
xmax—xmin

For indicators where higher values indicate better soil quality (e.g., organic
carbon, infiltration rate, CEC), this equation was applied directly. For indicators where
lower values are preferable (e.g., bulk density, qCO:), the equation was inverted,

following Cherubin et al. (2016).

2.3.6 Weighting by PCA

Principal Component Analysis (PCA) was used to reduce data dimensionality and
assign weights to indicators according to their contribution to each principal component.
Variables with the highest loadings were retained, and weights were determined in

proportion to the variance explained.
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2.3.7 Final index calculation

The SQI for each land use within each soil type was calculated using the following

formula:
Spca = Y, Scorei x Pesoi (2)

where Weight; corresponds to the relative contribution of each variable in the
PCA. This model allows for a more objective capture of the interrelationships among the
indicators and their respective contributions to soil quality variability. To obtain a value
for each land use, the average of the three replicates was calculated. Subsequently, the
mean of the six land uses was computed to provide a general overview of the quality of

the soils studied.

3 Results and Discussion

3.1 Correlation Analysis

The correlation analysis was applied to the soil attributes under study to highlight
significant differences and similarities between Ultisol and Oxisol, emphasizing their
physical, chemical, and microbiological characteristics and responses to environmental
conditions. The Fig. 4. shows the 19 attributes of each soil with the highest correlations.
(i.e. >0.65 and <-0.65). Regarding chemical resilience, Ultisol showed greater
vulnerability to acidity, with correlations between pH and aluminum saturation (-0.61),
indicating chemical challenges in more acidic soils (Li et al., 2022). In contrast, Oxisol
demonstrated higher chemical resilience, with positive correlations between pH and
attributes such as calcium (Ca: 0.85) and base saturation (0.88), highlighting its greater
chemical fertility (Bhunia et al., 2021).
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Fig. 4. Correlation analysis between physical, chemical, and microbiological attributes of Ultisols
and Oxisols from the Pontal do Paranapanema region, Sdo Paulo. Subtitle: C = soil organic
carbon; POM = particulate carbon; CAM = mineral carbon; qCO2 = metabolic quotient; pH =
active acidity; k = potassium; P = phosphorus; Na = sodium; Ca = calcium; Mg = magnesium; Al
= aluminum; H + Al = potential acidity; SB = sum of bases; Effective; BS = base saturation; Sat
Al = aluminum saturation; P-Rem = remaining phosphorus; N = nitrogen; MWD = mean weighted
diameter; MGD = mean geometric diameter; Ks = saturated conductivity; PR = soil penetration
resistance.

In terms of physical structure, both soils showed signs of compaction due to their
predominantly fine sand texture (Yu et al., 2024), with strong correlations between
density and total porosity (-0.53) and penetration resistance (0.54) in Ultisol, and between
saturated conductivity (-0.64) and total porosity (-0.72) in Oxisol. Regarding
microbiological activity, in the Ultisol, MBC showed a positive correlation with Al (0.63),
indicating potential microbial adaptation with probable impacts on soil microbiological
health (Vogel et al., 2022). Meanwhile, in Oxisol, MBC exhibited positive correlations
with macroporosity (0.69) and nitrogen (N: 0.63), revealing a biologically active soil
well-integrated into nutrient cycles (Bhattacharyya et al., 2022).

3.2 Pearson correlation analysis

Pearson's correlation analysis was applied between microbiological attributes
(MBC, BR, BG, and qCO2) and granulometric fractions (sand and clay), soil organic
matter fractions (CAM and POM), and bulk density (Bd), considering land use. The
analysis aimed to evaluate the performance of microbiological attributes as indicators of
soil quality under different land uses.

The analysis (Fig. 5) revealed distinct behaviors of microbiological attributes to

Ultisol land uses. Soil microbial biomass carbon (MBC) was positively correlated with
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clay and bulk density. This indicates that higher clay content favor microbial activity
(Bonetti et al., 2017). Conversely, MBC decreased as the sand proportion increased,
suggesting that sandier textures may restrict the retention of water and nutrients essential
for microbiota (Wei et al., 2023). In intensive cultivation areas, such as sugarcane,
pasture, and cassava, qCO: was higher, indicating metabolic stress (Bonetti et al., 2017).
On the other hand, in forest fragments and forest restoration areas, lower qCO: values
pointed to a more balanced environment for microbial communities (Meena & Rao,

2021).
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Fig. 5. Pearson correlation analysis of Ultisol under different land uses in the Pontal do
Paranapanema region, Sao Paulo. Subtitle: POM = particulate carbon; CAM = mineral carbon;
gCO: = metabolic quotient.

The Pearson correlation applied to Oxisol (Fig. 6) showed that MBC tends to
increase with clay and slightly decrease with sand, suggesting that clayier soils support
greater microbial biomass (Xia et al., 2020). There was a weak negative correlation with
Bd, indicating that soil compaction might not severely limit microbial activity up to a
certain threshold (Valpassos et al., 2001). BR showed positive correlations with CAM and
clay, implying that in clay-rich soils, microbial respiration is higher, representing both

increased activity and metabolic stress (Bonetti et al., 2017). BG was negatively
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correlated with Bd and positively associated with CAM, indicating that soils richer in
mineralized organic matter promote greater enzymatic activity (Wei et al., 2023).
Meanwhile, the metabolic quotient increases with sand, which could be interpreted as
microbial stress in compacted, clay-deficient soils (Cotrufo et al., 2022).

These results highlight how land uses individually influence microbiological
attributes, emphasizing the importance of management practices that preserve organic
matter and soil structure to promote microbial health. Moreover, they highlight
microbiological indicators as sensitive and practical tools for detecting the impacts of

land use on tropical soil quality.
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Fig. 6. Pearson correlation analysis of Oxisol under different land uses in the Pontal do
Paranapanema region, Sao Paulo. Subtitle: POM = particulate carbon; CAM = mineral carbon;
gCO: = metabolic quotient.

3.3 Canonical Correlation Analysis (CCA)

The results obtained from the canonical correlation analysis, applied to the 20
attributes with the highest correlations for each soil (Fig. 7), are presented in Fig. 4. This
analysis was conducted to understand how physical and chemical soil indicators respond
to microbiological indicators. Therefore, microbiological and organic matter-related

indicators (MBC, BG, RB, qCO., CAM, and POM) were used as predictors.
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The CCA demonstrated that microbiological attributes play a key role in
differentiating soil quality among the land uses studied. For Ultisol, the first canonical
axis explained 99% of the variation, whereas in Oxisol, the first axis explained 98%. In
Ultisol, conservationist land uses, particularly forest fragment and forest restoration, were
close to high-quality soil indicators such as organic matter fractions (CAM and POM),
soil microbial biomass carbon (MBC), and Beta-glucosidase (BG), exhibiting a positive
gradient of soil health (Doran & Zeiss, 2000). This suggests that areas under these uses
support more active microbial communities with greater efficiency in carbon cycling

(Bhattacharyya et al., 2022).
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Fig. 7. Canonical correlation analysis for Ultisol and Oxisols under different land uses in the
Pontal do Paranapanema region, Sao Paulo. Subtitle: C = soil organic carbon; POM = particulate
carbon; CAM = mineral carbon; qCO2 = metabolic quotient; pH = active acidity; k = potassium;
P =phosphorus; Na = sodium; Ca = calcium; Mg = magnesium; Al = aluminum; H + Al = potential
acidity; SB = sum of bases; Effective; BS = base saturation; Sat Al = aluminum saturation; P-Rem
= remaining phosphorus; N = nitrogen; MWD = mean weight diameter; MGD = geometric mean
diameter; Ks = saturated conductivity; PR = soil penetration resistance.

Canonical Component 1

In contrast, intensive land uses, such as pasture, cassava, and annual crops, aligned
with the qCO: vector, revealing a potential decline in microbial efficiency (Meena & Rao,
2021), corroborating the SQI results. In Oxisols, the CCA indicated greater sensitivity to
soil management impacts, with the same agricultural uses being strongly associated with
increases in qCO: and soil compaction indicators, such as high bulk density. This
highlights reduced microbiological activity and potential soil health degradation under
these uses (Gajda et al., 2016). In this context, while Ultisol displays a certain degree of
microbial resilience to management practices, Oxisol requires even stricter usage and

conservation strategies to maintain soil quality.
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3.4 Soil Quality Index

The Soil Quality Index (SQI) (Fig. 8, Table 1) aimed to highlight differences
among various land uses and illustrate how soils uniquely respond to management
practices. Statistical difference was observed only in the forest fragment use (Tab. 1)
between the soils, where Ultisol scored 0.67 and Oxisol scored 0.72. The limited number
of statistical differences can be attributed to the high variability among index replicates
(Fig. S 1). The forest fragment use presented the highest SQI values, distinguishing itself
from other land uses in both soils evaluated. This outcome reflects the essential role of
forest cover in maintaining soil structure and functionality (Bhattacharyya et al., 2022),

particularly in less resilient soils such as Ultisol (Bonetti et al., 2017).

Soil quality index

Cassava

Annual crop |
Sugarcane |

Pasture | —
F. Restoration [
F. Fragment | — |

overs!

0.0 0.2 0.4 0.6 0.8 1.0

m Oxisol ® Ultisol

Fig 8. Soil Quality Index applied to Ultisol and Oxisols under different land uses in the Pontal do
Paranapanema region, Sao Paulo.

On the other hand, cassava cultivation areas consistently presented the lowest SQI
values, with identical scores in both soils (0.40), also standing out from other land uses.
This indicates that intensive agricultural practices, as applied to cassava cultivation, can
significantly negatively impact these soil types, which are more susceptible to erosion

and nutrient loss (Radhakrishnan et al., 2022).

Table 1. Soil quality index applied to Ultisols and Oxisols, under different uses in the region of
Pontal do Paranapanema - SP

Land Use Ultisol Oxisol
F. Fragment 0.67 ABa 0.72 Aa
F. Restoration 0.59 ABab 0.52 ABab
Pasture 0.56 ABab 0.47 ABab
Sugarcane 0.48 ABab 0.54 ABab
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Cassava 0.40 Bb 0.40 Bb

Annual crop 0.62 ABab 0.54 ABab
Subtitles. Averages followed by uppercase letters differentiate between soils, and averages
followed by lowercase letters differentiate between land uses.

Pasture and annual crop areas exhibited significant variation in SQI, especially in
Ultisol (pasture: 0.41-0.77 in Ultisol and 0.40-0.54 in Oxisol; annual crop: 0.41-0.77 in
Ultisol and 0.40-0.54 in Oxisol). Although conservation management practices can
improve soil quality (Zhao et al., 2022), the variability of values indicates that areas with
intensive pasture systems and monocultures face a higher risk of soil degradation (Mayel
et al., 2021), particularly in Ultisol (Bonetti et al., 2017).

The intensive sugarcane monoculture can reduce soil quality in both soils (Ultisol:
0.48; Oxisol: 0.54) due to intense management, frequently involving heavy machinery
(Oliveira et al., 2022). Finally, in forest restoration areas, Oxisol showed an SQI of 0.52,
while Ultisol presented an SQI of 0.59, suggesting that Ultisol, due to its sandy texture,
might recover structural integrity more rapidly thanks to greater aeration, water
infiltration, and microbial activity (Agbeshie et al., 2022), despite the absence of
statistical differences between soils.

Overall, SQI revealed that land use type and management systems exert a greater
influence on soil quality, as also noted by Silva-Olaya et al. (2022). Meanwhile, soil type
and its natural characteristics modulate soil responses to management practices (Bonetti
etal.,2017). Given the coarse texture of both soils, greater care in management is required
to prevent degradation. These results reinforce the importance of agricultural practices
focused on sustainability while respecting the particularities of each soil type and land-

use system.

4 Conclusions

This study highlighted the importance of microbiological indicators in evaluating
the quality of coarse-textured tropical soils. The Soil Quality Index (SQI) demonstrated
that conservationist land uses, such as forest fragments and forest restoration, are directly
associated with higher soil quality, with indicators revealing efficient carbon cycling and
balanced microbial activities. Conversely, intensive land uses, such as pasture, cassava,
and annual crops, exhibited greater metabolic stress and a higher risk of structural

degradation.
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Microbiological indicators have proven to be essential tools for assessing the
quality of naturally fragile tropical soils. Microbial biomass carbon, B-glucosidase, and
metabolic quotient are sensitive instruments for identifying the impacts of different land
uses on Ultisols and Oxisols. Canonical correlation analysis reinforced the relationship
between microbiological attributes and the physical and chemical properties of the soil,
demonstrating the effectiveness of these indicators in assessing soil quality.

This study emphasized the interdependence between soil structure and
functionality, highlighting the importance of sustainable management practices that
preserve organic matter, structure, and biological processes, ensuring the resilience of

tropical soils.
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Oxisol Ultisol

FragFl.nen ¢ Res tol::a tion Pasture Sugarcane Cassava A:rr:)lll)al FragFr.nen ¢ Res toFI:a tion Pasture Sugarcane Cassava Azl:::;)al
Sand 72.1 85.9 82.3 71.8 82.1 78.3 82.1 79.2 87.2 77.1 87.2 79.5
Silt 6.5 1.7 4.9 4.6 5.5 3.3 1.4 4.0 4.2 43 2.1 6.3
Clay 21.4 12.3 12.9 23.6 12.4 18.4 16.6 16.7 8.0 18.6 10.7 14.2
SOC (%) 1.04a 0.46bc 0.85ab 0.59abc 0.47bc 0.51bc 0.60abc 0.86ab 0.54bc 0.67abc 0.27¢ 0.48bc
C Stock (Mg.ha) 17.83a 12.29a 21.55a 19.83a 11.80a 14.72a 15.37a 20.55a 14.67a 18.68a 8.96a 14.63a
C Particulate (%) 0.47a 0.52a 0.62a 0.29a 0.23a 0.47a 0.33a 0.27a 0.50a 0.32a 0.18a 0.22a
C mineral (%) 1.91a 2.15a 2.48a 1.62a 1.64a 1.76a 2.32a 2.29a 1.91a 1.95a 1.55a 1.90a
gi;’fnt/lsi:r obial " so5sa  178.6ab  4809ab 377.1ab  203.6ab  374.lab  |356.1ab  3052ab  302.6ab 237.7ab  98.6b 181.1ab
Basal respiration 95.73a 80.14a 63.27a 51.69a 60.74a 54.52a 67.64a 95.09a 53.22a 60.36a 46.89a 66.13a
Glucosidase 236.12a 93.97a 123.91a  129.99a 102.19a 194.60a 147.50a 174.78a 98.69a 101.57a 61.92a 100.94a
QCo2 0.16a 0.93a 0.14a 0.16a 0.32a 0.16a 0.27a 0.32a 0.21a 0.51a 0.70a 0.42a
ph 4.87a 4.70a 5.70a 6.13a 5.37a 6.07a 4.97a 4.93a 5.97a 5.67a 5.37a 6.13a
K 7.23a 21.16a 13.71a 8.12a 0.00a 57.43a 41.42a 67.12a 3.75a 8.06a 4.56a 46.55a
P 1.89 to 2.06a 2.53a 34.38a 2.69a 22.96a 1.27a 5.22a 2.30a 15.75a 1.63a 6.57a
Na 2.33a 4.67a 5.00a 6.67a 3.00a 4.67a 2.67a 4.33a 3.00a 3.67a 2.00a 3.33a
Ca 0.81a 0.63a 1.00a 2.49a 1.00a 2.20a 1.40a 1.24a 1.01a 2.08a 091a 1.86a
Mg 0.55a 0.40a 0.73a 1.25a 0.48a 0.84a 0.65a 0.84a 0.77a 1.03a 0.66a 0.75a
Al 0.47a 0.30a 0.10a 0.10a 0.10a 0.17a 0.33a 0.17a 0.10a 0.17a 0.10a 0.10a
H+Al 2.83ab 2.13abc 1.80abc  1.10abc 0.93c 1.47abc 2.87a 2.40abc 1.10abc  1.53abc 1.00c 1.07bc
SB 1.38a 1.08a 1.77a 3.77a 1.48a 3.19a 2.07a 2.25a 1.79a 3.13a 1.59a 2.72a
Effective CEC 1.85a 1.38a 1.87a 3.87a 1.58a 3.35a 2.40a 2.42a 1.89a 3.30a 1.69a 2.82a
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CECpH7 4.22a 3.21a 3.57a 4.87a 2.42a 4.65a 4.93a 4.65a 2.89a 4.67a 2.59a 3.79a
BS 32.48a 33.99a 49.34a 75.69a 60.90a 65.19a 40.58a 48.78a 62.44a 62.90a 60.52a 63.91a
Sat Al 31.05a 22.68a 5.43a 2.87a 6.54a 7.03a 18.82a 6.92 to 5.38a 8.12a 6.29a 5.33a
P-Rem 46.67a 57.00a 52.90a 48.17a 55.63a 53.60a 50.10a 51.90a 59.27a 53.10a 57.97a 52.90a
N (%) 0.22a 0.12abc 0.19ab 0.15abc 0.11bc 0.13abc 0.15abc 0.20ab 0.12abc  0.15abc 0.07¢c 0.11bc
Bulk density 1.18c 1.52ab 1.52ab 1.75a 1.52ab 1.58ab 1.34bc 1.54ab 1.55ab 1.57ab 1.60ab 1.63ab
GMD 0.92a 0.77a 1.08a 0.66a 0.88a 0.61a 0.77a 0.74a 0.67a 0.51a 0.57a 0.79a
MWD 1.75a 1.51a 1.97a 1.66a 1.70a 1.39a 1.46a 1.67a 1.53a 1.41a 1.31a 1.84a
Infiltration cm/s  1.90a 2.73a 4.30a 4.43a 2.76a 4.33a 1.73a 4.20a 3.90a 5.15a 7.13a 6.50a
Ks 218.3a 181.7a 32.6cd 16.6d 30.4cd 39.2cd 103.2b 64.8bcd 43.2bcd  28.7cd 84.1bc 36.0cd
Microporosity 0.15bc 0.27ab 0.12bc 0.11c 0.15bc 0.11c 0.32a 0.20abc 0.12bc 0.10c 0.21abc 0.22abc
Macroporosity 0.30a 0.12b 0.20ab 0.18ab 0.16ab 0.21ab 0.14ab 0.18ab 0.18ab 0.18ab 0.12b 0.12b
Total porosity 0.46a 0.40ab 0.32ab 0.30b 0.31b 0.32b 0.45a 0.39ab 0.30b 0.27b 0.33ab 0.34ab
SRP 2.15a 3.27a 1.82a 3.04a 2.35a 3.92a 5.42a 1.54a 3.43a 1.87a 1.63a 2.05a

Subtitle: SOC = soil organic carbon; C stock = stock C; QCo2 = metabolic quotient; pH = active acidity; k = potassium; P = phosphorus; Na = sodium; Ca =
calcium; Mg = magnesium; Al = aluminum; H + Al = potential acidity; SB = sum of bases; Effective CEC = cation exchange capacity; CEC pH 7 = cation
exchange capacity in pH 7; BS = Base saturation; P-Rem = remaining phosphorus; N = nitrogen; MWD = mean weight diameter; GMD = geometric mean
diameter; Ks = saturated conductivity; RP = soil penetration resistance. Note. Means followed by the same letter are not statistically different (p>0.5).
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THIRD PARTY

Final Considerations

The results indicate that different land uses promote the accumulation and
depletion of SOC differently among soil classes. The gap in SOC stock between the two
soil types demonstrates that management practices for each land use must be adapted to
specific soil types to optimize carbon sequestration. These steps are crucial for enhancing
SOC storage and mitigating the impacts of climate change on tropical sandy soils.

Different land uses significantly influence the soil's ability to provide ecosystem
services. Additionally, there are important synergies between ES related to carbon cycling
and soil fertility, as well as trade-offs in intensive systems such as pasture and cassava
cultivation. The ecosystem services index provides a practical tool to assist in soil
management and land use decisions in tropical regions of the Atlantic Forest biome, as it
indicates which soil ecosystem services are impaired or improved in each management
system, facilitating decision-making aimed at improving production systems.

Microbiological indicators stand out in the evaluation of tropical soils of coarse
texture and naturally fragile. Microbial biomass carbon, B-glucosidase, and the metabolic
quotient were sensitive tools for identifying the impacts of different soil uses in Ultisols
and Oxisols. Canonical correlation analysis reinforced the relationship between
microbiological attributes and the physical and chemical quality of the soil, demonstrating
the efficiency of these indicators in soil quality evaluation. This study emphasized the
interdependence between soil structure and functionality, highlighting the importance of
sustainable management practices that preserve organic matter, structure, and biological

processes, ensuring the resilience of tropical soils.
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