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Abstract

The objective of this research is to analyze the evolution of soil moisture in the southern
region of Neembucu Department from 1983 to 2023, utilizing remote sensing data and
geospatial processing techniques, as well as to evaluate soil moisture trends at
different depths (0 to 290 cm). The focus is on changes that have occurred over the
last four decades in an area characterized by wetlands. The selected area covers a
total surface of 6,636.499 km2, encompassing the districts of Pilar, Humaita, Paso de
Patria, General Diaz, Mayor Martinez, Isla Umbu, Desmochados, Guazu Cua,
Tacuaras, Villalbin and Laureles. Remote sensing data and geospatial processing
techniques were employed, using image collections from
"NASA/FLDAS/NOAH01/C/GL/M/V001" and
"ECMWF/ERA5_LAND/MONTHLY_AGGR" from Google Earth Engine, filtered for the
study area. Variables of interest included soil water content in layers: 0-10 cm, 10-40
cm, 40-100 cm and 100-200 cm, and 0-7 cm, 7-28 cm, 28-100 cm and 100-289 cm,
respectively. It was verified generalized decrease in soil moisture across all layers,
most pronounced in surface layers. Deeper layers experienced a more gradual
reduction. In conclusion, the southern region of Neembucu has experienced a
consistent reduction in soil moisture over the past four decades, attributed to both
climatic and anthropogenic factors. This study highlights the urgent need to adopt
mitigation measures and sustainable management practices to preserve ecosystems
and ensure long-term water resource availability.
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Resumo

O objetivo desta pesquisa é analisar a evolugdo da umidade do solo na regido sul do
Departamento de Neembuct de 1983 a 2023, utilizando dados de sensoriamento
remoto e técnicas de processamento geoespacial, bem como avaliar as tendéncias
de umidade do solo em diferentes profundidades (0 a 290 cm). O foco esta nas
mudancgas ocorridas nas ultimas quatro décadas em uma area caracterizada por
zonas umidas. A area selecionada abrange uma superficie total de 6.636,499 km?,
englobando os distritos de Pilar, Humaita, Paso de Patria, General Diaz, Mayor
Martinez, Isla Umbu, Desmochados, Guazu Cua, Tacuaras, Villalbin e Laureles.
Foram empregados dados de sensoriamento remoto e técnicas de processamento
geoespacial, utilizando colegbes de imagens "NASA/FLDAS/NOAHO1/C/GL/M/V001"
e "ECMWF/ERA5 LAND/MONTHLY _AGGR" do Google Earth Engine, filtradas para
a area de estudo. As variaveis de interesse incluiram o conteudo de agua no solo em
camadas: 0-10 cm, 10-40 cm, 40-100 cm e 100-200 cm, e 0-7 cm, 7-28 cm, 28-100
cm e 100-289 cm, respectivamente. Verificou-se diminuigdo generalizada da umidade
do solo em todas as camadas, mais pronunciada nas camadas superficiais. As
camadas mais profundas experimentaram uma redug¢do mais gradual. Em concluséo,
a regido sul de Neembuct sofreu uma reducdo consistente da umidade do solo ao
longo das dltimas quatro décadas, atribuida a fatores tanto climaticos quanto
antropogénicos. Este estudo destaca a necessidade urgente de adotar medidas de
mitigacéo e praticas de gestéo sustentavel para preservar os ecossistemas e garantir
a disponibilidade de recursos hidricos a longo prazo.

Palavras-chave: dindmica da umidade do solo; sensoriamento remoto; ecossistemas
de zonas umidas.

1. Introduction

Soil moisture content is fundamental to the dynamics that develop in the soil,
the interaction with vegetation, and the exchange of matter and energy with the
atmosphere. Soil moisture directly influences essential ecological processes, such as
nutrient availability for plants, microbial activity, and ecosystem stability. Its relevance
increases in fragile ecosystems such as wetlands, where the hydrological regime and
groundwater masses at various depths are determinants for their sustainability. In
these environments, both excess and lack of moisture can trigger significant changes
in ecosystem structure and functioning.

Wetlands, defined as transitional areas between terrestrial and aquatic
ecosystems, are highly productive and provide a wide range of ecosystem services,
such as water resource provision, biodiversity maintenance, climate regulation, and
protection against extreme events like floods and droughts (Lubal, 2024; Ballut-Daju,
2022). However, these ecosystems are under constant degradation due to human
activities and climate change. According to the Ramsar Convention Secretariat (2015)
and Zivec et al. (2023), wetland surface area has drastically decreased globally,
affecting their functionality and biodiversity. Particularly in the southern region of
Neembucu Department, a significant decrease in forested areas, marshes, grasslands,
and prairies has been observed over the last 35 years (Vera & Pereira, 2024),
suggesting that soil moisture levels have also decreased due to environmental
deterioration.

Soil moisture plays a crucial role in various disciplines such as climate science,
agriculture, soil science, and the hydrological cycle. It affects processes like runoff,
land-atmosphere interactions, and net gas exchange in ecosystems (Li et al., 2022).
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Caicedo-Rosero et al. (2021) highlight that soil moisture depends on the forces acting
on water molecules, determined by soil structure and composition. Adsorption and
capillary forces retain water in soil pores, ensuring adequate moisture levels. Soll
texture, defined by the proportion of clay, silt, and sand, influences the soil's capacity
to store water and carbon, with clay soils retaining more water due to their higher
quantity of micropores and specific properties (Varén-Ramirez et al., 2022).

Additionally, soil organic matter plays an essential role in water retention. Soils
with higher organic matter content have a better capacity to retain moisture, which
improves soil structure and infiltration capacity (Molina et al., 2022). Soil moisture
variability is high both in time and space, due to the heterogeneity of soil properties,
topography, vegetation cover, evapotranspiration, and precipitation uniformity
(Quintana Molina et al., 2023). This variability affects water availability for plants and
soil microorganisms, influencing biogeochemical processes and ecosystem stability
(Srivastava et al., 2022).

Measuring soil moisture is essential for understanding the biological,
hydrological, agronomic, and ecological characteristics of soil (Rasheed et al., 2022).
Traditionally, these measurements over large areas require significant time and
resource efforts. However, remote sensing technologies have revolutionized this field,
allowing the acquisition of accurate and real-time data through satellite image analysis
(Ledn Fernandez & Garavito Rincon, 2021). Satellite images provide broad and
periodic coverage, facilitating continuous monitoring and precise estimation of changes
in soil moisture (Santi Ruiz, 2018). This monitoring capability is especially useful in
extensive and difficult-to-access areas, such as wetlands, where traditional data
collection can be costly and laborious.

In the southern region of Neembucu Department, the decrease in soil moisture
has been attributed to a combination of climatic and anthropogenic factors. The IPCC
report (2021) indicates that climate change has increased temperatures and altered
precipitation patterns, which in this area translates to lower annual precipitation or
more concentrated rainfall in short periods. Smurov et al. (2023) and Smith & Chang
(2020) corroborate that the increase in evapotranspiration, due to increased
temperatures and altered precipitation, has significantly contributed to the reduction of
soil moisture. Moreover, human activities, such as intensive agricultural practices and
deforestation, have exacerbated this situation. Czigany et al. (2023) and Pysarenko &
Krakovska (2022) point out that deforestation and intensive agricultural operations
increase evapotranspiration and alter soil moisture dynamics, while Botta et al. (2022)
observe that soil compaction from livestock activities decreases the soil's capacity to
retain water.

The implications of this decrease in soil moisture are significant for sectors
such as agriculture, water resource management, and biodiversity conservation.
Bogati et al. (2023) highlight that lower moisture reduces microbial activity and nutrient
cycling, affecting agricultural productivity. Zhou et al. (2023) add that dry soil layers
harm vegetation and ecosystem services, while DeVilleneuve (2023) warns about
increased erosion, which puts habitats and water quality at risk. These consequences
not only affect agricultural productivity but also compromise the health of ecosystems
and the resilience of human communities that depend on them.

To mitigate these effects, it is essential to implement sustainable water and soil
management strategies. Kazemzadeh et al. (2021) propose watershed management
practices and increasing vegetation cover to improve water retention. Reforestation
and conservation of native forests, as suggested by Chai et al. (2024) and Chen et al.
(2024), are crucial for stabilizing soil moisture levels, as trees increase rainwater
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infiltration and reduce evapotranspiration rates. Additionally, Azizi et al. (2024) and
Shahzad et al. (2024) emphasize the need for integrated management that connects
surface and groundwater, thus ensuring water sustainability. These strategies not only
help conserve soil moisture but also promote ecosystem resilience in the face of
climatic variations and anthropogenic pressures.

Furthermore, it is fundamental to strengthen research and continuous
monitoring of soil moisture. Mane et al. (2024) highlight the importance of developing
and refining advanced sensor technologies to obtain reliable data, although they
recognize challenges in costs and technological adoption. The implementation of
monitoring systems based on remote sensing allows for a more detailed and timely
assessment of soil conditions, facilitating informed decision-making for water resource
management and ecosystem conservation.

Understanding the processes that affect soil moisture in Neembucu's wetlands
not only provides an accurate assessment of their current state but also opens the door
to estimating other ecosystem components and anthropogenic interventions. This
knowledge is essential for designing and implementing management strategies that
ensure environmental sustainability and the productivity of agricultural systems in the
region.

Based on the above, the objective of this research is to analyze the evolution
of soil moisture in the southern region of Neembuct Department during the period from
1983 to 2023, using remote sensing data and geospatial processing techniques, as
well as to evaluate soil moisture trends at different layers (0 to 290 cm).

2. Methodology

This work focuses on the analysis of soil moisture in the southern region of
Neembucu Department, using remote sensing data and geospatial processing
techniques. For this purpose, image collections
"NASA/FLDAS/NOAH01/C/GL/M/V001" and
"ECMWF/ERA5_LAND/MONTHLY_AGGR" from Google Earth Engine were used,
filtered for the studied area. Five specific periods were selected for analysis, in 10-year
intervals: 1983, 1993, 2003, 2013, and 2023, covering a span of 40 years. The
variables of interest included water volume (fraction) in soil layers: 0-10 cm, 10-40 cm,
40-100 cm, and 100-200 cm, as well as 0-7 cm, 7-28 cm, 28-100 cm, and 100-289 cm,
respectively.

The southern region of Neembuct Department was delimited as the study
area, covering a surface of 6,636.499 km?, located at coordinates: minimum longitude:
-58.66491223954913, minimum latitude: -27.306219282698216, maximum longitude:
-57.18209360492629, maximum latitude: -26.595706376858836.

To process and analyze the data, a Python script was developed using
specialized libraries such as GeoPandas, NumPy, Xarray, and HoloViews. The
workflow began with loading the geometry of the chosen region from a GeoJSON file
using GeoPandas. This geometry was subsequently used to mask the data and limit
the analysis to the area of interest.

Soil moisture data were processed for each selected year and depth,
calculating annual means for each variable. These values were classified into four
classes using percentiles. The calculate_percentiles function determined the limits of
these classes, and the classify_data function assigned each soil moisture value to a
specific class based on these percentiles. For each combination of year and variable,
a heat map was generated using HoloViews, with a color scale ranging from red to
blue to represent soil moisture content.
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To improve visual interpretation, the contour of the study area was
superimposed on each map; additionally, percentages corresponding to each soil
moisture class were calculated and presented in table form alongside each map.

Pearson correlation was also calculated between soil moisture contents in
similar layers from the two satellites.

3. Results and Discussion
Results from NASA/FLDAS Satellite

Moisture in the 0 to 10 cm Layer

In 1983, the surface layer (0-10 cm) presented intermediate to high moisture
(0.31-0.38 m*® m3) uniformly. From 1993, a notable reduction in moisture is observed,
increasing areas with low values (0.16-0.18 m® m3) mainly in the center and southwest.
For 2003 and 2013, this trend intensifies, decreasing areas of intermediate moisture
and concentrating on drier areas. In 2023, low moisture predominates (0.16-0.28 m?3
m3), with an almost disappearance of intermediate levels and greater spatial variability
(Figure 1).
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Figure 1 — Soil moisture in the layer 0 - 10 cm from 1983 to 2023, estimated by satellite
NASA/FLDAS and its respective percentual classification

Moisture in the 10 to 40 cm Layer

In 1983, moisture at 40 cm was uniform and medium-high (0.32-0.39 m3® m-?),
with slight decreases in the southwest. From 1993, the distribution becomes more
heterogeneous with a general reduction. This decrease persists and worsens in 2003
and 2013, concentrating mainly in the center and southwest. By 2023, low moisture
predominates (0.25-0.29 m® m™3) in these areas, evidencing a significant reduction
compared to previous decades (Figure 2).
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Figure 2 — Soil moisture in the layer 10 - 40 cm from 1983 to 2023, estimated by satellite
NASA/FLDAS

Moisture in the 40 to 100 cm Layer

In 1983, moisture at 100 cm was homogeneous (0.31-0.40 m® m3). From
1993, it reduces towards lower ranges (0.23-0.26 m3 m3), especially in the southwest
and center. This trend continues in 2003 and intensifies in 2013, with greater dryness
and variability. In 2023, low moisture predominates (0.16-0.23 m® m) in the center
and southwest, showing a significant decrease compared to previous years (Figure 3).
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Figure 3 — Soil moisture in the layer 40 - 100 cm from 1983 to 2023, estimated by satellite

NASA/FLDA
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Moisture in the 100 to 200 cm Layer

In 1983, moisture at 200 cm was heterogeneous and high (0.36-0.42 m3 m3)
in the east and other areas. From 1993, it decreases to 0.35-0.36 m3® m3, especially in
the southwest, a trend that continues and intensifies in 2003 and 2013. By 2023, low
values predominate (0.34-0.35 m® m) in much of the area, while in the southwest
predominate values of 0.16-0.34 m® m3, reflecting a considerable reduction of moisture

(Figure 4).
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Figure 4 — Soil moisture in the layer 100 - 200 cm from 1983 to 2023, estimated by satellite

NASA/FLDAS
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Comparison Between Layers

Throughout 1983-2023, all analyzed depths show a general decrease in
moisture, with surface layers (10 and 40 cm) reacting first and more pronouncedly.
Deep layers (100 and 200 cm) show a later but equally significant reduction. This
decrease suggests a possible degradation of hydrological conditions, affecting long-
term water availability.

Results from ERA5_LAND Satellite

Moisture in Layer 1 (0-7 cm)

In 1983, moisture was heterogeneous with drier areas in the center and
southwest. Until 1993, it remained stable, slightly increasing high values. From 2003,
moisture decreases, especially in the center and southwest, intensifying in 2013 and
2023 with a predominance of low values (0.18-0.32 m3® m) and 0.32-0.37 m® m™, and

reduction of wet areas (Figure 5).
1983 1993

0.45
-26.6 —26.6

0.40

o
w
a

-26.8 —26.8

°
w
=3

-27.0 -27.0

e
N
al

Soil moisture
y

—27.2 -27.2

0.10 —-27.4
-27.4 - - - - - - - -
Z58.6 _58.4 —58.2 —58.0 —57.8 _57.6 -57.4 —57.2 58.6 -58.4 ~58.2 ~58.0 ~57.8 ~57.6 ~57.4 ~57.2
X
2003 2013
—-26.6 —26.6
-26.8 —26.8
>
>
-27.0 —-27.0
—-27.2
-27.2
—-27.4
-27.4 —-58.6 —58.4 —58.2 —-58.0 —57.8 —57.6 —57.4 —57.2
—58.6 —58.4 —58.2 —58.0 —57.8 —57.6 —57.4 —57.2 X

X

www.periodicoscapes.gov.br 1 O Revista JRG de Estudos Académicos - 2024;15:e151448


https://rnp-primo.hosted.exlibrisgroup.com/primo-explore/search?query=any,contains,Revista%20JRG%20de%20Estudos%20Acad%C3%AAmicos&tab=default_tab&search_scope=default_scope&vid=CAPES_V3&facet=jtitle,include,Revista%20Jrg%20De%20Estudos%20Acad%C3%AAmicos&lang=pt_BR&offset=0

Cuidados farmacéuticos com pacientes portadores de diabetes mellitus tipo 2

2023
Interval 1983 1993 2003 2013 2023
-26.6
018032 4333%  2167%  4333%  45.00%  46.67%
-26.8 032037  667%  2600%  833%  833%  95333%
N 037040 1500%  8.33%  40.00%  45.00%  0.00%
-27.0
040042  35.00%  45.00%  8.33% 167%  0.00%
—27.2
-27.4
—58.6 —58.4 —58.2 —58.0 —57.8 —57.6 —57.4 —57.2

Figure 5 — Soil moisture in the layer 0 - 7 cm from 1983 to 2023, estimated by satellite
ERA5_LAND

Moisture in Layer 2 (7-28 cm)

Similar to layer 1, in 1983 moisture was heterogeneous. From 1993, a slight
reduction is observed, intensifying in 2003 and 2013 with more dry areas (0.18-0.33
m3 m3. In 2023, low values predominate, especially in the southwest (Figure 6).
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Figure 6 — Soil moisture in the layer 7 - 28 cm from 1983 to 2023, estimated by satellite
ERA5_LAND

Moisture in Layer 3 (28-100 cm)

In 1983, moisture was varied, with higher percentages (0.42-0.44 m3® m3)
predominating. From 1993, it gradually decreases, with greater dryness from 2013 and
a notable reduction in 2023, concentrating on low values (0.15-0.32 m® m) and
decreasing wet areas (Figure 7).
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Figure 7 — Soil moisture in the layer 28 - 100 cm from 1983 to 2023, estimated by satellite
ERA5_LAND

Moisture in Layer 4 (100-289 cm)

Initially heterogeneous and high (0.45-0.48 m® m=) in 1983, moisture
decreases from 1993. The trend accentuates in 2003 and 2013, and in 2023, low
values prevail (0.18-0.35 m® m-3), significantly reducing wet areas (Figure 8).
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Figure 8 — Soil moisture in the layer 100 - 289 cm from 1983 to 2023, estimated by satellite
ERA5_LAND
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Comparison Between Layers

All layers show a decrease in moisture, with surface layers (0-7 and 7-28 cm)
experiencing earlier and more pronounced changes. Deep layers (28-100 and 100-
289 cm) respond later but equally show a significant reduction in 2023. This pattern
suggests alterations in water recharge and potential depletion of underground
reserves.

Comparison Between Satellites

When comparing the results obtained with the two satellite datasets
(NASA/FLDAS and ERAS5_LAND) for different soil layers, some similarities and
differences are observed in the evolution of soil moisture over the period 1983-2023.
Both datasets show a general trend of decreasing moisture in most areas and depths
analyzed, especially in surface layers (0-10 cm and 10-40 cm) from 1993 onwards.
However, the magnitude of moisture decrease and spatial variability of moisture
patterns differ between the two datasets. In general, ERAS5_LAND data show a more
pronounced decrease in moisture in surface layers, especially in 2023, with a greater
extent of areas with low moisture values. On the other hand, NASA/FLDAS data show
greater spatial variability in soil moisture, with areas experiencing more intense
decreases than others.

In deeper layers (40-100 cm and 100-200 cm), the decrease in moisture is less
pronounced in both datasets but intensifies from 2013 onwards. In these layers,
ERA5 _LAND data also show a more intense decrease in moisture compared to
NASA/FLDAS data, especially in 2023. These differences in results can be attributed
to various factors, such as the algorithms used to estimate soil moisture, the source of
meteorological data used to force the models, and the specific characteristics of the
study area. It is important to note that both datasets are products of numerical models
and, therefore, are subject to uncertainties.

The correlation in the different layers is positive and significant at p 0.1% by
the t-test, varying from 0.41 to 0.49 (Figure 9), which confirms the similarity of the
results obtained.
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Figure 9 — Correlation of soil moisture contents estimated by the two satellites in their respective layers.
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Discussion

Advances in remote sensing have allowed for a more precise understanding
of soil moisture at various spatial and temporal scales, ensuring the reliability of the
data obtained. Abdulraheem et al. (2023) highlight that remote sensing provides broad
and non-destructive coverage, facilitating continuous monitoring of soil moisture.
Moreover, Liu et al. (2023) point out that machine learning algorithms have significantly
improved data accuracy, especially in complex environments with vegetative
interference.

In this study, the results show a generalized decrease in soil moisture between
1983 and 2023, aligning with global trends observed by Liu et al. (2019), who found
similar reductions in areas affected by climate change and intensive land use. This
decrease can be attributed to both climatic and anthropogenic factors. The IPCC report
(2021) indicates that climate change has increased temperatures and altered
precipitation patterns, which in our study area translates to lower annual precipitation
or more concentrated rainfall in short periods, corroborated by Smurov et al. (2023)
and Smith and Chang (2020), who link increased evapotranspiration with these climatic
variations.

On the other hand, human activities have also influenced the reduction of soil
moisture. Czigany et al. (2023) and Pysarenko and Krakovska (2022) identify that
intensive agricultural practices and deforestation increase evapotranspiration and alter
soil moisture dynamics. Additionally, Botta et al. (2022) observe that soil compaction
from livestock activities decreases the soil's capacity to retain water. In the same study
area, Vera and Pereira (2024) verified an increase in bare soil surfaces and a decrease
in the extent of swamps, forests, and grasslands and prairies, contributing for the
decreased soil content verified in this research.

The implications of this decrease in moisture are significant for sectors such
as agriculture, water resource management, and biodiversity conservation. Bogati et
al. (2023) note that lower moisture reduces microbial activity and nutrient cycling,
affecting agricultural productivity. Zhou et al. (2023) add that dry soil layers harm
vegetation and ecosystem services, while DeVilleneuve (2023) warns about increased
erosion, which puts habitats and water quality at risk.

To mitigate these effects, it is essential to implement sustainable water and soil
management strategies. Kazemzadeh et al. (2021) propose watershed management
practices and increasing vegetation cover to improve water retention. Reforestation
and conservation of native forests, as suggested by Chai et al. (2024) and Chen et al.
(2024), are also crucial for stabilizing soil moisture levels. Additionally, Azizi et al.
(2024) and Shahzad et al. (2024) emphasize the need for integrated management that
connects surface and groundwater, thus ensuring water sustainability.

Finally, it is fundamental to strengthen research and continuous monitoring of
soil moisture. Mane et al. (2024) highlight the importance of developing and refining
sensor technologies to obtain reliable data, although they recognize challenges in
costs and technological adoption.

The findings of this research, which evidence a constant decrease in soil
moisture from 1983 to 2023, are consistent with previous studies that relate climate
change and human activities to soil moisture degradation. The trend observed in our
study area reflects a similar response to that reported by Liu et al. (2019) and Smurov
et al. (2023), confirming the combined influence of climatic and anthropogenic factors
in the reduction of soil moisture. Furthermore, the practical implications identified in
this study reinforce the need to adopt mitigation strategies proposed by authors such
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as Kazemzadeh et al. (2021) and Chai et al. (2024) to counteract the negative effects
on agriculture and biodiversity.

4. Conclusions

1. The analysis conducted using remote sensing and geospatial processing
techniques revealed a sustained decrease in soil moisture in the southern region of
Neembucu Department during the period from 1983 to 2023.

2. The evaluation of soil moisture trends at various depths (0 to 290 cm)
showed a generalized decrease across all analyzed layers, with the most pronounced
effects in the surface layers. The deeper layers experienced a more gradual reduction.

3. Given the decrease in soil moisture and its negative implications for
agriculture, water resource management, and biodiversity, it is crucial to implement
sustainable management strategies.

4. The comparative analysis of data from two different satellite sources
(NASA/FLDAS and ERAS_LAND) strengthens the reliability of the findings, being
verified positive correlation between these datasets, despite some variations.
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