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RESUMO

Diante da crescente escassez hidrica global e intricado processo de mudancas climaticas, as
aguas subterraneas emergem como recurso fundamental para garantir a qualidade e
disponibilidade hidrica. Dessa forma, o presente estudo investiga o papel dos atributos do solo
no potencial de recarga de dguas subterraneas, por meio do desenvolvimento e avaliacao de
indice de Qualidade do Solo (SQI — Soil Quality Index) utilizando dados do Hydrophysical
Database for Brazilian Soils (HYBRAS). Inicialmente foi desenvolvido o SQI para Potencial
de Recarga de Agua Subterrdnea (SQIra), com base na avaliagdo de onze atributos fisicos do
solo, utilizando-se da ferramenta de Andlise de Componentes Principais Supervisionada
(SPCA) para selegdo dos indicadores principais: Condutividade Hidraulica Saturada
(Kslab log), Porosidade Drenavel (DP - Drainable Porosity) e Silte. O SQIra demonstrou
eficdcia ao destacar diferencas na qualidade do solo entre usos da terra e classes de solo. O
indice foi validado com dados de Velocidade de Infiltracao Basica (BIR) e com dados de
defliivio subterraneo, destacando sua utilidade na gestdo sustentdvel de bacias hidrograficas.
Ademais, o padrao do SQI criado juntamente com outros disponiveis na literatura para o
potencial de recarga foi avaliado quanto a influéncia da classe de solo, classe textural, estrutura
funcional, uso da terra e biomas. Amazonia e Mata Atlantica apresentaram maior potencial de
recarga, enquanto o Pampa teve valores menores. Areas de vegetagio nativa mostraram maior
potencial de recarga. Embora a textura do solo seja um fator relevante na conducdo de dgua no
solo e, portanto, na recarga hidrica, a combinagdo entre textura e classificacdo do solo se
mostrou mais satisfatorio para mapear o potencial de recarga no Brasil.

Palavras-chave: Andlise de Componentes Principais (PCA); Random Forest; HYBRAS;
XGBoost; areas de recarga hidrica



ABSTRACT

In the face of increasing global water scarcity and the complex process of climate change,
groundwater emerges as a fundamental resource to ensure water quality and availability. Thus,
the present study investigates the role of soil attributes in groundwater recharge potential by
developing and evaluating Soil Quality Index (SQI) using data from the Hydrophysical
Database for Brazilian Soils (HYBRAS). Initially, a Soil Quality Index for Groundwater
Recharge Potential (SQIra) was developed based on the evaluation of eleven physical soil
attributes, employing the Supervised Principal Component Analysis (SPCA) tool to select the
main indicators: Saturated Hydraulic Conductivity (Kslab log), Drainable Porosity (DP), and
Silt content. The SQIra proved effective in highlighting differences in soil quality among land
uses and soil classes. The index was validated with Basic Infiltration Rate (BIR) data and
baseflow data, emphasizing its usefulness for sustainable watershed management. Furthermore,
the pattern of the SQI created, along with other indices available in the literature for recharge
potential, was evaluated for the influence of soil class, textural class, functional structure, land
use, and biomes. The Amazon and Atlantic Forest biomes showed higher recharge potential,
while the Pampa biome exhibited lower values. Native vegetation areas showed greater
recharge potential. Although soil texture is a relevant factor in water conduction through the
soil and, therefore, in groundwater recharge, the combination of soil texture and soil
classification proved more satisfactory for mapping recharge potential in Brazil.

Keywords: Principal Component Analysis (PCA); Random Forest; HYBRAS; XGBoost; water
recharge areas



INDICADORES DE IMPACTO

A pesquisa possibilitou a criagdo de um Indice de Qualidade do Solo podendo ser utilizado
como ferramenta para subsidiar politicas publicas e estratégias de manejo do solo e da 4gua em
territorios brasileiros sujeitos a escassez hidrica, degradagcdo ambiental ou expansao agricola.
Os dados utilizados cobrem diversos biomas e regides brasileiras, refletindo um territério de
abrangéncia nacional focado principalmente na area tematica de Meio Ambiente. O carater
extensionista da pesquisa esta evidenciado pela integragdo com agentes externos a Universidade
Federal de Lavras (UFLA), por meio da utilizagdo e validagdo de dados do HYBRAS. O
trabalho estéd alinhado com pelo menos cinco Objetivos de Desenvolvimento Sustentavel (ODS)
da ONU, sendo eles: ODS 2 (Fome zero), ODS 6 (Agua potavel e saneamento), ODS 12
(Consumo e producdo responsaveis) e ODS 13 (Agdo contra a mudanca global do clima). Ao
oferecer suporte técnico-cientifico para o monitoramento da recarga hidrica e da capacidade de
reten¢do de 4gua nos solos brasileiros, o estudo contribui para a gestao integrada dos recursos
hidricos com potencial de beneficiar diretamente agricultores, gestores publicos e comunidades

que dependem do solo e da agua para sua subsisténcia e qualidade de vida.

IMPACT INDICATORS

The research enabled the development of a Soil Quality Index, which can be used as a tool to
support public policies and strategies for soil and water management in Brazilian territories
affected by water scarcity, environmental degradation, or agricultural expansion. The data used
encompass various biomes and regions of Brazil, reflecting a territory of national scope,
primarily focused on the thematic area of Environment. The extensionist nature of the research
is evidenced by the integration with external agents to the Federal University of Lavras (UFLA),
through the use and validation of data from the HYBRAS database. The work is aligned with
at least five of the United Nations Sustainable Development Goals (SDGs), namely: SDG 2
(Zero hungeR), SDG 6 (Clean water and sanitation), SDG 12 (Responsible consumption and
production), and SDG 13 (Climate action). By providing technical-scientific support for
monitoring groundwater recharge and the water retention capacity of Brazilian soils, the study
contributes to the integrated management of water resources, with the potential to directly
benefit farmers, public managers, and communities that depend on soil and water for their

livelihood and quality of life.
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PART ONE

GROUNDWATER RECHARGE POTENTIAL AND ITS INTERACTION WITH SOIL
PHYSICAL QUALITY IN BRAZIL
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1. INTRODUCTION
1.1.General Introduction

The sustainable management of water resources, especially regarding to groundwater
recharge, is a topic of growing relevance in the current context, given the increasing demand
for drinking water and the impacts of climate change. Groundwater represents around 99% of
the liquid freshwater available on the planet (UNESCO, 2022) and can be used in various
sectors, such as public supply, agriculture, livestock, industry and mining. However, excessive
and inappropriate use of this source can lead to the degradation and depletion of aquifers
(CHAMINE et al., 2015; JAAFARZADEH et al., 2021), especially when recharge is less than
exploitation.

The soil has a direct impact on aquifer recharge, as factors such as soil texture, soil
structure, porosity, bulk density and hydraulic conductivity affect the process of water
infiltration into the soil (RESENDE et al., 1998; MELLO, 2013). Vegetation also plays a crucial
role in this process, helping to maintain water storage capacity in the soil, especially in areas
with native vegetation (ROA-GARCIA et al., 2011; GERMER et al., 2010).

Several studies have used the Soil Quality Index (SQI) to estimate groundwater recharge
potential, considering indicators such as soil saturated hydraulic conductivity, drainable
porosity and basic infiltration rate (SANTANA et al., 2023; ALVARENGA et al., 2012).
However, they were developed restricted to sub-basins and were based solely on expert opinion,
making the analysis subjective. Other studies have used remote sensing techniques combined
with geographic information systems (GIS) to map areas with groundwater recharge potential
based on the integration of various environmental factors. Nonetheless, they are limited to
assessing the influence of the soil, adopting isolated variables such as soil textural class or soil
class, which by far are able to predict alone the potential to recharge aquifers (ACHU et al.,
2020; JAAFARZADEH et al., 2021). Both approaches can result in an underestimation or
overestimation of the recharge potential, especially in the context of Brazil, which has a great
diversity of soils with different physical and hydric characteristics and properties.

The publication of the Hydrophysical Database for Brazilian Soils (HYBRAS) in 2018
represented a significant advance, bringing together information on soil properties such as soil
texture, porosity, bulk density and saturated hydraulic conductivity (OTTONI et al., 2018). This
database allows for a more accurate assessment of the physical quality of soils, which is
essential for developing management strategies aimed at conserving groundwater resources.

The aim of this study is to statistically integrate soil properties to create a Soil Quality

Index for recharge potential applicable to the entire national territory. In addition, the study
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investigates how factors related to textural class, soil class, soil structure, land use and different
Brazilian biomes influence soil quality for groundwater recharge potential. The purpose of this
analysis is to identify the most representative soil quality factors for recharge, based on data
from the HYBRAS database, to support the mapping of groundwater recharge zones in Brazil
and contribute to the sustainable management of water resources, in line with the Sustainable
Development Goals (SDGs), especially SDG 6, which aims to guarantee the availability and

sustainable management of water.

1.2.0rganization of the dissertation

The work is divided into two parts, the first consisting of a general introduction and
theoretical reference and the second consisting of two articles.

The first paper seeks to integrate various physical and hydric soil properties to create a
robust Soil Quality Index (SQI) for groundwater recharge potential. Using data from the
Hydrophysical Database for Brazilian Soils (HYBRAS), statistical analyses were applied to
select the most representative indicators, ensuring the independence of subjective opinions in
the choice of the most influential soil parameters in water recharge.

In the second paper, the SQI developed was compared with other indexes proposed in
the literature, such as those by Santana et al. (2023) and Alvarenga et al. (2012), assessing its
effectiveness in estimating recharge potential across different soil classes and land uses. In
addition, this study serves as a basis for mapping areas with groundwater recharge potential in

Brazil, considering the diversity of soils and environmental conditions in the country.

2. LITERATURE REVIEW
2.1.Groundwater Recharge Potential in the Soil

Groundwater consists of all the water resources found below the Earth's surface. It
accounts for approximately 99% of all liquid freshwater on Earth (UNESCO, 2022). In the
context of growing global water scarcity, coupled with climate change, groundwater has the
potential to provide quality water for domestic use, irrigation, livestock watering and industry.
However, there is a need for better management of these resources, as well as an understanding
of the potential for groundwater recharge to control the volume of exploitation.

Data presented in the United Nations World Water Development Report 2022 show that
total global groundwater abstraction in 2017 was estimated at 959 km?. In addition, the same
report highlighted the main services for which groundwater resources are needed, including: 1)

supply for human consumption and other purposes, such as irrigation, industry, mining, among
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others; ii) regulation, helping with water security, such as recharging aquifers, maintaining
rivers and lakes, regulating the climate, protecting against saline intrusion; and iii) supporting
dependent ecosystems (UNESCO, 2022).

Although there are many services that depend on groundwater resources, groundwater
must be exploited sustainably through effective management. Evaluating and controlling
groundwater potential is essential to prevent the depletion of this resource (CHAMINE et al.,
2015) and the natural recharge capacity of aquifers must be taken into account. The recharge
potential is influenced by the infiltration of water into the soil from a region with favorable
conditions for receiving rainfall, as well as the geomorphological characteristics of the
watersheds (MELLO, 2013).

Thus, considering the infiltration process, it is necessary to understand how and which
soil quality conditions are fundamental to establishing areas with greater potential for
groundwater recharge. JAAFARZADEH et al. (2021) analyzed fifteen parameters that affect
the potential for groundwater recharge, highlighting the importance of understanding the soil,
as the permeability of the soil affects the amount of water that can infiltrate and recharge the

aquifer.

2.2. Conceptual Aspects of Soil Quality
The process of water infiltration into the soil and its redistribution of water is basically
governed by two processes: the capacity of the soil to allow the movement of water through it
(hydraulic conductivity) and the energy required to carry out this work through the difference
in water potential in the soil (PINHEIRO; VAN LIER; BEZERRA, 2017).
These processes are influenced by indicators mainly related to the physical quality of

the soil (BUNEMANN et al., 2018):

“Soil Physical Quality is the ability of a given soil to meet the
requirements of plants and ecosystems in relation to water demand,
aeration and mechanical resistance over time, as well as to resist and
recover from processes that may diminish this capacity” (MCKENZIE;
TISDALL; VANCE, 2011).

Therefore, the textural classification of the soil, the mutual and organizational
arrangement of solid particles and soil aggregates, the composition of the pore space, the

influence of land use, among others, affect the magnitude of the water infiltration and
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redistribution process in the soil profile for groundwater recharge, which will be presented in

the following subsections.

2.2.1. Soil texture

Soil texture is a physical indicator related to the size distribution of the primary mineral
particles in the soil, smaller than 2 mm, conveniently quantified in terms of sand, silt, and clay
(TEIXEIRA et al., 2017). Texture is commonly used in the mapping evaluation of areas with
groundwater recharge potential (GUERRON-OREJUELA et al., 2023; LENTSWE;
MOLWALEFHE, 2020; THANH et al., 2022), as well as a predictor for estimating the
hydraulic properties of soils (MANTOVANELLI, 2021).

The different soil textures have varyingt impacts on the physical quality of the soil, as
shown in the ternary diagram of S index values (Figure 1.1) proposed by DEXTER (2004). The
S index is well known as an important indicator of soil physical quality. It representes the slope
of the soil water release curve (SWRC) on a mass base at its inflection point on a logarithmic
matric potential scale. In area A, there are values of S > 0.04, in area B, there are values of 0.03
< § <0.04, and in area C, there are values of S < 0.03. Thus, higher S values indicate better

physical quality and, consequently, structural heterogeneity.

Figure 1.1 - Ternary diagram of S Index values* for different continuous texture functions

0.00

e

0.00  0.25 0.50  0.75 1.00

clay
* Area A: S > 0.04; Area B: 0.03 <S <0.04; Area C: S<0.03
Source: DEXTER (2004)
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The influence of soil texture on the physical quality of the soil significantly affects the
properties of hydrological flow (MURPHY; WATERHOUSE; DAHLKE, 2021), showing,
above all, a linear correlation between groundwater recharge rates and the average clay content
in the subsurface. Significantly lower clay content tends to have higher saturated hydraulic
conductivity and infiltration capacity (TAO et al., 2021), so sandy soils are classified as having
greater groundwater recharge potential because they have low water retention and high
saturated hydraulic conductivity.

However, soil texture is more descriptive when applied to soils in temperate regions
(UEHARA; GILLMAN, 1985), and is not representative of soils in tropical regions due to the
presence of highly wheatered clays (MARTINEZ; SOUZA, 2020). FERREIRA;
FERNANDES; CURI (1999) proposed an analysis of the influence of the mineralogy of the
clay fraction on the physical properties of Latossolos in Brazil. They identified a positive
correlation between the increase in clay content and the increase in saturated hydraulic
conductivity, showing that the granular structure of these soils with a high gibbsite content may
influences the process of water movement in the soil as a function of mineralogy.

Therefore, considering that Latossolos represent approximately 30% of the Brazilian
territory, it is necessary to evaluate other physical indicators related to soil structure, instead of
considering only soil texture, in order to analyze areas with groundwater recharge potential in

Brazilian soils.

2.2.2. Soil structure

Soil structure refers to the arrangement of soil particles and the pore space between
them, including the size, shape and arrangement of aggregates formed by the grouping of
primary particles (MARSHALL,1962). This indicator governs an significant part of the
hydrological processes in a watershed (MELLO, 2013). A soil structure with a predominance
of the clay fraction composed of smaller aggregate units facilitates the drainage of water in the
soil due to macroporosity, such as soils with a granular structure. On the other hand, a soil
structure with coarse-sized units can inhibit the flow of water due to the face-to-face contact
(FERREIRA; FERNANDES; CURI, 1999).

The soil structure is subject to change depending on the use and management of the soil,
and is, therefore, dynamic in nature, with great spatial variability and various factors influencing
it (VAN LIER, 2010). Thus, soil structure can be assessed using indicators that relate the solid,

liquid and gaseous phases of the soil.
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Understanding soil structure in the context of Brazilian soils with highly weathered
clays is more relevant than soil texture (MELLO; CURI, 2012). Latossolos found in Brazil with
a clayey or very clayey texture and granular structure exhibit high infiltration capacity due to
the formation of macropores between the aggregates (FERREIRA; FERNANDES; CURI,
1999).

2.2.2.1. Soil particle density

Soil particle density is considered an intrinsic characteristic of the soil and depends on
the relative proportions of mineral and organic particles. It is only related to the volume
occupied by the solid phase of the soil and therefore does not take porosity into account, nor
does it take the soil's structuring conditions (TEIXEIRA et al., 2017).

Like soil texture, this indicator allows for na indiect understanding of the dynamics of
hydrological flow in different types of soil at depth, since it is used to calculate soil porosity
(BUNEMANN et al., 2018), as well as at the soil surface to evaluate the particle cohesion and
the correspoding effect on surface runoff of a given soil (AKPAN et al., 2016). In addition, the
organic matter content in the soil contributes to lower particle density values, which in turn
directly influences on soil permeability and aeration, affected by the volume of micropores and

mesopores (NEHLS et al., 2006).

2.2.2.2. Bulk density

Bulk density is the ratio of dry soil mass to its natural volume. This property is directly
linked to soil structure and mineralogy as welle as to other soil processes such as soil
compaction and water infiltration, due to its sensitivity to land use and management, and is
included in the calculation of other indicators such as porosity and soil carbon stock (SILVA et
al., 2020).

Measuring bulk density is relatively quick, simple, low cost and does not require
sophisticated laboratory equipment. It is therefore the most widely used parameter for assessing
the physical quality of Brazilian soils (SIMON et al., 2022). However, although bulk density is
an indicator of soil infiltration conditions, interpreting this property requires comparability with
data from other sampling campaigns due to its variability (BUNEMANN et al., 2018).

Less weathered, shallow soils with primary minerals, such as Neossolos Litolicos, tend
to have high bulk density values (1.87 Mg m™), while more weathered soils have low bulk
density values (1.15 Mg m™2) (DE SOUZA et al., 2019). In relation to soil structure, lower bulk

density values correspond to soils with a granular structure, while higher bulk density values
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are associated with structures with coarse-sized aggregate units (blocky or prismatic) (VAN
LIER, 2010).

The depth of the layer evaluated can also influence bulk density values, with greater
variation in surface layers reflecting land use and management (SANTANA et al., 2023).
Inadequate soil management practices can influence the arrangement of soil particles and lead
to an increase in bulk density, due to a reduction in macro-pores (DEXTER, 2004). When this
occurs, it affects the soil’s water retention cpacity by reducing hydraulic conductivity (Figure
1.2) (SAXTON; RAWLS, 2006). However, the sensitivity of this soil property is related to the

soil texture and should therefore be analyzed alongside it.

Figure 1.2 - Effect of Bulk Density on Hydraulic Conductivity
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2.2.2.3. Soil porosity

Soil porosity corresponds to the fraction of the soil occupied by water or air. The analysis
of properties such as pore size distribution is useful for understanding the processes that occur
within porous system and the influence on water flow in the soil (FERREIRA et al., 2019).

Considering that the pore space of the soil can be represented by the capillarity model,
the soil pores are segregated into size classes, with a diameter of 0.05 mm serving as the
threshold between the classes (TEIXEIRA et al., 2017). Micropores are then considered to be
capillary pores and macropores are considered to be non-capillary pores. Soils with high
macroporosity values tend to have a high infiltration rate, while soils with high microporosity

values support greater water retention capacity (HUNTLEY, 2023).
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Thus, the process of water infiltration in the soil is strongly governed by the soil
permeability, with Macroporosity being the most important indicator when analyzed in the
surface layer of the soil (ALVARENGA et al., 2012). In this way, the greater the volume of soil
occupied by macropores, the lower the water retention, the higher the permeability, and
consequently the greater the contribution to groundwater recharge process (NEHLS ez al., 2006)
(Figure 1.3).

Figure 1.3 - Water content curves used to calculate the volume of macropores
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Other authors, still focusing on analyzing the influence of porosity on surface and
subsurface water flow, as well as soil quality index for groundwater recharge potential, use
drainable porosity or effective porosity as a basis (CAMEIRA, FERNANDO, PEREIRA, 2003;
SANTANA et al., 2023). Effective porosity is equivalent to the fraction of total porosity in
which water moves freely under the action of gravity, determined by the difference between
total porosity, or saturation water content, and the water content corresponding to field capacity
(QUEIROZ, 1995).

For this purpose, the pore classes are subdivided into macropores (larger than 0.05 mm),
mesopores (0.015 to 0.050 mm) and micropores (smaller than 0.015 mm), since the main

function of the mesopores is to conduct the water after the macropores have been emptied (VAN
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LIER, 2010) and thus influence the drainable porosity, especially in the subsurface of
conventional plantations (Figure 1.4), (CAMEIRA; FERNANDO; PEREIRA, 2003).

Figure 1.4 - Effect of pore distribution on the calculation of drainable porosity in
conventional planting
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However, it should be noted that both drainable porosities based on macroporosity and
mesoporosity do not take into account tortuosity or interruptions (BATISTA et al., 2020) and
have a different influence on unsaturated and saturated zones. In the former, pores are empty
and permeability is hindered due to the adsorption process (soil-water), while in the latter the
pores are filled with water, causing a greater flow of water due to the cohesion process

(BRAGA, VELASQUEZ, FLEMING, 2020).

2.2.3. Basic Infiltration Rate

The infiltration process refers to the water that penetrates and moistens the soil. As
rainfall enters the drier soil and the degree of saturation increases over time, the infiltration rate
becomes constant, called the Basic Infiltration Rate (BIR), tending towards the value of the
saturated hydraulic conductivity (Ksat)(ANGULO-JARAMILLO; BAGARELLO; IOVINO,
2016).

Water infiltration tests are usually carried out in the field using disk or tension

infiltrometers in order to quantify the cumulative infiltration, I (t) (L), in the surface layer of
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the soil. This is done by determining the infiltration rate, i (t) (L/T), the amount of water that
infiltrates over time, which are related to each other by derivation (RAHMATI et al., 2018).

BIR is related to soil texture. ILHA (2018) found by analyzing infiltration data with a
rainfall simulator, a 24-hour test, that the spread of water distribution in soils varies according
to soil texture. For sandy loam soils, the horizontal propagation distance reached 1.20 meters,
while for clay loam and loam soils this distance was 0.90 and 0.50 meters. In addition, it can
be influenced by vegetation cover, being greater in areas with vegetation cover than in areas
without cover (ALVES; SUZUKI; SUZUKI, 2007). Furthermore, the process is enhanced in
areas with natural vegetation than in cultivated areas (CAVENAGE et al., 1999).

Higher BIR values are related to higher values of soil physical quality indicators, due to
the favorable pore size distribution for root growth and water infiltration capacity in the soil
(ALVES; SUZUKI; SUZUKI, 2007), showing a positive correlation between them (Figure 1.5)
(DEBIASI et al., 2023). On the other hand, degraded soils are associated with lower BIR values,
due to the reduction in cross-sectional area for water flow, along with more tortuous paths for
fluid movement, negatively affecting the infiltration process. (ALVES; SUZUKI; SUZUKI,
2007).

Figura 1.5 — BIR and soil quality index relationship
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In this way, BIR 1is one of the indicators that best reflects the physical conditions of the
soil for water infiltration, and is commonly used in studies and design for irrigation projects,

drainage systems, soil conservation processes and analysis of recharge potential. In a
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comparison between double-ring infiltration tests and pumping tests (considered the most
reliable field technique for estimating aquifer parameters, albeit at high cost), MASOUD;
BASAHI; ZAIDI (2019) showed that infiltration tests (0.58 to 37.15 m/day) showed values
close to those obtained from pumping tests (2.6 to 57.4 m/day), corroborating the evidence that

BIR is a powerful soil physical indicator for groundwater recharge.

2.2.4. Hydraulic conductivity of soil

Hydraulic conductivity is a parameter that describes the ease with which water flows
through a porous medium (SEILER; GAT, 2007). When analyzed under saturated conditions, it
is called soil saturated hydraulic conductivity (Ksat) and can be expressed by the Darcy’s
equation.

The determination of Ksat is routinely carried out in the laboratory with constant head
permeameters using undisturbed samples. However, other methods are reported in the literature
using field infiltration measurements to estimate the saturated hydraulic conductivity of the soil.
SALES et al. (1999) showed a correlation between the value of BIR and Ksat for the two soils
studied (Latossolo Vermelho and Argissolo Vermelho-Amarelo) and in the surface and
subsurface layers. The study shows that the influence of BIR can vary depending on the soil
layer. In the 0-20 cm layer of the Argissolo Vermelho-Amarelo, the correlation between BIR
and Ksat was weaker than in the 60-80 cm layer. For the Latossolo Vermelho, on the other hand,
the BIR value was similar to the average value for both layers. Therefore, the use of BIR to
estimate Ksat may depend on the soil layer and the specific characteristics of the soil analyzed.

Ksat is influenced by the size of the pores and their interconnectivity, in which the
macropores are mainly responsible for conducting water through the soil profile. Thus, a small
reduction in macroporosity is accompanied by a large reduction in hydraulic conductivity
values (SILVA; KATO, 1997). It can therefore be affected by the different land use systems,
which as pointed out by SANTANA et al. (2023), higher Ksat values were associated with
native forest areas.

In addition, soil hydraulic conductivity can also be affected by soil texture, where higher
values of sand content usually presente a positive correlation with hydraulic conductivity
(BOCUTTI et al., 2020). Soil structure also strongly affects hydraulic conductivity depending on
the type of soil (FERREIRA; FERNANDES; CURI, 1999).

Therefore, in addition to the sand content, it is important to analyze how the attributes
silt, clay and organic matter influence the soil's structural stability. Silt and clay are smaller

particles than sand and can therefore clog the soil's pores, reducing its ability to conduct water.
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Organic matter, in turn, can affect soil structure and the formation of aggregates, which
influence the pore size distribution of the soil. The relationship between structural stability and
basic soil properties was proposed by REYNOLDS et al. (2009) (Equation 1). The structural

stability index (SSI, %) is a metric for the risk of soil structure degradation.

1,724 x OC i
: £ 100 Equation 1
Silt + Clay

SSI (%) =

Where OC is the organic carbon content of the soil (g/kg), the van Bemmelen factor
(1.724) is used to convert OC into OM (CAMBARDELLA et al., 2001). The structural

quality index ranges from 0 to 1, with higher values indicating better physical quality of the

soil in relation to its structure, thus preseting greater hydraulic conductivity in the soil.

2.3. Soil Quality Assessment

2.3.1. Additive-weighted function

The assessment of soil quality is complex due to the dynamics of physical, chemical and
biological processes, in addition to the heterogeneity and diversity of land uses (KELTING et
al., 1999). Despite these complexities, the creation of Soil Quality Index (SQIs) has been
proposed to provide a numerical representation of soil quality (DORAN; PARKIN, 1994;
KARLEN; STOTT, 1994; WANG; GONG, 1998). These indexes involve the selection of
indicators, to which weights are assigned and the combination of these weighted values to
produce an overall index, providing a quantitative metric for comparative analysis (DIACK;
STOTT, 2001).

The SQI have emerged from approaches focused on evaluating the productive capacity
of the soil, incorporating soil properties that represent soil functions such as root support,
nutrient retention, water conductivity and biodiversity support. Thus, KARLEN; STOTT (1994)
proposed the additive-weighted function model based on the definition of weights for each soil
function, based on a specific set of representative indicators and scores for each indicator,

highlights the relative importance through on expert Opinion (Equation 2).

L1 ViX Py Equation 2

n
i=1Pi

SQI =
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Where, n is the total number of soil quality indicators, v; is the score value assigned to
indicator 1, p; is the weight of the indicator based on the degree of importance assigned.

These scores are transformed using non-linear scoring functions (SSF), which
standardize the values on a scale from zero to one as proposed by WYMORE (1993).
WYMORE (1993) defined twelve categories of SSFs; however, KARLEN; STOTT (1994)
suggested the use of only three main scoring functions soil quality indicators (Figure 1.6) across

different soil types and land uses.

Figure 1.6 - Categories of scoring functions
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In the first type, “more is better”, the positive slope parameter (S) starts at zero and
reaches 1 between L (lower limit) and U (upper limit). The second type, “less is better”, with
negative S starting at 1 and decreasing to 0 between L and U. The third type is a combination
of the previous two, with the optimum point “O” corresponding to 1.

However, this methodology relies on weights assigned according to the expert's opinion,
making the evaluation subjective (RINOT et al., 2019). Therefore, statistical tools such as
multivariate ordinations and machine learning models are used as alternatives for selecting

indicators to establish Soil Quality Index (SQI) indexes (CHAER, 2004).

2.3.2. Statistical methods

Among the multivariate ordering methods, Principal Component Analysis (PCA) stands
out (PEARSON, 1901). The result of the multivariate ordering is a two-dimensional graph,
where the indicators are analyzed based on their spatial distance from a reference datasetused.
ABDEL-FATTAH et al. (2021) use PCA to reduce the data set into new variables, avoid
multicollinearity and determine relative weights (pi) and soil indicators (Si), which were used
to obtain the SQI. The results showed that the first three components the principal components
of PCA explained 83.6% of the total variance of the soil data, confirming that PCA produces

satisfactory results, being representative of the variability in the final measures of soil quality.
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2.4. Soil Physical Quality and Groundwater Recharge

Sensitive soil quality indicators, which reflect the use and management of the soil, are
commonly used as a tool for assessing soil quality by means of a Soil Quality Index (SQI). With
regard to the function of water storage, infiltration and/or recharge, soil physical indicators for
formulating the SQI have been used mainly in the last 5 years, focusing on the dynamic
properties of the soil and on the inherent characteristics of the soil (BUNEMANN et al., 2018).

This is due to the relevant effect of soil physical and hydraulic properties on soil
functioning (root growth, storing and supplying water and nutrients, gas exchange and
biological activity) (ARSHAD; LOWERY; GROSSMAN, 1996). The main soil physical
indicators include soil texture, bulk density, particle density, porosity, basic infiltration rate,
hydraulic conductivity and aggregate stability (ARAUJO et al., 2012).

Considering the soil physical indicators for assessing the physical quality of soil for
groundwater recharge potential, SANTANA et al. (2023) and ALVARENGA et al. (2012)
proposed two different sets of indicators, both using the expert opinion methodology for
determining the soil quality index.

In the Cantareira System, Brazil, the soil quality index, when evaluated from the
perspective of land use and management in three types of soil, considering drainable porosity,
basic infiltration rate and saturated hydraulic conductivity in the laboratory as soil physical
indicators, showed that the effects of land use on soil functions depend on the type of soil. The
soil quality index related to potential groundwater recharge in the surface layer of the soil was
higher in areas of native forest for soils of the Cambissolos (SANTANA et al., 2023).

The set of indicators proposed by ALVARENGA et al. (2012), such as, bulk density,
saturated hydraulic conductivity in the field and macroporosity - also proved to be sensitive to
land use and management, proved sensitive to an environmental quality indicator for managing
and analyzing water recharge in the sub-basins studied in the Serra da Mantiqueira region,
Brazil.

Therefore, the use of soil physical quality index provides the necessary tools to study
and evaluate not only the management of soil resources, but also the impact on the potential
groundwater recharge system in the soil. This contributes to a more holistic view of the benefits
that soil can provide for sustainable development.

2.5. Hydrophysical Database for Brazilian Soils (HYBRAS)
HYBRAS is a hydrophysical database of Brazilian soils, composed of water retention,

and saturated hydraulic conductivity (Ks) data, associated with basic soil properties and the
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methods used to determine these indicators. The database has two versions: the first has already
been published and is publicly available, while version 2 is currently under development.

Version 1 comprises data from 163 scientific documents, whereas version 2 includes
212 studies, encompassing samples collected at various locations and depths, totaling
approximately 8,000 samples. These sources originate from a wide range of national
publications, including peer-reviewed articles, master’s dissertations, doctoral theses,
conference and symposium proceedings on soil science, and research bulletins from the
Empresa Brasileira de Pesquisa Agropecuaria (Embrapa).

Both versions of the database include general sample information, such as geographic
location, soil classification, profile descriptions, and sampling depth. The database also contains
volumetric water content (0) data for various suction levels, along with the corresponding
parameter values of the van Genuchten (VG) equation (van Genuchten, 1980). Furthermore,
HYBRAS includes land cover classification data, hierarchically structured in two levels and
standardized according to Collection 8.1 of the MapBiomas Project — Annual Mapping of Land
Use and Land Cover in Brazil. Notably, version 2 incorporates additional variables, such as
sulfuric attack and the weathering index (OTTONI et al., 2018).

Considering both versions, the HYBRAS database provides a comprehensive and
representative set of hydrophysical information for tropical weathered soils in Brazil, serving

as a fundamental tool for soil modeling and related environmental studies.
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ABSTRACT

In the context of increasing global water scarcity and the process of challenges of climate
change, groundwater presents a viable source of high-quality water. With the influence of water
infiltration, soil physical quality becomes an important factor in managing of these resources.
The aim of this study was to develop a soil quality index associated with groundwater recharge.
The study used the Hydrophysical Database for Brazilian Soils to evaluate the integration of
soil physical attributes in the development of the index. Eleven physical attributes were assessed
for the Supervised Principal Component Analysis (SPCA). Three atributes - Saturated Soil
Hydraulic Conductivity (Kslab log), Drainable Porosity (DP), and Silt contente - were selected
to construct the Soil Quality Index for Groundwater Recharge Potential (SQIgr). For two land
use classes (Agriculture and Forestry) according to MapBiomas, and four soil classes according
to SiBCS (G2: Argissolo Vermelho and Argissolo Vermelho-Amarelo; G4: Latossolo Vermelho
and Latossolo Amarelo) in the groups Agr G2 and For G4 there wasn’t significant statistical
difference between SQIgr and BIRn values, showing consistence results for the proposed index.
The feasibility of the index's spatial coverage was validated by comparing the baseflow
contribution in the runoff. SQIgr values for the For G4, Agr G4, and Agr G2 groups were
0.76, 0.58, and 0.50, respectively, indicating that agricultural use tends to decrease soil quality.
However, the predominance of Latossolos was associated with higher soil quality scores Thus,
the proposed SQIgr proved to be a fundamental tool for the sustainable management of
Brazilian watersheds, promising for distinguishing environments for preservation and
conservation.

Keywords: Soil structure; Soil water infiltration; Ecosystem services
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RESUMO

No contexto do aumento da escassez global de dgua e dos desafios impostos pelas mudangas
climaticas, as 4guas subterraneas representam uma fonte viavel de dgua de alta qualidade. Com
a influéncia da infiltracdo de agua, a qualidade fisica do solo torna-se um fator importante na
gestao desses recursos. O objetivo deste estudo foi desenvolver um indice de qualidade do solo
associado a recarga de aquiferos. Para isso, utilizou-se o Banco de Dados Hidrofisicos de Solos
Brasileiros, a fim de avaliar a integragao dos atributos fisicos do solo no desenvolvimento do
indice. Onze atributos fisicos foram avaliados por meio da Andlise de Componentes Principais
Supervisionada (SPCA). Trés atributos — Condutividade Hidrdulica Saturada do Solo
(Kslab_log), Porosidade Drendvel (DP) e teor de Silte — foram selecionados para a construgao
do Indice de Qualidade do Solo para o Potencial de Recarga de Aquiferos (SQIgr). Para duas
classes de uso da terra (Agricultura e Floresta), segundo o MapBiomas, e quatro classes de solo
de acordo com a SiBCS (G2: Argissolo Vermelho e Argissolo Vermelho-Amarelo; G4:
Latossolo Vermelho e Latossolo Amarelo), nos grupos Agr G2 ¢ For G4 nao foi observada
diferenca estatistica significativa entre os valores de SQIgr e BIRn, indicando resultados
consistentes para o indice proposto. A viabilidade da aplicagdo espacial do indice foi validada
por meio da comparagao da contribuicdo da vazao de base na vazao total. Os valores de SQIgr
para os grupos For G4, Agr G4 e Agr G2 foram, respectivamente, 0,76; 0,58 e 0,50, indicando
que o uso agricola tende a reduzir a qualidade do solo. No entanto, a predominancia de
Latossolos esteve associada a escores mais elevados de qualidade do solo. Assim, o SQIgr
proposto demonstrou ser uma ferramenta fundamental para a gestdo sustentavel das bacias
hidrograficas brasileiras, sendo promissor na distingdo de ambientes prioritarios para
preservacao e conservagao.

Palavras -chave: Estrutura do Solo, Infiltracdo de 4gua no solo; Servi¢os Ecossitémicos
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1. INTRODUCTION

The sustainable management of groundwater is a topic of great importance for the
society. Groundwater accounts approximately 99% of all liquid freshwater on Earth (UNESCO,
2022). It can be used for various purposes, such as public supply, irrigation, livestock farming,
industry and mining. However, excessive and inadequate exploitation can lead to its
degradation and depletion (Chaminé et al., 2015).

Considering factors that interfere with groundwater recharge potential, Jaafarzadeh et
al. (2021) evaluated fifteen parameters, among which highlighted the importance of
understanding soils, as their permeability affects the amount of water that can infiltrate and
recharge the aquifer.

Soil quality is understood as its capacity to promote plant growth, protect watersheds
and prevent water and air pollution (Sims et al., 1997). The concept of soil quality goes beyond
crop productivity, serving as a tool for evaluating soil functions in the environment, which
support the delivery of ecosystem services and environmental sustainability (Blinemann et al.,
2018).

Soil quality can be evaluated in relation to one or several soil functions (Baveye et al.,
2016; Bouma, 2014), which are influenced by several factors, such as soil texture, soil structure,
porosity, bulk density and hydraulic conductivity (McKenzie et al., 2011). The dynamics of
these intervening factors, conditioned by physical, chemical and biological processes in the soil,
added to the heterogeneity and diversity of land uses and classes (Daniel L. Kelting ez al., 1999),
adds complexity to the assessment of a Soil Quality Index.

In the context of groundwater recharge, soil quality is often assessed through hydraulic
properties, such as the Basic Infiltration Rate, in combination with landscape feature analysis.
The Basic Infiltration Rate refers to steady-state rate of water infiltration into the soil, when the
infiltration rate remains stable over time. Measuring it requires robust instrumentation and is
not straightforward (Jaafarzadeh et al., 2021).

The potencial groundwater recharge can also be estimated using the integration of
geographic information systems (GIS) techniques and Hierarchical Process Analysis with
different types of environmental variability data to construct potential zones for recharge
(Guerron-Orejuela et al., 2023b; Lentswe and Molwalethe, 2020; Thanh et al., 2022);
otherwise, using simplified numerical representation through a Soil Quality Index (SQI),
selecting soil attributes that are linked to the recharge process as employed by Santana et al.

(2023) and Alvarenga et al. (2012).
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To quantify the SQI, Karlen and Stott (1994) proposed an additive-weighted function
model based on the definition of weights for representative indicators of the analyzed function.
The application to estimating the potential groundwater recharge based on soil quality
assessment (Santana et al., 2023; Alvarenga et al., 2012) presents two sets of different
indicators, Soil Hydraulic Conductivity in the laboratory (Ksat lab), Basic Infiltration Rate
(BIR) and Drainable Porosity in Santana et al. (2023); and Soil Hydraulic Conductivity in the
field (Ksat field), Macroporosity and Bulk Density (BD) in Alvarenga et al. (2012). The
resulting indices proved reliable for comparative analysis of soil quality, considering different
uses and soil classes at watershed and management scales.

However, the methodology adopted by these authors takes into account the opinion of
experts when selecting indicators, which can be subjective or biased. Therefore, alternatives
such as Principal Component Analysis (PCA), a multivariate technique, have been used to
improve the non-linear relationships between the soil quality indicators and the target variable
(groundwater recharge) (Abdel-Fattah et al., 2021b; Andrews et al., 2002; Bandyopadhyay and
Maiti, 2021; Biinemann et al., 2018; Rinot et al., 2019).

Currently, no studies on the use of these methodologies when associated with
groundwater recharge for assessing tropical soils in Brazil, most likely due to the difficulty in
accessing data on hydrophysical properties of these soils. To overcome this limitation, in 2018,
the Hydrophysical Database for Brazilian Soils (HYBRAS) was published, a database that
provides information on the physical and hydraulic properties of Brazilian soils such as soil
texture, porosity, bulk density and saturated hydraulic conductivity, among others (Ottoni et al.,
2018). This opens promising opportunities for evaluating the physical quality of these soils, as
well as for developing management strategies aimed at preserving groundwater resources
(Blinemann et al., 2018).

This study tests the hypothesis that soil hydrophysical properties can be used to compose
a statistically robust Soil Quality Index for Groundwater Recharge Potential (SQIgr),
independent of expert opinion and applicable across the entire national territory using HYBRAS
data. To achieve this, the aim is to develop a soil quality index related to groundwater recharge
and to validate it using measured values of Basic Infiltration Rate and baseflow patterns across
Brazil’s river basins. This proposal aims to support the sustainable management of groundwater
resources in Brazil, with the aim of supporting the achievement of Sustainable Development

Goal (SDQG) 6.
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2. MATERIAL AND METHODS
2.1.Data collection

The data were extracted from the Hydrophysical Database for Brazilian Soils
(HYBRAS) version 1 (Ottoni et al., 2018) and version 2, currently under development. The
focus was on soil properties most relevant to the infiltration process and groundwater recharge,
including: Basic Infiltration Rate (BIR log) (logarithm of BIR; cm/h); Saturated Hydraulic
Conductivity (Ksat log) (logarithm of Ksat; cm/h), for methods determined in the laboratory;
Macroporosity in cm?*/cm? based on the difference between the total porosity and the volumetric
moisture value at 6 kPa; Total Porosity (TP) in cm?*/cm?; Drainable Porosity (DP) in cm?/cm?,
calculated according to Otto (1988), considering the difference between the volumetric
moisture at TP and the volumetric moisture at 10 KPa; Structural Stability Index (SSI), in
percent (%), calculated according to Reynolds et al. (2009); Particle Density (PD) in g/cm?;
Bulk Density (SD), in g/cm?; and, Particle Composition (texture) based on the percentage of
Sand, Silt and Clay. In the absence of volumetric moisture data at 6 KPa and 10 KPa for a soil
sample in HYBRAS, we used the corresponding result of fitting the sample's water retention
data to the van Genuchten (1980) model with Mualem (1976) restriction (m=1-1/n), when
available in the database; The VG parameters were fitted for the HYBRAS’s water retention
data that contained at least five data points covering a wide range of water tensions (from 0 to

-15000 cm).

2.2.Index determination
The Soil Quality Index was determined using the methodology proposed by Karlen and
Stott (1994), which comprises three stages: selection of the Minimum Data Set (MDS); scoring
of the data using the normalization process according to Wymore (1993); and integration of the

indicators to compose the index.

2.2.1. Selecting the Minimum Data Set (MDS)

To select the MDS, the Supervised Principal Component Analysis (SPCA) methodology
was applied (Bair et al., 2006), which utilizes correlation analyses with a reference variable to
assign weights to the input variables before applying the Principal Component Analysis. Thus,
the log of the Basic Infiltration Rate (BIR log) in cm/h, was used as a reference for the
correlation analyses with the previously ones in section 2.1. It should be noted that, at this stage,
the database from HYBRAS accounts for 138 data points sampled with all the input variables
(BASE 1).
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The Principal Components (PCs) explaining > 5% of the variability in the data (Wander
and Bollero, 1999) were selected. In each PC, only the variables with the highest factor loadings
were retained. Highly weighted factor loadings were defined as those with absolute values >
0.40 (Wander and Bollero, 1999). When more than one variable was retained in a single PC,
correlation coefficients were used to determine whether the variables could be considered
redundant (correlation coefficient > 0.60) and, if classified as redundant, the variable with the
lowest factor loading (absolute value) was eliminated from the MDS (Andrews et al., 2002).

Once all the MDS indicators were chosen, a final check for variable redundancy was
carried out. For each variable selected, the factor loadings (in absolute value) of the previously
selected PCs were summed. When the correlation coefficient of these variables was > 0.70, they
were considered redundant and, thus, the one with the lowest absolute factor load (Andrews et
al., 2002; Martin-Sanz et al., 2022).

To carry out the next steps, a new database of the selected indicators was established. It
also considered the soil samples collected from the surface layer (0 - 20 cm), thus forming

BASE 2, which consists of 336 samples.

2.2.2. Scoring and integration of indicators
The indicator scores were given by transforming their values using non-linear scoring

functions (SSF), normalizing them on a scale from zero to one (Wymore, 1993), Eq. 1:

_ 1 Eq. 1
v= B _ [\2SB+x-2D)
1+ ( il L)

Where v represents the normalized score; B is the value of the indicator when the
normalized score (v) is 0.5, specifically the average of the respective indicator; L is the lowest
observed value of the indicator; S is the slope of the tangent line to the curve at B, meaning the
second derivative of equation 1 equal to 0; and x is the value of the soil indicator associated
with the normalized value (v = 0.5), where x = B.

To determine the parameters of the curve, all available samples in HYBRAS were
considered for each variable without applying any filters. In other words, the parameters were
based on the environmental variability of the data, which includes a diversity of texture classes,

soil classes, land uses, biomes, depths, among others. The base value (B) was defined as the
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mean of the analyzed variable; the value of L as the lowest observed value; and U as the highest
observed value.

The calculation of the S value for each curve was performed using the Solver tool in
Microsoft Excel, taking into account the final requirements of 3 = 0.5 and x = B. To do this, the
Mean (B) and Standard Deviation (SD) of each indicator were initially defined in order to
determine the initial x value (Eq. 2). Then, the S value was calculated based on the initial x
using Eq. 3. In cases where the indicator was considered “more is better,” the S value was
positive; on the other hand, when the indicator was considered “less is better,” the S value was
negative. The sign (positive or negative) was applied based on the correlation of the variable
with the Basic Infiltration Rate (BIR). Thus, the Solver tool was used with the objective of
setting 9 = 0.5 by adjusting the variables S and x_initial so that the latter would approximate

the B value.

Xinitial = 0,5 *SD+ B Eq 2

Eq.3

. log(%)—l

log log (i:f) *2(B+x—2L)

After scoring the indicators, the SQI was calculated by multiplying the score of each
indicator (v) by its respective weight (p) (Eq. 2). The weight of each indicator is defined by the
ratio of the cumulative variance value to which the indicator belongs to the cumulative variance
of the selected PCs. This proportion of the variances comes from evaluating the principal

component analysis (MDS selection).

SQIgr = vix p1 + Uyx Py + U3X P3 Eq. 4

Where SQIgr refers to the Soil Quality Index for assessing groundwater recharge

potential.

2.2.1. Validation of the SQI for groundwater recharge (SQIgr)
2.2.1.1. Validation using BIRn
SQIgr was validated using the Basic Infiltration Rate values present in HYBRAS and

collected in the surface layer. The BIR values were normalized according to Eq. 1 and the its
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parametrization (L, B and S). The normalized BIR is referred as BIRn. It is understood that the
higher the value of BIRn, the higher the value of SQIgr for groundwater recharge, since the
groundwater recharge fundamentally depends on the permeability and infiltration capacity of
the soil.

Given the limited number of HYBRAS samples representing the diversity of uses and
soils in Brazil, it was often not feasible to obtain BIV values and the indicators that constitute
the index for BASE 2 for the same sample. Thus, we opted for validation considering a
comparison of the BIRn and SQIgr values, using box-plot graphs, under different data grouping
conditions. The groupings used in this analysis were combinations of land use and soil classes
according to SiBCS (second categorical level), which contained a minimum of ten soil samples
from HYBRAS. To maximize the number of classes grouped in the validation, we grouped soil
classes according to the similarity BIR values by the clustering method (K-modes), using the
normalized BIR as a reference (Huang, 1997), described as: G1 corresponding to the Neossolo
Fluvico class; G2 the Argissolo Vermelho and Argissolo Vermelho-Amarelo classes; G3 the
Gleissolo Haplico and Cambissolo Fluvico classes; and, G4 the Latossolo Amarelo and
Latossolo Vermelho classes.

The predominant land use classes in the HYBRAS database selected in the context of
this study were Agriculture (Agr) and Forest (For) classes. In this way, the following
combinations were created to validate the SQIgr data, considering the restriction of ten soil
samples in each group: Agr G1, Agr G2, Agr G3, Agr G4, For G2 and For G4

The HYBRAS soil classes were described in accordance with the MapBiomas Project
(Souza et al., 2020) and the soil classes according to SiBCS - 5th edition (Santos et al., 2018).
The similarity between BIRn and ISQra in each soil grouping was analyzed using the Mann-
Whitney statistical test (Mann and Whitney, 1947). The test was performed using RStudio
software (version 4.4), and the comparisons between the indicators (SQIgr and BIRn) were
adjusted using the Bonferroni method to control Type I error. The adjusted p-values were used
to determine statistical significance, with results considered significant when the adjusted p-

value was less than 0.05.

2.2.1.2. Validation through baseflow pattern

A second validation process was carried out to evaluate the possibility of spatializing
the SQIgr by integrating the diversity of soils and land uses in Brazil. Initially, 35 basins were
randomly selected throughout Brazil. Next, a filter was applied to select those that met the

representativeness requirement of > 50% in the predominant land uses in the study database
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(Agriculture or Forestry). In this case, the MapBiomas map (Souza et al., 2020) was used to
extract the land use classes covering the river basins selected in the study. After this, a new filter
was created to select the basins with more than 50% representation of the soil classes, G2 or
G4. The soil classes determined in the basins were taken from the Soil Map of Brazil
1:5,000,000 (Santos et al., 2011).

From these filters, three basins were selected for analysis, and their historical flow series
were obtained from the HIDROWEB platform of the Brazilian National Water Agency (ANA).
For each basin, the hydrological year was selected based on the sampling year of the SQIgr data
points located within the basin. The same year was considered for extracting land use data from
the MapBiomas platform.

The mean annual runoff (Rf) of the basins was calculated by averaging the monthly flow
over the hydrological year. The corresponding baseflow (Bf) was then derived from the runoff
(Rf), assuming an exponential pattern of the baseflow by identifying the inflection points in the
hydrograph (Hiimann et al., 2011). Since baseflow is a groundwater recharge function, this
methodological approach allows for validating the SQIra. The higher the index, the greater the

baseflow contribution, reflecting the water stock accumulated during the rainy season.

3. RESULTS AND DISCUSSION
3.1.Selecting the Minimum Data Set (MDS)

Figure 2.1 shows the correlation matrix used in the MDS selection process. The data in
this figure indicates that BIR log is directly proportional and significant with Soil Hydraulic
Conductivity (Kslab_log), Total Porosity (TP), Macroporosity (Macro) and Drainable Porosity
(DP). On the other hand, Silt content showed a negative correlation, which reduces soil
infiltration capability, as well as the groundwater recharge.

Regarding TP, a positive correlation with BIR was also found by Basset et al. (2023).
They highlight a relationship between BIR and soil texture, in which an increase in TP matches
with an increase in the percentage of fine particles (silt and clay). This aspect is also clear in
our study. The significant negative correlation between BIR log and silt content can be
attributed to the high silt contents, which normally is associated with reduced aggregate stability
and increased surface crusting, altering the initial values in the infiltration rate (van Es et al.,
1991). It should be noted that the correlation values between BIR and silt content were very
low; however, we will adopt this trend between BIR and silt data, aiming to normalize scores

for the silt indicator (see section 2.2.2).
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Fig. 2.1 Correlation matrix of the variables used for the selection process and BIR log as the
reference variable. Values with an asterisk '*' correspond to significant correlations between the
variables.

)
¢ > P o ©
Ky & 9
P S E PR PR RS F e ¢

1
VIB_log . 0.06 -0.18 0.03 0.37 -0.05| 0.00 0.3 0.27 0.27 0.00 0.02 -0.38 -0.48
Clay . 0.19 . : 0.16 E 0.01  -0.07 0.36 -0.03 -0.29 -0.32 0.8
Silt .n -0.10  -0.04 -0.27 -0.20 0.28 -0.43 -0;4.7 0.10 -0.18 -0.14 -0.14
Sand . 0.26 033 -0.33 0.13 029 0.32
Kfs_log .' 0.03 -0.12 0.7 0.6 0.38 -0.15 0.05 0.00 . - 0.4
-0.19 -0.04 0.18 0.44 0.35 -0.01 0.08 -0.30 -0.30

SD . 0.07 - -0.41 -0.36 -0.32 -0.08 021 0.22
PD

010 021 0.26 0.01 0.02 0.11 0.09 - 0

06
0.25 0.20 -0.02 |-

Kslab_log

- 0.2

TP . 0.50 048 027 0.04 -0.22 -0.23

dede
Macro .. 025 033 -0.16 -0.06

DP . 015 0.28 0.02 0.1 - -0.4

oM .' -0.10  -0.11

ek
-1

Table 2.1 shows the results of the supervised principal component analysis of the soil

-0.6

quality indicators, highlighting the first three PCs that explained > 0.05 of the variance, and
which were selected for the analysis.

The variables with the greatest weight in PC1 were Kslab log, Macro and DP, the two
latter significantly correlated (r = 0.93", Fig 2.1). Macro showed the highest factor loading in
relation to DP and was retained for the MDS along with Kslab_log. In PC2, the same variables
were repeated, but DP had a higher factor loading than Macro. Consequently, Kslab log and
Macro were kept in the MDS, and DP was added to PC2. Only Silt was retained for the MDS
with a higher factor load in PC3. Thus, the first selection of soil quality indicators comprised

by Kslab log, Macro, DP and Silt.
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Table 2.1. Results of the Supervised Principal Component Analysis of soil
quality indicators.

Principal Components PC1 PC2 PC3 PC4
Standard Deviation 0.476 0.248 0.184 0.102
Proportion of Variance ¢ 0.672 0.182 0.100 0.031
Cumulative Variance 0.672 0.854 0.954 0.985

Variables 2¢

Clay 0.019  -0.036 0.025  -0.422
Silt 0.112  -0.042  -0904  -0.377
Sand 0.002  0.011 -0.096  0.147
Kslab log -0.665  -0.730 0.055 0.142
BD -0.060  -0.007 0.119  -0.288
PD 0.000  0.000 0.000 0.000
TP 0.166  0.031 0393  -0.731
Macro 0513 0.450 -0.007  0.053
DP -0.500  0.510 0.010  0.134
oM 0.002  -0.002  -0.008  0.007
SSI 0.014  0.020 0.034  -0.016

a: The eigenvalues in bold correspond to the PCs analyzed for the index.
b: Factor loadings in bold are considered highly weighted.
c¢: The factor loadings in bold and italics correspond to the indicators included in the MDS

Ksat log: Saturated Hydraulic Conductivity in log; BD: Bulk Density; PD: Particle Density;
TP: Total Porosity; Macro: Macroporosity; DP: Drainable Porosity; OM: Organic Matter;
SSIStructural Stability Index.

The variables with the greatest weight in PC1 were Kslab log, Macro and DP, the two
latter significantly correlated (r = 0.93", Fig 2.1). Macro showed the highest factor loading in
relation to DP and was retained for the MDS along with Kslab_log. In PC2, the same variables
were repeated, but DP had a higher factor loading than Macro. Consequently, Kslab log and
Macro were kept in the MDS, and DP was added to PC2. Only Silt was retained for the MDS
with a higher factor load in PC3. Thus, the first selection of soil quality indicators comprised
by Kslab log, Macro, DP and Silt.

In the final correlation analysis between the selected indicators, DP and Macro were
highly correlated (> 0.70). The absolute sum of the factor loadings for the three PCs showed
the highest value for DP, which was kept for the MDS. Thus, the final MDS was composed by
Kslab log, DP and Silt.

In studies carried out in Brazilian soils, Alvarenga et al. (2012) selected several similar
indicators by expert opinion, including Kslab, SD and Macro, and Santana et al. (2023) used
BIR, Kslab and DP. It should be noted that macroporosity is physically close to drainable

porosity, both indicate macro-spaces that guarantee water drainage in the soil profile and
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subsequent deep percolation. Therefore, the indicators selected are appropriate for assessing the

potential for groundwater recharge.

3.2. Scoring and integration of indicators
The parameters used to construct the normalization curves for each indicator are in Table
2.2, along with the basic statistics of the indicators, such as the mean, coefficient of variation
and maximum and minimum values. Based on these parameters, the indicator data (BASE 2)

was converted into normalized values (v) and used to calculate the SQIra.

Table 2.2. Parameters for construct the normalization curves and basic statistics of the data.

Indicators L B S Mean CV (%) Max Min
Kslab log (emh™1) -2.08 048 0.87 0.48 180.83 2.61 -2.08
DP (cm® cm™3) 0.01 0.21 6.98 0.21 52.88 0.86 0.01
Silt (%) 0.00 17.80 -0.10 17.80 68.80 86.00 0.00

After normalizing the indicator values, weights were assigned to each indicator,
considering the proportion of variance explained by each PC (Table 2.2) in relation to the sum
of the three PCs. PCI refers to the Kslab log indicator, PC2 corresponds to DP and PC3
represents Silt. Finally, the SQIgr was composed and calculated using Eq. 3. It is important to
highlight that the values of Kslab_log,, and DP,, were derived from a “more is better” response
curve. Conversely, Silt,, was derived from a “less is better” curve, indicating that higher actual

silt contents result in lower normalized values, approaching zero.

SQI,y = 0.70 Kslab_log,, + 0.19 DB, + 0.11 Silt, Eq.3

The subscript n represents the value of the normalized indicator obtained using the
aforementioned parameters. The SQI was calculated for 336 samples with data on the

Kslab log, DP, and Silt

3.3.Validation of the SQIgr
3.3.1. Simplification of soil classes
Seven soil classes with BIRn values in HYBRAS have more than ten samples, e.g.,
Neossolo Fluvico; Argissolo Vermelho; Argissolo Vermelho-Amarelo; Cambissolo Fluvico;
Gleissolo Haplico, Latossolo Amarelo; and, Latossolo Vermelho. These soils were used to

simplify the classes so that they could be used to validate the SQIra. The clustering process
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resulted in four groups of soils that were similar to each other for estimating the groundwater
recharge potential. Fig 2 shows the representative profiles of each of these soils.

Some authors also simplified the soil classes to classify their influence on groundwater
recharge (Costa et al., 2022; Menezes et al., 2025; Tenenwurcel, 2021). Table 2.3 shows the
classification of groundwater recharge potential for different groups of soils. It is also included
the results suggested in this study, which considered the average BIRn values for ranking in the
recharge potential groups. The BIRn averages were 0.651 (G4), 0.616 (G2), 0.402 (G3), and
0.303 (G1).

Figure 2.2. Representative profiles of the soil classes analyzed (a) Neossolo Fluvico; (b)
Argissolo Vermelho; (c) Argissolo Vermelho-Amarelo; (d) Cambissolo Fluvico; (e) Gleissolo
Haplico; (f) Latossolo Amarelo; and, (g) Latossolo Vermelho
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Source: Santos ef al. (2018)

Neossolo Fluvico (RY) showed no similarity in terms of BIRn if compared to the other
groups in the study database. The magnitudes of BIRn were low in RY, being classified as a soil
with low groundwater recharge potential, a result consistent with Menezes et al. (2025) and
Tenenwurcel (2021). This soil is formed by overlapping layers of sediment, and has an A
horizon over a C horizon with a fluvial characteristic at a depth of 150 cm. These soils have a

high texture and other physical properties variability, and a low BIRn conditioned by the soil
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use on the surface and/or the intrinsic characteristics of the soil profile. Overall, studies
characterizing the hydraulic properties of these soils are still not widely known in Brazil (?)

(Aragjo Pedron et al., 2011).

Table 2.3. Comparative grouping of soil classes in terms of recharge potential for Brazilian
soils

Potential for MENEZES et | TENENWURCEL

gr::clil(;v:;:er BIRn al,, 2025 et al., 2020 COSTA et al., 2017
LA, LB, LV,

LA, LV LVA, NB, NV, LVA Latossolo, Nitossolo

(G4)
NX

PV, PVA Argissolo, Espedossolo,
G2) PA, PV, PVA CX,RQ Cambissolo
(

. CY, GX RL, RR, CX,
(G3) CH RL Neossolo, Chernossolo

Vertissolo, Planossolo,
CY, GM, GX, RY, GM Gleissolo, Luvissolo,
OX and RY .
Organossolo, Plintossolo

RY (G1)

CX - Cambissolos Haplicos, CH — Cambissolos Humicos, CY — Cambissolos Fluvicos, GM — Gleissolos
Melanicos, GX — Gleissolos Haplicos, LA — Latossolos Amarelos, LB — Latossolos Brunos, LVA — Latossolos
Vermelho-Amarelos, LV — Latossolos Vermelhos, NB — Nitossolos Brunos, NV — Nitossolos Vermelhos, NX —
Nitossolos Haplicos, PA — Argissolos Amarelos, OX — Organossolos Haplicos, PV — Argissolos Vermelhos, PVA —
Argissolos Vermelho-Amarelos, RL — Neossolos Litolicos, RQ — Neossolo Quartzarénico, RR — Neossolos
Regoliticos e RY — Neossolos Fluvicos.

The Argissolos were grouped in the high groundwater recharge group (G2). Argissolo
Vermelho (PV) and Argissolo Vermelho-Amarelo (PVA) have a deep red color due to their high
iron oxide content. They have a thick B horizon due to the more intense accumulation of clay.
They are found in regions with high rainfall, with favorable leaching conditions and represent
areas suitable for groundwater recharge. Assessing non-linear regression models for
groundwater recharge, Nolan ef al. (2007) found a positive correlation between Argissolos and
groundwater recharge potential. Despite great potential for groundwater recharge of these soils,
the greater presence of kaolinite minerals that condition their blocky structure has constrained
the water percolation. These minerals present face-to-face contact of the kaolinite sheets,
reducing the permeability (Costa ef al., 2022; Menezes et al., 2025).

Cambissolo Fluvico (CY) and Gleissolo Haplico (GX) were grouped in the medium
groundwater recharge potential class based on the results of the infiltration value cluster
analysis. CY is a soil with a fluvial character, developed from alluvial sediments in the top 120

cm of the soil. GX has a gley horizon and is located in the relatively lower parts of the alluvial
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plain. Both soils have limited drainage conditions, resulting in reduced infiltration capacity.
Despite these limitations, the cluster analysis identified a moderate recharge pattern for both
soils, indicating that, although the percolation of water is less intense compared to soils with
higher permeability, it is still sufficient to support moderate groundwater recharge. This
classification reflects the fact that, while these soils do not present a high recharge potential,
they have an intermediate infiltration capacity that favors groundwater recharge. This contrasts
with the discharge environment classification assigned by Menezes et al. (2025), but reinforces
the idea that even in soils with drainage limitations, a moderate contribution to groundwater
recharge can still be observed.

The Latossolos group was classified into the very high groundwater recharge potential
class, with Latossolo Amarelo (LA) and Latossolo Vermelho (LV). These soils are deep and
exhibit a relatively homogeneous clay distribution, which facilitates water infiltration
(Cambraia Neto and Rodrigues, 2020; Krishnaswamy et al., 2013; Mota et al., 2012; Pessoa
and Libardi, 2022). Additionally, Latossolos with a granular structure, characterized by a higher
presence of gibbsite, have a high infiltration capacity, allowing for significant groundwater
recharge (Ferreira et al., 1999a, 1999b; Ottoni et al. 2024). In contrast, Latossolos with a blocky
structure, more common in soils with a predominance of kaolinite, have greater resistance to
water percolation due to their higher cohesion and lower porosity. Nonetheless, their great depth
and homogeneous composition favor groundwater recharge, particularly in areas with high

rainfall and favorable drainage conditions.

3.3.1.1. Validation using BIRn

After simplifying the soil classes, they were divided into Agriculture and Forestry.
Therefore, the central tendency and variance measures for VIBn and SQIra were calculated for
each grouping with a sample greater than 10 (Table 2.4). Only 3 groupings were selected for
SQIgr. Considering the simplification of the soil classes within each use, the groups follow the
trend presented in the literature for Brazilian soils (Costa et al., 2022; Menezes et al., 2025;
Tenenwurcel, 2021) with increasing average values, i.e., G1 (NY) <G3 (CY and GX) <G2 (PV
and PVA) <G4 (LA and LV).

The comparative analysis between the BIRn and SQIgr (Fig. 2.3) aimed to evaluate the
applicability of using SQIgr as a substitute for BIRn in identifying areas with groundwater
recharge potential. Comparisons were made within the Agr G2, Agr G4, and For G4

groupings.
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Table 2.4. Measures of central tendency and variance for BIRn and SQIgr for each cluster with

n>10
. n Min Q1 Median Q3 Max Mean CV (%)
Groupings
BIRn
Agr Gl 23 0.00 0.00 0.08 0.62 098 0.30 116.82
Agr G2 34 0.01  0.37 0.66 091 0.98 0.61 51.01
Agr G3 45 0.00 0.02 0.36 0.79 097 0.40 92.06
Agr G4 111 0.00 0.47 0.72 0.93 0.99 0.66 42.17
For_G4 12 0.00 0.24 0.76 0.82 098 0.56 69.44
SQlIgr
Agr G2 23 0.02  0.37 0.55 0.67 0.90 0.50 47.88
Agr G4 78 0.01 0.44 0.59 0.76 091 0.58 36.50
For_G4 19 0.28 0.71 0.85 0.89 097 0.76 29.06

Agr Gl: Agriculture + Neossolos Fluvicos (NY); Agr G2: Agriculture + Argissolo Vermelho (PV) and
Argissolo Vermelho-Amarelo (PVA); Agr G3: Agriculture + Cambissolo Fluvico (CY) and Gleissolo Haplico
(GX); Agr_G4: Agriculture + Latossolo Amarelo (LA) and Latossolo Vermelho (LV); For_G4: Forest +
Latossolo Amarelo (LA) and Latossolo Vermelho (LV)

n: number of samples; Min: minimum value; Q1: first quartile; Q3: third quartile; Max: maximum value;
CV: coefficient of variation

The comparative analysis between the BIRn and SQIgr (Fig. 2.3) aimed to evaluate the
applicability of using SQIgr as a substitute for BIRn in identifying areas with groundwater
recharge potential. Comparisons were made within the Agr G2, Agr G4, and For G4
groupings.

In the Agr G2 grouping, which represents agricultural areas with PVA and PV, the
comparison resulted in an adjusted p-value of 0.29. This suggests that, in this scenario, the
values of SQIgr and BIRn are relatively close. Therefore, using SQIgr can be considered for
evaluate the groundwater recharge potencial. On the other hand, in the Agr G4 group,
corresponding to agricultural areas with the presence of LA and LV, there was a significant
difference between the BIRn and SQIgr (p-value = 0.01), which compromises the possibility of
direct substitution, thus recommending further validation.

In the For_G4 group, representing native vegetation areas in LA and LV, the test did not
show a significant difference (p-value = 0.08), indicating similarity between the BIRn and
SQIgr patterns in forested areas.

The SQIgr appears promising as an indirect tool for assessing recharge, but its
application as a substitute for BIRn should take into account specific land use and soil

groupings. It should be noted that although SQIgr was only validated for the Agr G2, Agr G4
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and For G4 groupings, these three represent a large part of the environmental conditions in

Brazil.

Figure 2.3. Evaluation of the medians between BIRn and SQIgr for use groupings (Agriculture
- Agr and Forest - For) and simplified soil classes (G2 - PV and PVA and G4 - LV and LA).
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Agr G2: Agriculture + Argissolo Vermelho (PV) and Argissolo Vermelho-Amarelo (PVA);
Agr G4: Agriculture + Latossolo Amarelo (LA) and Latossolo Vermelho (LV); For G4:
Forest + Latossolo Amarelo (LA) and Latossolo Vermelho (LV)

3.3.2. Validation through baseflow pattern

The validation process to verify the viability of the spatial coverage of the SQIgr also
proved to be promising, since in the evaluation of the three groupings, the Bf/Rf ratio was close
to the SQIgr values. The values of the Bf/Rf ratio and the average SQIgr for the corresponding
grouping are shown in Fig 2.4.

In the Flo G4 basin, where forest cover predominates (52%) and agricultural use is
reduced (38.3%), the highest value of Bf/Rf (0.76) was observed, along with an equally high
SQIgr (0.76). This indicates more favorable environmental conditions and lower soil
degradation. The presence of Latossolos in this basin, combined with preserved native
vegetation, contributes to maintaining infiltration capacity. The Agro G4 basin, although
characterized by the same soil group (G4), exhibits intensive agricultural use (82.7%) and lower
forest cover (13.6%), resulting in intermediate values of Bf/Rf (0.61) and SQIgr (0.58). This
highlights the influence of land use on the hydrological functioning of soils.

In contrast, the Agro G2 basin, with even more intensive agricultural use (92.3%) and

soils from the G2 group (PVA and PA), presented the lowest values of both Bf/Rf (0.58) and
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SQIgr (0.50). This reflects a condition of greater soil degradation, which may be associated
with the lower infiltration capacity and loss of physical quality typical of these soils.

The results indicate a positive trend between Bf/Rf and SQIgr, reinforcing the potential
use of the SQIgr as a substitute or complementary indicator to the Bf/Rf ratio in environmental
assessments of watershed conditions. Furthermore, it is essential to consider the intrinsic
characteristics of soils when interpreting these indicators. More structured and porous soils,
such as Latossolos (G4), tend to perform better even under agricultural use. These findings are
supported by Aratijo (2006) and Alvarenga et al. (2012), who reported high recharge potential
in areas dominated by Latossolos, as well as in regions with prevailing forest cover.

Thus, the integrated analysis of soil type, land use, and hydrological indicators is
essential for assessing environmental quality and the hydropedological functioning of

landscapes.

Figure 2.4. Evaluation of Bf/Rf ratio values with average SQIgr values for use groupings
(Agriculture - Agr and Forest - For) and simplified soil classes (G2 - PV and PVA and G4 - LV
and LA).
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4. CONCLUSION

1. The indicators that make up the index, Ksat log, DP and Silt, were selected without
subjective analysis and are representative of the entire national territory. Furthermore, they
are soil properties that do not require robust equipment to measure;

2. The index captured the variability found in the sub-basins and, despite the limitations in the
validation process, it is an unprecedented index, which considers the variability of
infiltration conditions throughout the country based on statistical models;

3. Thus, assessing soil quality using the proposed index can be used as a fundamental tool for
the sustainable management of sub-basins in line with SDG®6. It can be used to identify areas
with the greatest potential for groundwater recharge in the country, either to define areas for
conservation and preservation, or to help in the process of valuing soil in relation to the

ecosystem service.
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ABSTRACT

Recharge zones play a fundamental role in the hydrological cycle, as they are regions
where atmospheric water infiltrates the soil, initiating underground flow and replenishing
aquifers. The infiltration process is influenced by factors such as soil class, vegetation
cover and land use. In this sense, this study aims to understand how soil properties, land
use and biome influence soil quality for groundwater recharge potential, considering the
specificities and diversities of Brazilian soils. Three Soil Quality Index (SQIs) were
calculated based on the literature, using data from the Hydrophysical Database for
Brazilian Soils (HYBRAS). The indicators selected included: (i) Laboratory Soil
Hydraulic Conductivity (Ksat lab), Drainable Porosity (DP) and Silt Content for (Corinto
et al., 2025a, preprint), here referred to as SQIco; (ii) Ksat lab, Basic Infiltration Rate
(BIR) and DP (Santana et al., 2023), SQIs; and (ii1) Field Hydraulic Conductivity
(Ksat field), Macroporosity and Bulk density (BD) (Alvarenga et al., 2012), SQIal. The
results showed that the Amazon and the Atlantic Forest had the highest values for the
three SQIs calculated, reflecting their high vegetation cover and infiltration capacity. The
Pampa showed the lowest values due to its flat topography, sub-humid climate and the
presence of shallow water tables. The Cerrado showed variable results attributed to the
diversity of vegetation physiognomies, while the Caatinga showed dispersion in SQIco
values, suggesting edaphic and climatic heterogeneity. Areas of native vegetation had
greater recharge potential, favoring infiltration and reducing surface runoff. Among the
soil classes, the Neossolos Quartzarénicos had the highest SQI due to their high porosity,
while the Latossolos had high recharge potential even with a clay texture. Soil texture
was the most relevant factor in predicting the SQI, but in isolation it may not capture the
pattern of soils with specific structural characteristics. Thus, the combination of soil
texture and soil classification is essential to compose zoning maps of the water recharge
potential of Brazilian soils.

Keywords: Soil Quality Index; HYBRAS; Amazon; soil infiltration
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RESUMO

As zonas de recarga desempenham um papel fundamental no ciclo hidrologico, pois sao
regides onde a agua atmosférica se infiltra no solo, iniciando o fluxo subterrdneo e
reabastecendo os aquiferos. O processo de infiltragao ¢ influenciado por fatores como a
classe de solo, a cobertura vegetal e o uso do solo. Nesse sentido, este estudo tem como
objetivo compreender como os atributos do solo, o uso da terra e o bioma influenciam a
qualidade do solo para o potencial de recarga das dguas subterraneas, considerando as
especificidades e diversidades dos solos brasileiros. Foram calculados trés Indices de
Qualidade do Solo (SQI) com base na literatura, utilizando dados do Hydrophysical
Database for Brazilian Soils (HYBRAS). Os indicadores selecionados incluiram: (i)
Condutividade Hidraulica do Solo em Laboratdrio (Ksat lab), Porosidade Drenavel (DP)
e Teor de Silte para (Corinto et al., 2025a, preprint), aqui denominado como SQIco; (i)
Ksat_lab, Velocidade de Infiltragdo Bésica (BIR) e PD (Santana et al., 2023), SQIs; e (iii)
Condutividade Hidraulica do Solo em Campo (Ksat field), Macroporosidade e
Densidade do solo (BD) (Alvarenga et al., 2012), 1QSal. Os resultados mostraram que a
Amazonia e a Mata Atlantica apresentaram os maiores valores para os trés IQS
calculados, refletindo sua alta cobertura vegetal e capacidade de infiltragdo. O Pampa
apresentou os menores valores devido a sua topografia plana, clima subumido e presenga
de lengois freaticos rasos. O Cerrado apresentou resultados varidveis atribuidos a
diversidade de fisionomias vegetais, enquanto a Caatinga apresentou dispersdo nos
valores do 1QSc, sugerindo heterogeneidade edafica e climatica. As areas de vegetagao
nativa apresentaram maior potencial de recarga, favorecendo a infiltragdo e reduzindo o
escoamento superficial. Dentre as classes de solo, os Neossolos Quartzarénicos
apresentaram o maior IQS devido a sua alta porosidade, enquanto os Latossolos
apresentaram alto potencial de recarga mesmo com textura argilosa. A textura do solo foi
o fator mais relevante na predi¢do do IQS, mas isoladamente pode nao captar o
comportamento de solos com carateristicas estruturais especificas. Assim, a combinagao
da textura e da classificagdo do solo ¢ essencial para compor mapas de zoneamento do
potencial de recarga hidrica dos solos brasileiros.

Palavras-chave: indice de Qualidade do Solo; HYBRAS; Amazénia; infiltracdo do solo
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1. INTRODUCTION

Groundwater recharge is crucial for maintaining water resources, particularly in
regions where water demand is increasing, and the effects of climate change are becoming
more apparent. Groundwater recharge zones are vital, as they are areas where rain
infiltrates into the soil, replenishing aquifers. Identifying and protecting these areas is
essential to ensure water resources sustainability, especially in the face of challenges like
overexploitation and groundwater contamination.

Several studies have employed remote sensing techniques to connect soil-related
factors with climatic and topographic elements for mapping areas with groundwater
recharge potential. Despite these advancements, most of these studies primarily rely on a
single soil variable, typically the textural class, in conjunction with other environmental
factors (Achu et al., 2020; Jaafarzadeh et al., 2021; Kaewdum and Chotpantarat, 2021;
Selvam et al., 2016). This limited approach can lead to a partial understanding of the soils'
potential to contribute to the groundwater recharge process, especially in the Brazilian
context, which, due to its vast territorial extension, exhibits a diversity of soils with
varying characteristics and physical properties.

Various factors, including soil type, vegetation cover, and land use practices
influence the process of water entering soils to recharge aquifers. Soils are active water
reservoirs, with their physical, chemical, and biological properties determining their
infiltration and storage capacity. Texture, structure, porosity, bulk density, and hydraulic
conductivity affect the balance between infiltration, surface runoff, evapotranspiration,
and underground storage (Resende et al., 1998). Beyond evapotranspiration, vegetation
plays a crucial role, directly impacting the physical properties of soil. For example, native
vegetation enhances infiltration through improved soil aggregation and preferential flows
within the soil profile, promoting percolation to groundwater recharge even during dry
seasons (Roa-Garcia et al., 2011). Additionally, changes in land use, such as deforestation,
lead to soil compaction, alterations in soil structure, and preferential flow, resulting in
increased surface runoff due to decreased infiltration (Germer et al., 2010).

Understanding how various soil characteristics influence groundwater recharge,
along with the effects of different land uses, is essential for developing water management
strategies that sustain groundwater resources. Corinto ef al. (2025a, preprint), Santana et
al. (2023), and Alvarenga et al. (2012) proposed soil quality indices that help identify
areas more susceptible to groundwater recharge. These authors adopted various soil

properties such as soil hydraulic conductivity in the laboratory (Ksat lab), drainable
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porosity (DP), and silt in Corinto et al. (2025a, preprint); soil hydraulic conductivity in
the laboratory (Ksat lab), basic infiltration velocity (VIB), and drainable porosity in
Santana et al. (2023); and soil hydraulic conductivity in the field (Ksat field),
macroporosity, and bulk density (BD) in Alvarenga et al. (2012). The resulting indices
demonstrated effectiveness in the comparative analysis of soil quality for groundwater
recharge across different uses and soil classes, making them a valuable tool for evaluating
recharge zones.

Although studies address isolated aspects of soil quality and water recharge in
watersheds, there remains a gap in integrating these factors within a broad spatial
perspective that considers the specificities and diversities of the tropical soils in Brazil.
One challenge in advancing research on groundwater recharge considering the Brazilian
soils has been the lack of data on their physical and hydraulic properties. However, in
2018, the Hydrophysical Database for Brazilian Soils (HYBRAS) was published,
providing detailed information on attributes such as texture, porosity, bulk density, and
soil saturated hydraulic conductivity (Ottoni et al., 2018). This database marks a
significant advancement in assessing the physical quality of soils and in developing
management practices aimed at conserving groundwater resources (Biinemann et al.,
2018).

In this context, this study aims to understand how soil, land use, and biome affect
soil quality for groundwater recharge and identify the factors that best represent soil
quality for mapping recharge zones, considering the specificities and diversities of
Brazilian soils and biomes. To achieve this, three soil quality indices (SQIs), designed to
identify potential areas for groundwater recharge in Brazil, were calculated using data
from the HYBRAS database. More specifically, we sought to (i) evaluate the impact of
soil texture identification of recharge zones; (ii) analyze the influence of land uses and
soil classes on soil quality for groundwater recharge; and (iii) emphasize the most
representative soil quality factors for mapping groundwater recharge potential areas to
support further investigations of groundwater processes in Brazil.

This study is based on the hypotheses that (i) the gibbsite Latossolos are
fundamental for the groundwater recharge zoning in Brazil, even if they possess a fine
texture (very clayey/clayey); (ii) areas of native vegetation (e.g., forests) have a higher
potential for groundwater recharge compared to areas used for agriculture and/or

intensive grazing; (iii) the Neossolos quartzarénicos exhibit greater groundwater recharge
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potential due to their textural and structural properties; (iv) soil structure and land use

significantly influence the groundwater recharge process in Brazil.

2. METHODS
2.1. Data collection
The data was extracted from the Hydrophysical Database for Brazilian Soils
(HYBRAS) version 1 (Ottoni ef al., 2018) and version 2, which is under development. It
focuses on the attributes used by Corinto et al. (2025a, preprint), Santana et al. (2023),
and Alvarenga et al. (2012), including Basic Infiltration Rate (BIR log), in log cm/h;
Saturated Hydraulic Conductivity (Ksat log), in log cm/h for laboratory-determined
methods; Saturated Hydraulic Conductivity (Kfs log), in log m/d for field-determined
methods; Macroporosity (mac), in m*/m?, calculated based on the difference between total
porosity and the volumetric soil moisture at 6 kPa; Drainable Porosity (DP), in cm?*/cm?,
computed according considering the difference between volumetric soil moisture at
saturation and at 10 kPa (field capacity) (Otto, 1988); Bulk Density (BD), in kg/dm?; and
Silt content (%). If soil volumetric moisture data at 6 kPa and 10 kPa for a soil sample in
HYBRAS are absent, the corresponding result from fitting the sample's water retention
data to the van Genuchten (1980) model with the Mualem restriction (m=1-1/n) (Mualem,
1976) will be used, when available. This fit was performed only for those soil samples
that included at least five water retention data points covering a wide range of water

tensions from 0 to -15,000 cmca.

2.2. Calculation of Soil Quality Index
The datasets were standardized on a scale from 0 to 1 based on non-linear scoring

values (Wymore, 1993), Eq. 1:

u = 1 Eq. 1
- B—1L 2S(B+x-2L)
1+ (x - L)

Where v represents the normalized score; B indicates the value of the indicator
when the normalized score (v) is 0.5, which corresponds to the average of the respective
indicator; L denotes the lowest observed value of the indicator; S is the slope of the

tangent line to the curve at B, meaning the second derivative of equation 1 equals 0; and
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x signifies the value of the soil indicator associated with the normalized value (v = 0.5),
for x = B.

To determine the parameters of the curve, all available samples in HYBRAS were
considered for each variable without applying any filters. In other words, the parameters
were based on the environmental variability of the data, which includes a diversity of
texture classes, soil classes, land uses, biomes, depths, among others. The base value (B)
was defined as the mean of the analyzed variable; the value of L as the lowest observed
value; and U as the highest observed value.

The calculation of the S value for each curve was performed using the Solver tool
in Microsoft Excel, taking into account the final requirements of 3 = 0.5 and x = B. To do
this, the Mean (B) and Standard Deviation (SD) of each indicator were initially defined
in order to determine the initial x value (Eq. 2). Then, the S value was calculated based
on the initial x using Eq. 3. In cases where the indicator was considered “more is better,”
the S value was positive; on the other hand, when the indicator was considered “less is
better,” the S value was negative. The sign (positive or negative) was applied based on
the correlation of the variable with the Basic Infiltration Rate (BIR). Thus, the Solver tool
was used with the objective of setting 9 = 0.5 by adjusting the variables S and x_initial

so that the latter would approximate the B value.

Xinitial = 0,5 *SD + B Eq 2

log (%) -1 Eq.3

5= -1
log log (x—L) *2(B+x—2L)

After scoring the indicators, The SQI was calculated by multiplying the score of
each indicator (v) by its respective weight (p), as indicated by each author: Eq. 4 Corinto
et al. (2025a, preprint); Eq. 5 for Santana et al. (2023); e, Eq. 6 for Alvarenga et al. (2012).

SQIc = 0.70 Ksatyp, + 0.19 DP, + 0.11 Silt,, Eq. 4

SQIsa = 0.33 BIR, + 0.33 Ksat,q, + 0.33 DP, Eq. 5
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SQIlal = 0.25 BD, + 0.40 Ksatgelq,, + 0.35 mac, Eq. 6

Where n represents the value of the indicator normalized between 0 and 1.

2.3. SQIs comparison

All analyses were conducted using R software version 4.4. The indices were
evaluated based on the biomes, taking into account the average SQI for the soil profile,
land use based on the average SQI for the surface layer (0-20 cm); soil class at the second
categorical level of the Brazilian Soil Classification System, taking into account the
average SQI for the soil profile; the functional structure of the soil regarding the
diagnostic horizon; and texture for both the surface horizons (0-20 cm) and the texture of
the B horizon. It is important to note that due to the limitations of the samples with BIR
characterization, which was restricted to the surface layer, thus, the SQIsa is limited to
this layer.

To analyze each factor in the SQIs, the data was filtered to exclude groups with
fewer than five observations and samples where the analyzed factor was not specified.
Outliers were detected and excluded using the interquartile range (IQR) method. A new
check was then performed to ensure at least five observations in each group related to the
analyzed factor. Because most residuals of the factor do not present normality, we used
non-parametric methods. Thus, the Kruskal-Wallis test was applied to compare the SQI
medians among the different groups within each analyzed parameter. This was followed
by the Dunn test with Bonferroni correction for multiple comparisons, utilizing the FSA
package.

For cases where the SQI of a specific group was calculated using Corinto et al.
(2025a, preprint), Santana et al. (2023), or Alvarenga et al. (2012), the SQIs were
evaluated within the group, allowing for the comparison of the three indices considered

in this study.

2.4. Evaluation of the importance of factors
After comparing the groups in each factor, the SQI with the best distribution of
data was selected to check the importance of the factors and select those that most
influence the SQI. Then, the VSURF library was used based on the methodology
proposed by Genuer et al. (2010). This methodology consists of two stages. The first,

where the explanatory variables are classified according to their importance (VI), the
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corresponding values of the standard deviation of VI are calculated to define the threshold
value. Once this threshold value has been set, the factors selected will be those with a
value greater than the threshold value. In the second stage, this subset is used, where the
factors are tested gradually, being selected when errOOB decreases greater than the

average variation obtained by adding the variable (Genuer et al., 2015).

1

m-—m’

Eq.7
Xsel =

m-—1
z lerrOOB(j + 1) — errOOB(j)|
j=m’

Where m represents the initial model, m' is the model with the added variable, and errOOB
denotes the average error from each decision tree constructed based on the j most
important factors.

Considering the selected factors, machine learning techniques (e.g., Random
Forest and XGBoost) were employed to develop a model that best estimates the SQI for
identifying recharge zones in Brazil. The lack of availability of soil factors for the SQI
across the entire Brazilian territory restricts the use of the SQI application on larger scales.

The models were constructed by randomly dividing the data into training (80% of
the data) and test (20% of the data) sets. Two different scenarios were examined; the first
included all factors such as biome class, land use, soil class (Soil 2nc), structure
pertaining to the diagnostic horizon, and textural class of the average granulometric
composition of the profile (Texture prof); the second considered only the factors selected
by the VSURF method. Overall, four models were developed: Random Forest with all
variables (RFt), Random Forest with selected variables (RFs), XGBoost with all variables
(XGBt), and XGBoost with selected variables (XGBs).

The parameters of the Random Forest-based models were standardized with the
number of trees (ntree) set to 1500 and the number of variables used in each tree (mtry)
set to 4. To implement modeling with XGBoost, the factors were transformed using One-
Hot Encoding via the model.matrix function. The hyperparameters of the model were
defined as follows: a learning rate (eta) of 0.05, a maximum tree depth (max_depth) of
10, data sampling (subsample) at 0.8, variable sampling per tree (colsample bytree) at
0.8, L2 regularization (lambda) of 2, L1 (alpha) of 1, and a minimum weight of 10 per
leaf (min_child weight). The training was conducted with 1500 iterations (nrounds),
applying the early stopping technique after 500 rounds without improvement in

performance.
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The performance of the models was evaluated using the Root Mean Square Error
(RMSE), the Mean Absolute Error (MAE) and the coefficient of determination (R?),

calculated from the predictions in the test set.

3. RESULTS
3.1. SQIs comparison
The Amazon biome has the highest SQI for identifying potential groundwater
recharge zones, distinguishing it among the analyzed biomes in Brazil. The Atlantic
Forest also emerged prominently if SQIcoo (Fig. 3.1a) and SQIal (Fig. 3.1b) were
considered, showing no significant difference. This aspect also was observed for the
Cerrado biome, i.¢., theseid did not show statistical differences. The use of SQIsa in the
Atlantic Forest revealed lower values than in the Amazon (Fig. 3.1c). Considering the
SQIco index, the Caatinga displayed no significant differences compared to the Amazon,
Cerrado, and Atlantic Forest; however, there was greater variation in the values for this
biome. In contrast, the lowest SQI values were observed for the Pampa, indicating that
this biome presented the least potential for groundwater recharge. The SQIcoo and SQIal
values for Amazon are considerably lower than those reported by the SQIsa. The values
for the Atlantic Forest showed no significant difference, regardless of the index used to
calculate the soil quality. In Cerrado, the comparison between SQIco and SQIal shows no

significant difference.

Fig. 3.1. Comparison between Brazilian biomes considering the average SQI for potential
groundwater recharge for each profile analyzed in three different methods (a) SQIco; (b)
SQIal; and (c) SQIsa.

@ gq Aa ab Aab b ()

1.004

%1

0.004 N BY N 123 N 14 N: 23 M 22 N: 15 N: 24 N7 N 15 N:18
oV 4% QV:289%  OVSA9%  CWI308%  CVI533% CV:33.7% ¥ 41.5% CV:40.3% VL 15% oV 233%

0.254

Amazen Atlantic Forest Caatinga Cerrado Pampa Amazon Aflantic Forest Cerrado Amazon Atlantic Forest

Lowercase letters differ between classes within each SQI (a,b); Uppercase letters differ between SQIs
within each class (A, B).

SQIco: Soil Quality Index according to Corinto ef al. (2025a); SQIal: Soil Quality Index according to
Alavarenga et al. (2012); SQIsa: Soil Quality Index according to Santana et al. (2023) - SQIsa; N: number
of soil profiles analyzed; CV: coefficient of variation of the SQI in the group.
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Land use was analyzed in relation to the surface layer, which exerts the greatest
impact. In all the SQIs, the forest exhibited the highest values, showing a significant
difference compared to farming areas in the SQIco (Fig. 3.2a) and SQIal (Fig. 3.2b)
indexes. This difference was not noted in the SQIsa index (Fig. 3.2¢), possibly due to the
small number of samples. Yet, considering the SQIco index, the planted forest formation
did not display significant differences compared to farming and forest.

Using the SQIsa, the farming areas showed high values, while the SQIal indicated
the lowest values for the same usage. SQIco showed no significant differences compared
to the other models for farming areas. Regarding forests, the SQIco did not significantly

differ from the SQIsa but exhibited lower values than the SQIal.

Fig. 3.2. Comparison between land uses considering the average SQI for groundwater
recharge potential in the surface layer (0-20cm) analyzed using three different methods
(a) SQIco; (b) SQIal; and, (¢) SQIsa.
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Lowercase letters differ between classes within each SQI (a,b); Uppercase letters differ between SQIs
within each class (A, B).

SQIco: Soil Quality Index according to Corinto ef al. (2025a); SQIal: Soil Quality Index according to
Alavarenga et al. (2012); SQIsa: Soil Quality Index according to Santana et al. (2023) - SQIsa; N: number
of soil profiles analyzed; CV: coefficient of variation of the SQI in the group.

The Neossolos Quartzarénicos (RQ) exhibited the highest SQI values, although
they did not differ significantly from the Latossolos (LA, LV, and LVA), exhibiting high
SQIco values (Fig. 3.3a). In the SQIco index, Latossolos did not differ significantly from
Cambissolos, Argissolo Vermelho-Amarelo (PVA) and Gleissolos Tiomorficos (GJ). This
similarity among Latossolos, Cambissolos and Argissolos Vermelho-Amarelo was also
noted for the SQIal index (Fig. 3.3b), although the similarity with Inceptsols was limited
to CX and LA. The similarity between GJ and Latossolos can be explained by the limited
number of samples in the SQIco and SQIsa indexes (Fig. 3.3c), resulting in a high
variation coefficient. The Argissolos Vermelho (PV) displayed the lowest SQI values. The
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pattern remained consistent for the soil classes that appeared in more than one SQI, with

no significant differences.

Fig. 3.3. Comparison between soil classes considering the average SQI for groundwater
recharge potential in the soil profile analyzed in three different methods (a) SQIco; (b)
SQIal; and, (c) SQIsa.
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Lowercase letters differ between classes within each SQI (a,b); Uppercase letters differ between SQIs
within each class (A, B).

Cambissolo Humico (CH); Cambissolo Haplico (CX); Gleissolo Tiomorfico (GJ); Latossolo Amarelo (LA);
Latossolo Vermelho (LV); Latossolo Vermelho-Amarelo (LVA); Argissolo Vermelho (PV); Argissolo
Vermelho-Amarelo (PVA); Neossolo Quartzarénico (RQ); SQIco: Soil Quality Index according to Corinto
et al. (2025a); SQIal: Soil Quality Index according to Alavarenga et al. (2012); SQIsa: Soil Quality Index
according to Santana ef al. (2023) - SQIsa; N: number of soil profiles analyzed; CV: coefficient of variation
of the SQI in the group.

The assessment of soil structure was limited to the diagnostic horizon. In the
SQIco index, the granular class is found primarily in gibbsite soils, exhibiting a
significantly higher value than the block structure. Only SQIco (Fig. 3.4a) and SQIlal (Fig.
3.4b) were analyzed due to the restriction of VIB values to the surface samples.
Consequently, it was not possible to compare them with the SQIsa. Additionally, only the
block structure was identified in SQIco and SQIal, which did not show significant
differences.

The soil textural classes were analyzed on Horizon A (surface layer 0-20 cm) and
Horizon B (diagnostic horizon). In Horizon A, the coarse fraction displayed higher values
of SQIco (Fig. 3.5a) and SQIlan (Fig. 3.5b). Using the SQIlal index, the coarse texture did
not significantly differ from the medium texture. The fine texture is responsible for the
lowest values in the SQIal and SQIco indexes, with no significant difference from the
medium texture. However, in the SQIsa index (Fig. 3.5¢), the fine texture exhibited higher

values than the medium texture.
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Fig. 3.4. Comparison between soil classes considering the average SQI for potential
groundwater recharge in the soil profile analyzed in three different methods (a) SQIco;
and (b) SQIal.
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SQIco: Soil Quality Index according to Corinto et al. (2025a); SQIal: Soil Quality Index according to
Alavarenga et al. (2012); N: number of soil profiles analyzed; CV: coefficient of variation of the SQI in the
group.

The soil textural classes were analyzed on Horizon A (surface layer 0-20 cm) and
Horizon B (diagnostic horizon). In Horizon A, the coarse fraction displayed higher values
of SQIco (Fig. 3.5a) and SQIan (Fig. 3.5b). Using the SQIlal index, the coarse texture did
not significantly differ from the medium texture. The fine texture is responsible for the
lowest values in the SQIal and SQIco indexes, with no significant difference from the
medium texture. However, in the SQIsa index (Fig. 3.5¢), the fine texture exhibited higher
values than the medium texture.

In the comparative analysis of indexes, the fine fraction displayed significant
differences across all SQIs, following ascending order: SQIal < SQIco < SQIsa. For the
coarse fraction, SQIco was significantly higher than SQIal. No significant differences
were obtained for the medium texture among the indexes.

As mentioned above, the limited number of samples restricted the analysis of
Horizon B for the SQIco (Fig. 3.6a) and SQIlal (Fig. 3.6b) indexes. The pattern was similar
to that observed in Horizon A, except that in the SQIal, the fine texture showed a

significant difference compared to the medium texture.
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Fig. 3.5. Comparison between the medium texture classes considering the SQI for
potential groundwater recharge in the surface layer (0-20cm) analyzed using three
different methods (a) SQIco; (b) SQIal; and (¢) SQIsa.
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Lowercase letters differ between classes within each SQI (a,b); Uppercase letters differ between SQIs
within each class (A, B).

SQIco: Soil Quality Index according to Corinto et al. (2025a); SQIal: Soil Quality Index according to
Alavarenga et al. (2012); SQIsa: Soil Quality Index according to Santana et al. (2023) - SQIsa; N: number
of soil profiles analyzed; CV: coefficient of variation of the SQI in the group.

As mentioned above, the limited number of samples restricted the analysis of
Horizon B for the SQIco (Fig. 3.6a) and SQIal (Fig. 3.6b) indexes. The pattern was similar
to that observed in Horizon A, except that in the SQIlal, the fine texture showed a

significant difference compared to the medium texture.

Fig. 3.6. Comparison between textural classes considering the mean SQI for potential
groundwater recharge in the Horizon B analyzed using three different methods (a) SQIco; (b)
SQIal; and (c) SQIsa.
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Lowercase letters differ between classes within each SQI (a,b); Uppercase letters differ between SQIs
within each class (A, B).

SQIco: Soil Quality Index according to Corinto et al. (2025a); SQIal: Soil Quality Index according to
Alavarenga et al. (2012); SQIsa: Soil Quality Index according to Santana et al. (2023) - SQIsa; N: number
of soil profiles analyzed; CV: coefficient of variation of the SQI in the group.
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3.2. Evaluation of the importance of factors and prediction indexes

When analyzing the importance of the factors, the mean values for each SQIco
using soil profile were considered due to the higher number of samples and their
similarities with other soil quality indices for comparison of each factor. Our analysis
revealed that Texture prof had the highest predictive weight in the model, with an average
importance value of 0.016, followed by Soil 2nc (0.012), Biome (0.008), Landuse
(0.004), and Str_prof (0.003) (Fig. 3.7a). The standard deviation of the importance of the
variables also indicated that Texture prof was the most variable in terms of its impact on
predictions (0.0009), and the others displayed less variation, suggesting greater
consistency in their effects on the predictions (Fig. 3.7b).

The OOB (Out-Of-Bag) error in the nested models exhibited a notable reduction
until the inclusion of the Soil 2nc factor, with a declining error from 0.037 to 0.034.
Following this inclusion, the error stabilized, indicating that adding other factors, such as
Biome, Landuse, and Str_prof would not significantly improve the model's performance
(Fig. 3.7c¢). Furthermore, the OOB error in the predictive models demonstrated a steady
decrease from 0.037 to 0.034, emphasizing the importance of the Texture prof and
Soil 2nc factors in modeling the Soil Quality Index (Fig. 3.7d).

The results obtained demonstrate variations in the performance of the models to
estimate the SQI concerning groundwater recharge in Brazil (Table 3.1). The XGB and
RF models run with Texture prof and Soil 2nc and perform better than those that utilize
all factors for prediction. The XGB model exhibited the best performance, with R = 0.59
along with the lowest RMSE (0.16) and MAE (0.14), suggesting greater precision and
lower error magnitude. Conversely, the XGBt model displayed the poorest fit (R? = (0.28),
despite lower RMSE and MAE values. The Random Forest-based models (RFt and RFs)

showed intermediate performance, with R? values ranging from 0.39 to 0.42.

Table 3.1. Performance of machine learning models in predicting the SQI for potential
groundwater recharge in Brazil, with R?, RMSE and MAE values.

Models R2 RMSE MAE
RFt 0,39 0,29 0,26
RFs 0,42 0,29 0,25
XGBt 0,28 0,17 0,15

XGBs 0,59 0,16 0,14

Random Forest with all variables (RFt), Random Forest with selected variables (RFs); XGBoost with all
variables (XGBt) and XGBoost with selected variables (XGBs).
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Fig. 3.7. Importance of the parameters in predicting SQI. (a) Average importance of the
factors in the model; (b) Standard deviation of the importance of the factor; (c) Out-Of-
Bag (OOB) error in nested models; (d) OOB error in predictive models.
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4. DISCUSSION
4.1.Influence of factors on SQI

The results of this study indicated that Amazon had the highest SQI for potential
groundwater recharge, and Pampa had the lowest values. These findings reflect the natural
characteristics of each biome, including the greater vegetation cover and greater soil
infiltration capability in the Amazon compared to the Pampa biome due to its flat
topography and sub-humid climate. Groundwater in this biome is typically very shallow,
leading to frequent flooding events.

These results corroborate previous studies highlighting the Amazon's significance
for groundwater recharge, supporting infiltration during the rainy and dry seasons
(Celentano et al., 2017). They also note that the delayed and muted response to rainfall
allows surface water to be absorbed during droughts, facilitating infiltration even in these
dry periods.

In relation to the Atlantic Forest, Pinto et al. (2017) showed the importance of this
biome in infiltration and groundwater recharge processes, emphasizing that the drainable
porosity is high to moderate when associated with native forest fragments. This supports
the results presented by the SQIco and SQIal, which indicate high values for the Atlantic

Forest biome.
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Regarding the Cerrado biome, Oliveira et al. (2020) contradicts expectations
found in other biomes. In this biome, an increase in vegetation density tends to reduce the
potential for groundwater recharge. The authors demonstrate that areas with denser
vegetation types, such as “cerrado sensu stricto” and “cerraddo”, typically generate low
recharge rates, while open cerrado, like “campo limpo” and “campo sujo”, promote
recharge rates greater than 350 mm per year. This mainly supports the results of our study,
where the Cerrado does not significantly differ from any other biome, given that the
diversity of vegetation types present in the biome can influence recharge potential.

The Caatinga biome displayed the greatest variation in SQI values, indicating
heterogeneity in the region's edaphic and climatic characteristics, which affected recharge
capacity. However, the limited water available in this biome, with an average annual
rainfall of 800 mm (Assad, 2024), suggests a low recharge rate, as the Caatinga biome
has high potential evapotranspiration and very irregular precipitation (Pinheiro et al.,
2017, 2016).

We observed that native forest areas are more prone to groundwater recharge than
areas with agriculture and livestock. This aligns with several studies that have shown that
forest cover enhances infiltration and reduces surface runoff. This underscores the
significance of native vegetation in maintaining soil quality and the hydrological cycle.
Furthermore, the intensity of the use of planted forests and monoculture plantations will
be a critical factor affecting soil water dynamics in current and future scenarios. The
removal of native vegetation cover for agriculture adversely impacts soil-water dynamics,
leading to a substantial increase in surface runoff and soil loss. Future extreme rainfall
events will elevate surface flow in degraded areas, hindering the water recharge process.
However, the SQIsa index did not reveal significant differences between forest and
agricultural areas, which may be attributed to the smaller number of samples, the index's
varying sensitivity to detect land use variations or the management practices employed in
the samples analyzed. Previous studies, such as de Almeida et al. (2018), indicated that
soil water infiltration is more influenced by vegetation cover - depending on land use
more than the soil preparation system. Nevertheless, Sone et al. (2019) emphasized that
agricultural management can impact the recharge process. The authors note that
integrated agricultural systems enhance water infiltration into the soil and decrease soil
erosion, particularly when an appropriate rotation period is implemented. Our study is
constrained to the analysis of land use since the HYBRAS database lacks detailed data

on soil management practices. For example, conservation practices that enhance soil
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water infiltration have been reported for coffee (Silva et al., 2021), citrus (Melo et al.,
2023), and crops under a no-tillage system (Bertollo ef al., 2021).

Future research needs to further investigate these claims since water infiltration in
the soil depends on other intrinsic factors, such as texture, porosity, bulk density, and
compaction, among others. Some of these factors were explored in this study, particularly
regarding land use and soil profile interactions. When considering the physical properties
of both surface and subsurface horizons, the SQI did not differ between farming and
forestry (Figure 4.1, Supplementary Files). It's important to note that Santana et al. (2023)
conducted this analysis by profile and emphasized the importance of considering soil
structure, which can vary between horizons. However, we understand that integrating all
the factors that affect infiltration to define potential recharge zones can be a costly and
complex evaluation.

The Neossolo Quartzarénico showed the highest SQI due to their high drainage
porosity and low water retention capacity. When considering the relationship between
texture and water retention concerning high clay content, sandy soils are assumed to
possess low water retention and high permeability (Costa et al., 2013; Fidalski et al.,
2013). Nevertheless, this substantial water recharge potential is also linked to the risks of
leaching and contamination of water resources. Therefore, it is vital to implement soil and
water conservation techniques to protect areas with recharge potential where this soil type
exists (Donagemma et al., 2016).

The Latossolos also exhibit high recharge potential, but these soils are
characterized by their clay texture. Consequently, the high recharge potential values are
associated with the presence of gibbsite, which, despite a high clay content, offers
improved permeability, macroporosity, and aggregate stability (Ferreira et al., 1999a,
1999b; Ottoni et al., 2024), like Latossolo Vermelho, having a granular structure. The
similarity with other Latossolos may relate to the proportion of pore volume present in
these soils compared to others (Reatto et al., 2007). This finding suggests that soil
structure plays a more significant role than texture in groundwater recharge.

The absence of significant differences between Latossolos, Cambissolos and
Argissolo Vermelho-Amarelo contrasts with the findings of Souza et al. (2019), who
reported lower potential recharge in Cambissolos and Argissolo Vermelho-Amarelo due
to their reduced porosity. However, in an assessment of transmissivity in the Serra da
Mantiqueira region, Pinto et al. (2016) highlight considerable potential groundwater

recharge, particularly in areas with native forests, even in steeper slopes. This emphasizes
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the need for more comprehensive studies of the soil's physical and hydraulic properties
to determine the potential recharge in relation to soil depth. Our study demonstrates that
the hydraulic characteristics of the Cambissolos can be influenced by land use and the
depth of the profile

The unexpected similarity between Gleissolos Tiomorficos and Latossolos may be
attributed to the limited number of samples or the influence of specific local conditions.
The potential high groundwater recharge of the Gleissolos is also noted by Menezes et
al. (2009) where the favorable recharge potential is linked to their occurrence in flatter
landscapes that enhance infiltration and receive increased water flow from steeper areas.

The granular structure, a defining characteristic of gibbsite Latossolos, exhibited
the highest SQI in the SQIco index. This finding indicates that, even in highly weathered
soils, the soil's physical structure can alleviate limitations associated with fine texture and
prevailing mineralogy, facilitating water infiltration. This aligns with Ferreira et al.
(1999a, 1999b) and Ottoni et al. (2024), who underscored the role of granular structure
in promoting porosity and enhancing water movement in tropical soils. Thus, the data
partially supports the hypothesis that the structure of gibbsite Latossolos alters the
expected pattern based only on texture, underscoring the need to consider structural
characteristics in recharge indexes.

Soil texture emerged as the most critical factor in predicting SQI, as indicated by
the analysis of variable importance presented in section 3.2. Soils with a higher proportion
of coarse texture had the highest SQI values, a finding consistent with literature that
associates sandy soils with greater permeability and, consequently, greater recharge
potential. However, in the SQIsa index, fine texture displayed higher values than medium
texture, which contradicts the expectation that clay soils show lower infiltration. This
discrepancy may reflect limitations in the SQIsa index or the influence of specific sample
characteristics, such as variations in soil structure.

The variation observed among the indexes (SQIco, SQIal, and SQIsa) indicates
that the selection of indicators significantly influences the results, particularly concerning
the interpretation of soil texture. Each index adopts different methods for weighing
physical characteristics, leading to discrepancies in the estimation of the potential
recharge. Additionally, factors that are restricted to samples from a micro-watershed
(SQIal and SQIsa) and the number of samples available in HYBRAS that correspond to

the indicators utilized in each index also contribute to these differences.
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4.2. Evaluation of the Importance of Factors

The Texture prof variable emerged as the most influential factor in modeling SQI,
demonstrating the highest predictive power and significant variability among soil
profiles. These findings reinforce the central role of texture in groundwater recharge, as
emphasized by Jaafarzadeh er al. (2021), who underscored the impact of textural
heterogeneity on soil water infiltration. Therefore, the textural diversity of Brazilian soils
is a critical consideration in recharge mapping studies.

Out-Of-Bag (OOB) error analysis revealed that including variables such as
Soil 2nc significantly enhanced the model's performance, while external factors like
Biome and Landuse had a more limited effect. This result indicates that intrinsic soil
characteristics, such as mineralogical composition and structure, have a more direct
influence on potential recharge than external factors, such as, topographic and
hydrological, being consistent with Jaafarzadeh et al. (2021). It reinforces the notion that
the interactions between soil and water are closely intertwined and cannot be studied
separately (Mello and Curi, 2012). Nonetheless, the interaction between land use and
structure may be more relevant at local scales, highlighting the necessity for more detailed
studies in various regional contexts. Several studies in the literature exclusively utilize
soil texture as the basis for developing recharge zone maps (Achu et al., 2020; Jaafarzadeh
et al., 2021; Kaewdum and Chotpantarat, 2021; Selvam et al., 2016), whereas others
prioritize soil classification as the primary indicator (Costa et al., 2022; Lentswe and
Molwalefhe, 2020). However, our findings indicate the need to integrate both information
for a more accurate assessment. Texture alone provides valuable information on water
infiltration capacity but may not adequately capture the patterns of soils with specific
structural characteristics, such as gibbsite Latossolos, whose structure affects the pattern
expected based on its texture (Ferreira et al., 1999a). Conversely, soil classification
encompasses information on pedogenetic processes, mineralogy, and structure but might
not reflect the local texture variability, particularly in heterogeneous soils (Mello and
Curi, 2012). The combination of these two approaches enables the capturing of both
physical heterogeneity and the pedological processes that influence the potential recharge,
offering a more comprehensive perspective tailored to the complexity of Brazilian soils.

The limitations observed in the model fitting results are associated with the
significant edaphoclimatic and land use diversity present throughout the Brazilian
territory, which poses challenges in predictive modeling. Specific regional factors, such

as variations in soil texture, soil classes, and types of vegetation cover may not have been
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fully captured by the global models, affecting the accuracy of predictions across different
biomes and regions. This underscores the aim of this work, highlighting the primary soil-

relative factors that influence potential groundwater recharge for future mapping efforts.

5. CONCLUSION

This study demonstrated that the Soil Quality Index (SQI) is effective for
assessing groundwater recharge potential. The variation among the SQI indexes (SQIco,
SQIal, and SQIsa) highlights the importance of selecting appropriate indicators, which
significantly influence the results. This reinforces the need to consider different spatial
scales. The Amazon and Atlantic Forests had the highest SQI values, reflecting their dense
vegetation cover and greater infiltration capacity. In contrast, Pampa had the lowest
values due to its flat topography, sub-humid climate, and shallow groundwater. The
Cerrado exhibited variable results, attributed to the diversity of its vegetation
physiognomies, while the Caatinga displayed considerable variation in SQI values,
suggesting edaphic and climatic heterogeneity. Areas of native vegetation had greater
recharge potential, promoting infiltration and reducing surface runoff. However, the
SQIsa index showed no significant differences between forests and farming areas,
possibly due to sampling limitations or specific management practices. Among the soil
classes, Neossolos Quartzarénicos exhibited the highest SQI due to their high porosity,
while Latossolos demonstrated high recharge potential despite their clay texture, owing
to the presence of gibbsite, which enhances permeability and aggregate stability. Soil
texture was the most relevant factor in predicting SQI, but in isolation, it may not
adequately capture the pattern of soils with specific structural characteristics. Therefore,
combining texture with soil classification is essential for a more accurate assessment

when mapping areas with groundwater recharge potential.
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1. LIMITATIONS AND FINAL CONSIDERATIONS

This study presents a Soil Quality Index (SQI) derived from a comprehensive
dataset covering multiple regions of Brazil. However, its validation was limited to specific
environmental conditions—primarily in areas where Latosols and Argisols predominate
under agricultural and forest land uses, respectively—representing the most prevalent soil
classes in the country. Despite the robustness of the HYBRAS database, limitations in the
spatial and categorical coverage of key indicators restrict the quantitative spatial
application of the SQI across the national territory. Furthermore, while the predictive
performance of the model is considered reasonable given current data availability, the
primary contribution of this work lies in proposing methodological alternatives for future
efforts aimed at mapping groundwater recharge potential. These alternatives emphasize
the integration of soil class and texture data with relevant environmental variables, thus
offering a strategic framework to inform sustainable land and water management in

Brazil.
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