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Abstract: Understanding the trends in land use and land cover (LULC) is crucial for modeling
streamflow and sediment yield, particularly in hydrological basins. This study examined the impact
of LULC on the dynamics of streamflow and sediment yield within a humid tropical basin of the
Atlantic Forest biome in Brazil, focusing on the period from 2000 to 2016. Changes in LULC were
analyzed using annual MapBiomas data products for the same period. The Soil and Water Assessment
Tool (SWAT) model was deployed to simulate streamflow and sediment yield based on LULC changes.
To investigate temporal trends in LULC, a suite of non-parametric statistical tests, including the
Mann–Kendall, Pettitt, and Sen’s slope estimator tests, was employed. Ecological diversity indices
such as Shannon–Weaver, Simpson, and Pielou were applied to assess forest fragmentation, along
with the Forest Fragmentation Index. The results revealed a growing trend in urban and sugarcane
areas, coupled with a decline in dense vegetation, mangroves, and other forms of dense vegetation.
With regard to the correlation between land uses and hydrological variables, the findings indicate
minor variations in hydrological balance, attributable to the not-so-significant changes among the
studied land-use scenarios, except for sediment yield estimates, which showed more considerable
alterations. Notably, the estimates for 2000 and 2013–2016 were the most divergent. In a broader
scientific context, this research conclusively establishes that the incorporation of dynamic LULC data
into the SWAT model augments the precision and robustness of simulations pertaining to agricultural
watersheds, thereby enabling a more comprehensive hydrological characterization of the study area.

Keywords: vegetation monitoring; MapBiomas; hydrological modeling; SWAT model; sediment yield

1. Introduction

Land use and land cover (LULC) are fundamental factors shaping terrestrial environ-
ments. The expansion of urban, agricultural, and pasture lands has resulted in significant
alterations to natural landscapes. These transformations exert a direct impact on water
resources, influencing both streamflow and sediment transport [1]. Streamflow and sedi-
ment yield serve as pivotal components of the hydrological cycle, and changes in LULC
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can modify river flow regimes [2]. The conversion of natural areas to agricultural uses can
influence water availability; intensive irrigation practices, coupled with the removal of na-
tive vegetation, may diminish the recharge of subterranean aquifers and reduce baseflows
in rivers [3].

Research focusing on the interaction between anthropogenic influences on landscape
patterns and the effects of climate change on streamflow has attracted significant interest.
However, much of the current literature has predominantly concentrated on the impacts of
climate change and landscape pattern alterations separately [4,5]. While there have been
numerous studies examining the link between climate change and streamflow, there is a
conspicuous gap in applying this research to analyze land use and land cover trends in
tropical basins, especially in Brazil [6]. In particular, the response of streamflow to changes
in landscape patterns is an area that has yet to be thoroughly explored. This response varies
across different basins and scenarios, a complexity arising from the fact that many previous
studies have not adequately considered the nonlinear nature of hydrological streamflow
regulation in relation to landscape pattern composition and configuration. Despite this gap,
some studies have observed nonlinear responses, such as an increase in patch and edge
density within cropland areas, leading to increased streamflow. Therefore, comprehend-
ing these complex relationships is crucial for effective water resource management and
sustainable land use planning.

Despite their ecological and hydrological significance, the current trajectory of global
warming, in conjunction with anthropogenic activities, has instigated substantial alter-
ations in regional river runoff patterns since the early 20th century [7]. Changes in LULC
have a direct bearing on local hydrology and sediment equilibrium within hydrological
basins [8]. The study of LULC trends and their influences on streamflow and sediment
yield plays a pivotal role in environmental preservation and in ensuring the availability
of high-quality water for future generations. Research in this domain offers invaluable
insights for policymakers, natural resource managers, and scientists, aiding in the pro-
motion of sustainability and resilience of both aquatic and terrestrial ecosystems in the
face of escalating environmental pressures [9]. In summary, this research on land–water
dynamics in transforming climates and societies provides critical insights that can inform
policy, enhance resource management, bolster resilience to climate change, and ultimately
contribute to a more sustainable and equitable future. This study represents a departure
from the conventional use of static data in hydrological modeling, thereby enhancing a
critical aspect and significantly contributing to the field. Therefore, investigating the con-
current changes in LULC and their impacts on streamflow and sediment production serves
as an essential procedure to assist decision makers in comprehending the ramifications of
LULC changes on the water balance components.

Tropical humid forests, such as the Atlantic Forest biome, are terrestrial ecosystems
characterized by immense biodiversity and structural complexity. They play significant
roles in ecological functions such as regional climate regulation, water cycling, evapotran-
spiration, biodiversity maintenance, and greenhouse gas emission mitigation [10]. The
hydrological regime of a basin is the product of complex interactions among climate, soil,
topography, and LULC [11,12]. Any imbalance in these elements may cause alterations in hy-
drological processes, resulting in direct impacts on the environment, economy, and population
of a region [13]. Among these, LULC is the most affected by human interventions [14,15].

Alterations in vegetative cover—such as converting forested areas to agricultural and
pasture lands—are among the primary causes of water resource degradation [16]. In many
coastal regions of Brazil, including the Pirapama River basin, expanding agricultural and
grazing areas for sugarcane and cattle farming have led to significant landscape changes,
primarily through the deforestation of the Atlantic Forest biome [2]. These changes induce
soil erosion, pesticide leaching, and disruptions in terrestrial and aquatic ecosystems [14,15].
Currently, the Atlantic Forest is considered one of Brazil’s most endangered biomes [16].
The forests in this biome are essential for maintaining river ecosystem integrity and ensuring
water availability in reservoirs [17].
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Though some studies have reported changes in streamflow behavior and sediment
yield in basins near the coastline [18], quantitative analyses on the response of streamflow
and sediment yield to LULC trends are still under-explored in the Atlantic Forest biome in
Northeast Brazil [19]. This study distinguishes itself from other research on LULC changes
by incorporating multi-year LULC data as a singular input in a simulation using the Soil
and Water Assessment Tool (SWAT).

In Northeast Brazil, the Metropolitan Region of Recife (MRR) stands as one of the
most populous and important regions, housing approximately 4,046,845 inhabitants [20].
The MRR faced severe water scarcity and rationing between 1998 and 2002. One solution
was the construction of the Pirapama Reservoir in the Pirapama River basin. However, this
basin has been experiencing considerable environmental degradation, largely due to the
intensification of sugarcane farming activities [21].

Previous hydrological models, such as the Distributed Hydrological Model of Dams–
AÇUMOD [22], Kinematic Runoff and Erosion Model–KINEROS [23], and Soil and Water
Assessment Tool–SWAT [24], have been applied to analyze various hydrological processes
in the Pirapama River basin [25–27]. Given the significant alterations in LULC coupled
with climatic variability, a comprehensive understanding of their impact on local water
resource management is crucial. Accordingly, this study investigates the effects of LULC
changes on the dynamics of streamflow and sediment yield within a humid tropical basin
of the Atlantic Forest biome in Brazil, with a focus on the period from 2000 to 2016.

2. Materials and Methods
2.1. Study Area

The Pirapama River basin, encompassing an area of approximately 600 km2, is situated
between latitudes 8◦07′29′′ S and 8◦21′00′′ S and longitudes 34◦56′20′′ W and 35◦23′13′′ W
(Figure 1). More precisely, it is located in the central-southern portion of the MRR. The
Pirapama River extends over 80 km, originating at an altitude of 450 m in the municipality
of Pombos in the Agreste region of Pernambuco State. This basin serves as one of the
planning units for water resource management within the MRR [28]. Within this basin, the
Pirapama, Gurjaú, and Sicupema reservoirs contribute significantly to the water supply for
parts of the MRR.

According to the Köppen classification, the climate of the region is categorized as
As’ (pseudotropical), characterized by hot and humid conditions. The average monthly
temperature registers at 27 ◦C, and the mean relative humidity hovers around 70% [29].
The average annual precipitation within the basin is approximately 1500 mm, whereas the
annual evaporation averages at 1200 mm [28]. Concerning precipitation regimes, the region
exhibits two distinct periods: (a) dry, spanning from September to February, with monthly
precipitation averages less than 60 mm, and (b) wet, from March to August [29].

LULC within the basin exhibits significant diversity, including urban and industrial
development, agricultural estates, farms, rural settlements, minor hydroelectric facilities,
sugarcane cultivation areas, the native Atlantic Forest, and mangroves [30]. Sugarcane
cultivation remains the predominant agricultural activity, encroaching upon remaining
forest patches and thereby compromising the environmental equilibrium of the area.

2.2. Land Use and Land Cover Dataset

To assess the impact of LULC changes on streamflow and sediment yield, we employed
historical data sets sourced from MapBiomas for 2000, 2004, 2007, 2010, 2013, and 2016.
This specific timeframe was selected to align with the hydro-climatic data series used for
model calibration and validation. Additionally, the initial two years (2000 and 2004) were
chosen to mark the implementation and completion phases of the Pirapama Reservoir.
The data were extracted from MapBiomas’ Collection 2.3, which pertains to the Atlantic
Forest, in GeoTiff format with LZW compression. These datasets were consolidated into
a single file, wherein each band corresponds to one year within the adopted series (band
1 representing the first year). MapBiomas data sets are publicly available at MapBiomas
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Database (http://mapbiomas.org/pages/database/mapbiomas_collection, accessed on 24
May 2023) [31,32].
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Figure 1. (a) Location of the Pirapama River basin in Brazil and in Pernambuco State, and (b) locations
of rain, streamflow, and meteorological gauges used in the study.

The spatial datasets were generated through the pixel-to-pixel classification of Landsat
satellite imagery, boasting a 30 m spatial resolution, using machine learning algorithms
implemented on the Google Earth Engine platform. Recently, the MapBiomas Project has
endeavored to automate the annual mapping of all Brazilian biomes through the use of Landsat
imagery, achieving commendable outcomes [33]. For additional details on the methodology
adopted for map composition, refer to the MapBiomas website (http://mapbiomas.org/
pages/database, accessed on 15 May 2023).

http://mapbiomas.org/pages/database/mapbiomas_collection
http://mapbiomas.org/pages/database
http://mapbiomas.org/pages/database
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2.3. Accuracy Assessment of LULC

To validate the LULC classification generated by MapBiomas, we utilized imagery
from Google Earth Pro spanning the period from 2005 to 2007. These images were selected
based on optimal visibility conditions for target validation. The images facilitated the
analysis of classification accuracy, and metrics for this analysis were computed using
the Atacama plugin for QGIS (version 2.18). This plugin employs the stratified random
sampling method for generating random points.

To quantitatively assess trends in LULC, the Kappa coefficient [34] was employed.
The Kappa coefficient classification adopted in this study was delineated into six categories,
each indicating the quality of the classified maps: poor (κ < 0), slight (0 ≤ κ < 0.2), fair
(0.21 ≤ κ < 0.4), moderate (0.41 ≤ κ < 0.6), substantial (0.61 ≤ κ < 0.8), and very good
(0.81 ≤ κ ≤ 1) [35].

The reliability of the LULC classification was further gauged through various metrics,
including user’s accuracy (Au), producer’s accuracy (AP), overall accuracy (GA), and the
Kappa coefficient (κ), as defined by the following equations:

User’s accuracy: Au =
pii
pi+

(1)

Producer’s accuracy: Ap =
pii
p+i

(2)

Overall accuracy: GA = 100
∑m

i=1 pii

n
(3)

Kappa coefficient: κ =
n∑m

i=1 pii −∑c
i=1 pi+p+i

n2 −∑m
i=1 pi+p+i

(4)

where Au and AP denote the user’s and producer’s accuracy, respectively, GA represents
overall accuracy, κ is the Kappa coefficient, pii is the proportion of area correctly classified
for each category, and pi+ and p+i are the marginal totals of the reference and classified
data, respectively.

2.4. LULC Trend Analysis

The non-parametric Mann–Kendall (MK) test [36,37], Pettitt [38], and Sen’s slope
estimator [39] were employed to scrutinize the time-series behavior of LULC in the Pi-
rapama River basin. These statistical methods were selected to rigorously evaluate the
spatiotemporal trends in land use and their corresponding runoff-erosion impacts.

2.5. Forest Fragmentation Analysis

To assess forest fragmentation, we employed three ecological indices: Shannon-
Weaver [40], Simpson [41], and Pielou [42]. The Shannon–Weaver index quantifies the
diversity of fragment sizes within a forested landscape. A higher diversity of fragment
sizes yields a higher index value. The Shannon–Weaver index is computed as follows:

SW =

[
N ln(n)−∑E

i=1 ni ln(ni)
]

N
(5)

where SW represents the Shannon–Weaver index, ni is the number of sampled individuals
within species i, N is the total number of organisms across all species, and E is the total
number of species sampled.

The Simpson index evaluates the diversity of fragment sizes as well but assigns more
weight to larger fragments. The index varies from 0 to 1, with higher values indicating less
fragmentation. The Simpson index is calculated as:
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S =
∑ N(N − 1)
NT(NT − 1)

(6)

where S represents the Simpson index, and NT is the number of organisms within species i.
The Pielou index assesses the evenness of fragment distribution within a landscape.

A value approaching 1 signifies that the fragments exhibit regular shapes, while a value
closer to 0 indicates irregular shapes. The Pielou index (P) ranges from 0 to 1, with higher
values indicating greater levels of evenness in the community. A low P value signifies that
one or a few species dominate the community. At maximum evenness, P = 1.

P =
SW

ln(N)
(7)

To analyze the fragmentation of forested areas, the Forest Fragmentation Index (Ff)
was calculated. A Ff value close to 0 suggests that the forest remains relatively intact and
unfragmented, while a value approaching 1 indicates high levels of fragmentation. In this
study, four classes were identified: (a) high (value 1), (b) mild (value 0.6), (c) low (value
0.4), and (d) very low (value 0.2). The Ff is computed using an equation that takes into
account the total forest area (Tf), the area of the forest fragments (Af), and the mean distance
between them (Dmf). The index is calculated as follows:

Ff =
(

A f / T f

)
× (Dmf / Rtf) (8)

where Rtf represents the ratio of total forest area to the overall land area.

2.6. Streamflow and Sediment Yield Simulation

To analyze the response of streamflow and sediment yield, the SWAT model [43]
was employed. This model is semi-conceptual, semi-distributed, physically based, and
temporally continuous. The hydrologic balance in the SWAT is governed by Equation (9):

SWt= SW0 + ∑t
i=0

(
Pd −Qsup − Ea −Wvad −Qsub

)
(9)

where SWt is the final soil water storage (mm), SW0 is the initial soil water storage on day
i (mm), t is time (days), Pd is precipitation on day i (mm), Qsup is surface runoff on day i
(mm), Ea is evapotranspiration on day i (mm), Wvad is percolation on day i (mm), and Qsub
is return flow (capillary rise from the vadose zone) on day i (mm).

Sediment yield within the SWAT model is simulated using the Modified Universal
Soil Loss Equation (MUSLE), given by Equation (10):

SYLD = 11.8(Qsuf × qpeak × areahru)0.56 × KUSLE × CUSLE × PUSLE × LSUSLE (10)

In this equation, SYLD represents sediment yield in a given day (ton), Qsurf is the
volume of surface runoff (mm), qpeak is the peak runoff flow rate (m3/s), areahru is the
area of the hydrological response units (HRU) in hectares, KUSLE is the soil erodibility
factor (t·h·ha/MJ/mm), CUSLE is the land management and cover factor (dimensionless),
PUSLE is the conservation practices factor (dimensionless), and LSUSLE is the topographic
factor (dimensionless).

The hydrological balance variables estimated using the SWAT model and scrutinized
in this study include evapotranspiration (ET in mm), surface runoff (SURFQ in mm), infil-
tration (GWQ in mm), and sediment yield (SYLD in ton/ha). For more detailed information
about the SWAT model, please refer to the studies of Arnold et al. [24,43].

The SWAT is ubiquitously utilized in hydrological research, specifically for quantifying
the impacts of climatic and land use transformations on both the hydrological cycle and
water quality metrics. One of SWAT’s distinguishing features is its robust capability to
incorporate agricultural management practices—including irrigation, fertilizer and pesti-
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cide application, and tillage operations—into its simulations. This renders it particularly
efficacious for studies centered on catchments with substantial agricultural activity. Given
its wide-ranging applicability across diverse geographic locales, the SWAT is optimally
suited for evaluating the repercussions of LULC alterations within the basin under study.

It is crucial to differentiate this research from prior SWAT investigations that pre-
dominantly employed static land cover data to scrutinize hydrological outcomes. This
work accentuates the indispensable role of dynamic LULC data in mitigating the propen-
sity for over-parameterization during model calibration, a common pitfall when utilizing
static LULC datasets. The incorporation of dynamic LULC data affords a temporally nu-
anced representation of the catchment’s evolving land cover dynamics, thereby enhancing
model fidelity.

Unique to this study is its methodology of integrating multi-year LULC data into
a single SWAT simulation. This distinct approach differentiates it from numerous other
research efforts focused on the hydrological consequences of LULC changes, thereby
offering a fresh perspective to the scientific discussion on this topic. It is important to note
that while there are springs in the study area, these were not subjected to more in-depth
analysis in this particular study.

2.6.1. SWAT Input Database

To perform initial watershed modeling, the SWAT requires three distinct geospatial
files: a digital elevation model (DEM), soil types, and LULC. The study area was divided
into 29 sub-basins based on a 30 m spatial resolution DEM, sourced from the United States
Geological Survey (USGS). These data were accessed at http://earthexplorer.usgs.gov
(accessed on 15 April 2023) (Figure 2a).

The baseline LULC map utilized was constructed based on two satellite images from
the Landsat 5/TM sensor, dated 6 June 2005 and 28 July 2007, each with a spatial resolution
of 30 m (orbit 214/point 066). These data were downloaded on 13 January 2023, and the
images were obtained from http://earthexplorer.usgs.gov, accessed on 30 January 2023.
These specific images were selected due to their minimal cloud cover, which facilitated the
validation of land use classification for use as a reference map. In this study, supervised
classification utilizing the maximum likelihood method in ArcGIS 10.2 was employed
to classify the LULC into the following categories: water, urban area, bare soil, dense
vegetation, shrubland, and sugarcane (Figure 2b).

The basin was partitioned into 1641 hydrological response units (HRUs), which are
homogeneous areas exhibiting uniform soil types, land use, and slope. In this study,
five slope classes were delineated (0–3%, 3–8%, 8–20%, 20–45%, and >45%). Soil types,
mapped at a 1:100,000 scale (Figure 2c), were sourced from the EMBRAPA Soils portal on
15 December 2022, available at http://www.sisolos.cnptia.embrapa.br. These data were
downloaded on 10 February 2023. Figure 3 outlines the methodological steps adopted for
the development of this research.

2.6.2. Meteorological Data

For the completion of this study, a diversified range of meteorological data was uti-
lized to scrutinize the variability in streamflow and sediment yield. In this investigation,
meteorological variables such as solar radiation, relative humidity, wind speed, and mini-
mum and maximum temperatures were acquired from two grid datasets derived from the
Climate Forecast System Reanalysis (CFSR) for the period from 1997 to 2010, available at
https://globalweather.tamu.edu and accessed on 15 December 2022. Additionally, daily
rainfall data spanning the years 2000 to 2010 were obtained on 15 December 2022 from
https://www.apac.pe.gov.br [44]. Concurrently, monthly streamflow data from a trio of
stations located within the study’s geographical boundaries were sourced on 15 December
2022 from https://www.snirh.gov.br/hidroweb [45]. Table 1 shows the details of the gauge
stations employed in the study.

http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
http://www.sisolos.cnptia.embrapa.br
https://globalweather.tamu.edu
https://www.apac.pe.gov.br
https://www.snirh.gov.br/hidroweb
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To ensure data compatibility and homogeneity, the chosen period was congruent with
the flow series employed for hydrological modeling, specifically spanning the years 2000
to 2010. Monthly temperature data from a single station covering the identical temporal
window were obtained from the National Institute of Meteorology [46]. The data from
these stations underwent a meticulous quality control process to assess the reliability and
consistency of the values used. Table 1 delineates the geographical coordinates and tempo-
ral span of the gauge stations utilized in this study, thereby providing a comprehensive
overview of data provenance.
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Table 1. Characteristics of gauge stations employed in the study.

Name Type Data Period Longitude Latitude

Pirapama Rainfall 1987–2010 −35◦03′50′′ −8◦16′43′′

Vitória de Santo Antão Rainfall 1920–2010 −35◦16′37′′ −8◦13′32′′

Pombos Rainfall 2000–2010 −35◦25′30′′ −8◦08′18′′

Recife Rainfall 1987–2010 −34◦43′10′′ −8◦05′25′′

83353 CFSR grid Meteorological 2000–2010 −35◦20′00′′ −8◦25′00′′

83350 CFSR grid Meteorological 2000–2010 −35◦00′00′′ −8◦25′00′′

Cachoeira Tapada Streamflow 1986–2010 −35◦15′57′′ −8◦15′59′′

Destilaria Inexport Streamflow 2000–2010 −35◦09′24′′ −8◦16′55′′

Destilaria Bom Jesus Streamflow 2000–2010 −35.00′47′′ −8◦15′52′′

2.6.3. Calibration and Validation of the SWAT Model

The modeling process was divided into three phases: warm-up (1997–1999), calibra-
tion (2000–2006), and validation (2007–2010). The SWAT model underwent validation,
specifically tailored for its application in the Pirapama River basin, using the split-sample
test. To analyze the sensitivity and uncertainties of the parameters, as well as the calibration
and validation between observed and simulated data in the SWAT model, we utilized the
SWAT-CUP (Calibration Uncertainty Program) software package [47], deploying the SUFI-2
algorithm through a 500-simulation iteration [48]. The SUFI-2 algorithm uses the Latin
hypercube sampling method to define the parameters, commencing with a user-defined
range of values. To analyze the sensitivity of the parameters in the modeling, we used the
P-factor and R-factor metrics [47], which assess the reliability of the fit and the degree of
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efficiency of the calibrated model. It is noteworthy that the basin lacks sediment-related
data. Following the model validation, we simulated the streamflow and sediment yield
under varying land use and land cover scenarios.

2.6.4. Performance Indices of Hydrologic Modeling

To assess the congruence between observed and estimated flow values during both
the calibration and validation phases, two statistical indices were employed: (a) the Nash–
Sutcliffe efficiency coefficient (NSE) and (b) Pearson’s determination coefficient (R2) [49,50].
The NSE quantifies the relative accuracy of the simulated data compared to the observed
data and ranges from negative infinity to 1. A value of NSE = 1 implies a perfect fit between
the observed and simulated datasets. The formula for computing the NSE is expressed as:

NSE = 1−

n
∑

i=1
[(Qobs,i)− (Qsim,i)]

2

n
∑

i=1

[
Qobs,i −

_____
Qobs

]2 (11)

where Qobs represents the observed event, Qsim denotes the event as simulated by the model,
_____
Qobs is the mean value of the observed events during the simulation period, and n is the
total number of events.

Pearson’s determination coefficient (R2) evaluates the linear association between the
observed and simulated variables. This coefficient also ranges from negative infinity to 1,
with 1 indicating perfect association. The coefficient is derived using the following equation:

R2 = 1− ∑n
i=1(Qobs,i −Qsim,i)

2

∑n
i=1
(
Qobs,i −Qobs

)2 (12)

2.7. Evaluation of Streamflow and Sediment Yield

To assess potential variations in the runoff-erosion processes in the Pirapama River
basin, we utilized LULC scenarios from the years 2000, 2004, 2007, 2010, 2013, and 2016.
Each land-use type was employed to simulate hydro-sedimentological dynamics, substi-
tuting these different scenarios into the SWAT for each new iteration while maintaining
consistent climatic data, soil types, and slope. Based on these varying scenarios, six sets
of flow and sediment yield simulations were produced. The analyses and comparisons
between the scenarios were conducted with reference to key components of the hydro-
sedimentological balance, including flow rate, evapotranspiration, percolation, sediment
yield, and seasonal flow rate averages. For these variables, the basin-wide average was
computed for each component.

3. Results
3.1. LULC Change Analysis

Table 2 delineates the confusion matrix, user accuracy, and producer accuracy acquired
subsequent to the validation of samples chosen for the 2007 MapBiomas map. The producer
accuracy was determined to be 0.88, while user accuracy oscillated between 0.80 and 1.00.
In the matrix, rows represent information from the reference map, while columns pertain
to the map under validation. The diagonal elements indicate the precision of each land-use
class, while off-diagonal values correspond to the commission and omission errors for
each class.

According to the confusion matrix assessment, most classes demonstrated high accu-
racy or precision in classification, exceeding 70% accuracy. However, classes corresponding
to scrubland, urban area, and sugarcane manifested a higher proportion of misclassified
samples—that is, those with a higher number of pixels assigned to incorrect categories or
land-use classes (producer accuracy and omission error). In the producer category, the
classes of water, dense vegetation, and mangrove exhibited elevated accuracies compared
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to other classes, registering respective correctness percentages of 0.94, 0.96, and 1.00. Both
producer and user accuracies suggest that the results range from good to excellent. More-
over, the land cover classifications showed good agreement with each annual classified
map, corroborated by a Kappa index of 0.85. The overall precision of the land-use classes
was 88% (0.88), which is considered excellent (Table 2). Generally, although classifications
did not achieve 100% accuracy for all land-use classes, both in terms of producer and user
hits, the results were deemed satisfactory, as each category registered accuracies above 60%
relative to the correctly classified pixels of the total samples collected for each use. Table 3
presents the temporal shifts in land use from 2000 to 2016. The data indicate an increase in
the classes of urban area, pasture, water, and sugarcane, juxtaposed with a decline in the
mangrove and rainforest regions.

Table 2. Confusion matrix, producer, and user accuracy for MapBiomas.

Classes Water Urban Area Rainforest Pasture Mangrove Sugarcane Total User Accuracy

Water 15 0 0 0 0 0 15 1.00
Urban area 0 15 0 0 0 0 15 1.00
Rainforest 0 0 27 2 0 1 30 0.90

Pasture 0 0 0 28 0 2 30 0.93
Mangrove 1 1 1 3 24 0 30 0.80
Sugarcane 0 2 0 7 0 41 50 0.82

Total 16 18 28 40 24 44 170 −
Producer accuracy 0.94 0.83 0.96 0.70 1.00 0.93 − 0.88

Table 3. Land-use classes in the basin from 2000 to 2016.

Classes
Dense Vegetation Mangrove Pasture Sugar Cane Urban Area Water

(km2) (km2) (km2) (km2) (km2) (km2)

2000 212.11 3.59 34.50 323.65 4.58 1.39
2004 184.75 3.44 32.56 347.71 5.28 6.08
2007 191.87 4.32 19.22 351.58 6.15 6.68
2010 204.47 3.15 38.70 320.35 7.23 5.92
2013 187.62 2.81 81.67 294.57 7.99 5.16
2016 160.59 2.69 44.84 360.95 8.45 2.30

Variation (%) −24.29 −25.07 29.97 11.52 84.50 65.47

The statistical analysis of forest fragmentation was conducted using diversity metrics
such as the Shannon–Weaver index (1.041), Simpson index (0.535), and Pielou index (0.528).
These metrics reveal various facets of species richness and evenness in the forest cover
within the Pirapama River basin, thereby illuminating the ecosystem’s complex biodiversity.
Figure 4 delineates the temporal evolution of forest cover from 2000 to 2016. It depicts
(a) the initial state of forest cover, (b) the status as of 2016, (c) areas of land use and land
cover (LULC) change between 2000 and 2016, and (d) the spatial distribution of the Forest
Fragmentation Index across the Pirapama River basin.

Notably, there is a discernible decline in the area covered by forest within the basin
during the study period, as shown in Figure 4a,b. This loss of forest cover has consequential
impacts on hydrological processes, such as reducing rainfall interception, increasing surface
runoff, and diminishing aquifer recharge rates. Additionally, the absence of vegetation
exacerbates soil erosion and degradation, adversely affecting the quality and availability of
water resources.

Figure 4c discloses that a substantial portion of the basin underwent changes in LULC
over the analyzed period. Intriguingly, the eastern part of the basin has largely retained its
original configuration, while the remaining areas have experienced transformations. These
findings are consistent with Figure 4d, which displays the calculated Forest Fragmentation
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Index for the study area, with values ranging from 1 to 8. It is important to emphasize that
categories 6 and 8 registered the largest extent of fragmentation.
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3.2. Trends in LULC Evolution

Figure 5 depicts the LULC trends in the Pirapama River basin for the years under
scrutiny. The findings reveal both increasing and decreasing trends in LULC during the
examined period. The associated statistical significances based on non-parametric tests are
presented in Table 4. For all land-use classes, the Mann–Kendall test p-values demonstrated
a 5% level of significance. Consequently, the null hypothesis of no trend was rejected,
identifying a decreasing trend. Thus, the time series of the analyzed land-use classes cannot
be considered stationary.

Significant downward trends were observed in the mangrove and rainforest classes,
indicating a notable loss of vegetation cover over the years examined. Conversely, the
urban area and water classes exhibited a statistically significant (p-value < 0.05) upward
trend. Overall, the basin experienced a net loss of natural vegetation over the examined
period, corroborated by [51]. Other classes, including sugarcane, pasture, and water, did
not exhibit statistically significant trends in either increase or decrease. The breakpoint
years indicated by the Pettitt test for the mangrove and urban area classes were 2009 and
2008, respectively.

3.3. Analysis of Streamflow for Different LULC Scenarios

Streamflow simulations were conducted for the six soil cover scenarios previously
described. Figure 6a,b present the simulated streamflow results for various land uses,
including the calibrated period (baseline), as well as the mean monthly precipitation. In
Figure 6a,b, it is evident that the simulated streamflow for all analyzed land use scenarios
in the Pirapama River basin displays a rapid temporal response to regional rainfall events,
with a slight decrease in streamflow for the 2000 and 2013 scenarios, particularly between
the months of January and May. Scenarios corresponding to 2004, 2007, 2010, and 2016
exhibited estimates more akin to the baseline. These results indicate a minimal alteration in
the variability of simulated streamflows among the different scenarios, except for estimates
obtained for the years 2000, 2013, and 2016, which were markedly discrepant. Concerning
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land use during these periods, there was solely a decline in dense and low vegetation in
2016, relative to other years, accompanied by an increase in sugarcane and urban areas
(Table 5).
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Table 4. Results of MK, Pettitt, and Sen tests for land use and land cover series.

Land Use
and Cover

Mann–Kendall Pettitt Sen’s Slope
(α = 95%)z p-Value S Tau U p-Value Year of Change

Rainforest −0.765 4.40 × 10−1 −18 −0.15 25 8.45 × 10−1 2011 −132.47
Pasture 0.495 6.20 × 10−1 12 0.1 55 6.79 × 10−1 2014 55.16

Mangrove −2.927 0.00 −66 −0.55 63 8.41 × 10−3 2009 −6.54
Sugarcane 0 1.00 0 0 35 3.70 × 10−1 2007 −2.87
Urban area 5.357 0.00 120 1 64 7.06 × 10−3 2008 28.59

Water 0.451 6.50 × 10−1 11 0.092 35 3.70 × 10−1 2003 2.16

In summary, the variations observed in the simulated streamflows across the examined
scenarios indicate a modest trend of increasing streamflows. This suggests that land use
and land cover alterations within the basin have been sufficiently substantial to directly
impact streamflow dynamics, as corroborated by the data presented in Table 5.
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Table 5. Estimates of hydrological balance variables and sediment yield for estimated scenarios and
the baseline.

LULC ET (mm) SURFQ (mm) GWQ (mm) SYLD (ton/ha)

Land use 2000 679.10 381.23 639.79 12.00
Land use 2004 688.40 387.58 626.03 9.63
Land use 2007 689.80 386.94 625.00 8.90
Land use 2010 688.80 377.40 631.82 10.10
Land use 2013 686.40 376.57 633.41 20.42
Land use 2016 689.10 398.87 611.20 4.83

Baseline 670.7 340.6 681.47 6.47

3.4. Hydrological Balance Analysis for Different LULC Scenarios

The results presented herein take into account variables such as surface runoff (SURF),
deep aquifer percolation (GW), actual evapotranspiration (ET), and sediment yield (SYLD).
The analysis suggests that variations in land use across the examined scenarios are not
markedly distinct; consequently, the hydrological balance estimations exhibit minor differ-
ences in surface runoff, percolation, and especially in evapotranspiration from one scenario
to another (Figure 7 and Table 5).

Comparing these land use outcomes with the baseline data from 2007 reveals minor
percentage differences despite more significant variations in dense and sparse vegetation
between the baseline and other land use plans. The percentage differences demonstrate
that land uses from 2000 to 2016 manifest higher values of evapotranspiration and surface
runoff relative to the baseline and lower values of percolation, with differences reaching up
to −10.31%.
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Figure 7. Annual average of the water balance in the Pirapama River basin and the percentage
difference in relation to different land uses and the baseline.

With respect to the surface runoff estimates for each sub-basin in the real scenarios
analyzed (Figure 8), a consistent pattern emerges across the scenarios for both higher and
lower estimates. However, specific variations within each sub-basin in individual scenarios
are evident, with elevated runoff rates observed in sub-basins 1, 6, 7, 10, 13, 15, 18, 21, 23, 26,
and 29, where estimates range from 558 to 667 mm. The highest rates of sub-basin runoff
were found in the 2004, 2007, and 2010 scenarios, aligning with the observed flow patterns.
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Through these analyses, it is understood that the changes in land use within the real
scenarios studied did not directly and perceptibly influence the hydrology of the basin
for this region. However, it is known that abrupt and significant changes in land use and
occupation within basin areas can compromise the hydrologic dynamics of these regions.
The authors of [52] worked with hypothetical land-use scenarios (S = Scenarios), converting
forest to pasture (20%–S1 and 50%–S2, respectively) and pasture to forest (20%–S3 and
50%–S4, respectively). They observed increases in total runoff, peak flow, and decreases in
baseflow and evapotranspiration for scenarios S1 and S2 and the opposite for reforestation
scenarios (S3 and S4). Consequently, they suggested that significant changes in land use
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can generate both positive impacts, such as reduced surface runoff and increased baseflow,
and negative impacts, such as increased soil erosion and flood risks. According to [53],
accelerated changes in land use can have consequences for regional hydrology and the
hydroelectric potential of power plants. In this context, the authors evaluated four scenarios
of land use and cover change in the Tocantins–Araguaia River basin (TAW), focusing on the
Tucuruí Hydroelectric Plant (THP) downstream of the TAW. They found that forested areas
were replaced by pastures, followed by sugarcane, then reforestation vegetation, and finally,
by regenerated forest. The results indicated a decrease in the annual evapotranspiration
rate and an increase in surface runoff and flow, but without an increase in energy produced
at the THP due to the turbines’ lag in converting excess water into energy, resulting in
energy production losses.

Thus, it is understood that the hydrologic cycle is closely linked to land use and
occupation, so accelerated changes in land cover have been considered one of the most in-
fluential factors affecting the availability of freshwater [54]. The global scientific community
has overwhelmingly demonstrated that changes in land use can interfere with the dynamics
of the water balance, causing both positive and negative impacts on society [55–60].

Regarding sediment yield, the simulations indicated greater variations, resulting in
higher percentage differences, especially for CR2013 (215.61%), which had the largest differ-
ence compared to the baseline among the scenarios (Figure 9 and Table 5). When compared
with the variability of land uses, a behavior more aligned with low-lying vegetation was
observed, indicating that as this class varies across the scenarios, so does sediment yield
(Figure 9). This may be attributed to the influence that the class labeled “pasture” (PAST) in
the SWAT model, designated as low-lying vegetation in this research, has on sediment yield
behavior and how alterations to this use over the years affect the dynamics of this estimate.
According to research [61] in the Cobres River basin, located in the semi-arid region of
Portugal, the authors found that Scenario 2 (pasture) produced the highest sedimentation
rate among the scenarios, whereas Scenario 3 (forest) presented the lowest average value.
The authors concluded that land-use types interfere with hydro-sedimentological processes
and, consequently, with flow regimes and sediment yield in watersheds, particularly those
where flow is ephemeral.
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The spatial distribution of sediment yield estimates by sub-basins generally indicates
areas in the western part of the basin as having higher sediment yield rates, ranging
between 18 and 59 ton/ha in the scenarios from 2000 to 2013 (Figure 10). Most of these
areas are characterized by elevated topography, a factor contributing to the increased rates.
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Furthermore, these areas predominantly consist of Acrisols soils, which are more prone to
erosion. The 2016 scenario exhibited lower sediment yield rates (0–18 ton/ha), possibly
influenced by a greater prevalence of dense vegetation and sugarcane and less pasture
compared to other scenarios.
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In sub-basins 15, 16, 19, and 22, where the Pirapama reservoir is located, elevated
sediment yield rates are particularly observed from 2004 onward, especially for the 2010
and 2013 scenarios (Figure 10). According to [62], these areas possess physical and geomor-
phological features predisposed to erosion that could affect the reservoir’s water volume
when eroded material accumulates at the lake bed.

Elaborating further on the subject of land use, many of these areas have a higher
prevalence of sugarcane and low-lying vegetation—factors that exacerbate erosion. In the
case of sugarcane cultivation, present across much of the basin, soil erosion and sediment
transport to lower areas of the basin are more likely to occur during periods of harvest when
the soil is exposed. However, when sugarcane cultivation is combined with mulch (residue
from the crop itself), soil and water losses are minimized [63]. In this practice, mowed grass
(dry grass, straw, and crop residue) and plant remnants are maintained on the soil surface
between the planted rows. This assists in protecting the soil from rain impact, maintaining
soil moisture, controlling soil temperature, preserving beneficial microorganisms, and
promoting water infiltration while also reducing runoff speed, thereby diminishing erosion
losses [64]. According to [65], the absence of forest-type vegetation results in increased
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sediment yield as precipitation intensifies, whereas the presence of such vegetation reduces
the quantity of sediment produced under the same precipitation conditions.

Ref. [66] determined in their study of a watershed within the Caatinga biome in the
state of Paraíba that the most substantial land use change occurred following the removal
of natural vegetation for the utilization of areas of exposed soil, typified by livestock
farming in the region and other activities. This shift significantly impacted the hydro-
sedimentological process estimates, revealing a substantial increase in surface runoff (137%)
and sediment yield (290%) across the various scenarios employed. However, it is crucial
to emphasize that other variables—such as rainfall distribution throughout the year, soil
depth, and terrain slope—are also integral to the analysis of land use and cover changes
and their impact on hydro-sedimentological dynamics.

4. Discussion
4.1. Limitations, Advantages, and Applications of the Study

Long-term hydrological response simulations in basins are often conducted under the
assumption of static LULC conditions. However, this assumption is not a realistic repre-
sentation, particularly in basins subject to frequent anthropogenic alterations, such as the
Pirapama basin, which has experienced significant shifts in LULC. This research analyzed
both LULC trends and hydrological balance component behavior using the SWAT model,
providing a more realistic simulation of the Pirapama River basin’s hydrology. A notable
advantage of this study over prior LULC change investigations is the incorporation of
dynamic LULC input under various scenarios into the SWAT model. This approach enabled
efficient modeling that captured the temporal continuity of hydrological processes affected
by historical LULC changes. Therefore, the methodology adopted herein facilitates a robust
and accurate hydrological assessment, contributing significantly to our understanding of
how LULC changes impact key hydrological balance components.

The uncertainties in the SWAT model were based on the sensitivity analysis of the
most sensitive parameters. This sensitivity analysis revealed that parameters related to the
LULC Soil Conservation Service Curve Number method (CN2) [67] and the Universal Soil
Loss Equation C-factor (USLE C-factor) [68] were the main factors influencing the mod-
eling. These parameters are crucial in assessing soil erosion susceptibility across various
land use categories. The USLE C-factor, reflecting land cover and management practices,
significantly impacts soil erosion rates. Meanwhile, CN2 is vital for understanding the
erosive potential associated with specific land uses. Analyzing the interplay between the
USLE C-factor and CN2 in different land use categories offers insights into soil stability
dynamics. Researchers utilize these factors to develop targeted strategies for sustainable
land management [69]. In this study, the assigned C factor values for each LULC were
rainforest (0.0002), pasture (0.0019), mangrove (0.0010), sugarcane (0.1), and urban area (0.2).
These values have been recommended in various studies for hydrologically homogeneous
basins in the same biome [70–72].

The results of this study indicated that CN values significantly affected the estimated
streamflow and sediment production. CN2 emerges as one of the most sensitive parameters
in determining the ratio of precipitation transformation into runoff. Several studies have
consistently demonstrated that higher CN2 values correlate with increased runoff and peak
flow in hydrological systems [73,74].

The model’s performance was evaluated based on the overall hydrological behavior of
the basin across all four flow measurement stations. Despite the limitations, the simulation
results provided valuable insights into the effects of dynamic LULC input on the hydro-
logical responses of this basin. However, it is important to note that the unsatisfactory
performance in simulating streamflow and sediment yield can be partly attributed to the
model’s inability to accurately capture peak load events under high-flow conditions in
similar basins, as reported in other studies [75]. Research conducted by [26] in the Pira-
pama River basin (from 1990 to 2001) has ascertained that erosive processes in the basin
are influenced not merely by regional rainfall but also by factors such as slope, surface
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roughness, soil types, and land uses. Specifically, areas with steeper slopes contribute more
significantly to erosive processes compared to those with flatter terrains.

As anticipated, the results indicate an increase in streamflow and sediment yield
associated with landscape modifications, specifically the reduction in forested areas and
the expansion of agricultural lands. Despite incorporating dynamic LULC input, this
study exhibits specific limitations encountered during the validation of streamflow and
sediment yield. The uncertainty in observed data may have contributed to a slightly inferior
model performance.

The SWAT model with dynamic LULC can be applied to various agricultural water-
sheds, both small and large scale, for more precise assessment and management of water
quality and quantity. The current approach enables the study of the impacts of historical
LULC changes on streamflow and sediment yield processes. The simulation results can be
employed to inform the development of watershed management practices and the formu-
lation of policies aimed at the sustainable management of watersheds and agriculture.

4.2. Impacts of LULC Changes on Sediment Yield

With regard to sediment yield, it was observed that sub-basins with lower soil erosion
rates are located upstream within the watershed. Conversely, higher sediment yields are
predominantly found in the central upstream portions of the basin. Elevated levels in these
regions are associated with land use, slope, and specific soil types, namely Argissols and
Entisols. Predominant pasture usage, moderate slopes, and these soil types contribute to
higher sediment yields. According to Serrão et al. [11], pastures, in comparison to forests,
have a smaller leaf area index, shallower root zone, and elevated surface temperatures.
These factors lead to reduced evapotranspiration and infiltration, thereby increasing surface
runoff. Through the application of the SWAT model, Baker and Miller [76] demonstrated
that changes in LULC in Kenya’s Rift Valley resulted in a simultaneous increase in surface
runoff, sediment yield, and a reduction in groundwater recharge.

Changes in land use and occupancy, resulting from human activities such as defor-
estation, reforestation, and urbanization, have a significant influence on the hydrological
behavior of a watershed, particularly affecting surface runoff and erosive processes [77].
Forested areas, especially in tropical regions, play a critical role in attenuating peak stream-
flows during rainy seasons due to their low runoff coefficients and high rates of evapotran-
spiration [78]. In a study conducted by [79], it was noted that alterations in land use have
a modulating effect on the hydrological cycle. Specifically, the increase in deforestation
activities directly impacts both mean and peak streamflows.

Changes in land use have garnered increasing attention due to their potential envi-
ronmental consequences, notably variations in sediment yield. These shifts directly affect
the quality of water resources and have negative impacts on aquatic biodiversity and the
overall health of aquatic ecosystems. Furthermore, elevated sediment production can
lead to the siltation of rivers and lakes, impairing navigation and water infrastructure. To
mitigate these effects, sustainable soil management practices, such as riparian vegetation
conservation and conservation agriculture, are imperative. It is crucial to acknowledge
the importance of interdisciplinary approaches to understand and address the complex
interactions between land use and its environmental ramifications.

The results demonstrated that changes in LULC, when modeled using the SWAT,
exhibited notable stability in flow and sediment yield variations. This suggests that factors
such as geology and climate significantly influence the system’s response, thereby miti-
gating the impact of land use changes. This phenomenon underscores the complexity of
interactions within the hydrological cycle.

Recent research, such as those conducted by [80], suggests that geological, climatic,
and hydrogeological factors can potentially overshadow the effects of changes in land use.
In regions with resilient soils or dominant climatic conditions, alterations in agricultural
practices may exert a relatively minor impact on hydrological responses. Additionally,
soil characteristics, such as texture and structure, also play a pivotal role in modulating
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changes in streamflow and soil erosion [81]. This observation underscores the importance
of considering the intricate interplay between natural and anthropogenic factors in hy-
drological modeling studies. Under certain circumstances, soil conservation policies and
agricultural practices may not yield the desired impact on erosion mitigation and flow
regulation. Therefore, an integrated approach that accounts for multiple environmental
factors is crucial for guiding effective decision-making in watershed management.

The introduction of dynamic LULC data enhanced the fidelity of the hydrological
model, as it accounted for the temporal changes in LULC, thereby reflecting the complex
hydro-sedimentological processes more accurately. The dynamic approach proved essential
in capturing seasonal and annual variations, providing more precise insights into the
hydrological behavior of the basin. Furthermore, it should be emphasized that the results
obtained in this study highlight the importance of continually integrating dynamic LULC
data to advance our understanding and efficient prediction of hydrological phenomena.

5. Conclusions

This study examined the influence of land use and occupancy trends on the hydro-
logical balance and sediment yield within the Pirapama River basin. Overall, the accuracy
analysis of the MapBiomas maps indicated high precision in classifications, exhibiting
satisfactory and excellent percentages concerning producer accuracy, user accuracy, overall
accuracy, and the Kappa index.

Trends in land use and occupancy showed that classes such as urban areas, pasture,
water, and sugarcane have increased, whereas mangrove and rainforest areas have experi-
enced a decline. These land use alterations have substantially impacted the hydrological
balance in a wetland basin of the Atlantic Forest biome in Brazil.

With respect to the flow analysis for various scenarios, the results displayed minimal
variation across simulations. This suggests that the examined land-use changes were
insufficient to represent a discernable trend in either increased or decreased flow rates.
Similarly, minimal variation was observed in the hydrological balance variables from one
scenario to another, particularly for estimated values of surface runoff, percolation, and,
most notably, evapotranspiration.

In the sub-basin surface runoff analysis, results exhibited more substantial variations
in estimated rates but demonstrated similar behaviors across sub-basins from one scenario
to another. Therefore, it was concluded that the observed changes in land use within
the analyzed real-world scenarios did not directly and perceptibly influence the basin’s
hydrology for this region. However, the results concerning sediment yield estimates
showed more significant variations between scenarios and among sub-basins, suggesting
a possible influence of land use changes on the sedimentological dynamics of the basin,
especially when compared to the variability of groundcover vegetation.
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