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Abstract: The main objective of this study was to investigate the relationships between land use
and future scenarios of land changes on water runoff and groundwater storage in an Environmental
Protection Area (EPAs) watershed. The methodology was based on the application of the Soil and
Water Assessment Tool (SWAT) hydrological modelling to investigate flow simulations in current land
use and in two future scenarios (forest and pasture). The performance of goodness-of-fit indicators in
the calibration (NSE = 0.82, R2 = 0.85, PBIAS = 11.9% and RSR = 0.42) and validation (NSE = 0.70,
R2 = 0.72, PBIAS = −4% and RSR = 0.55) was classified as good and very good, respectively. The
model accurately reproduced the inter-annual distribution of rainfall. The spatial distribution of
average annual surface flow, lateral flow, and groundwater flow were different between sub-basins.
The future scenario on land use change to forest (FRSE) and pasture (PAST) differed during the year,
with greater changes on rainy and dry seasons. FRSE increase of 64.5% in area led to decreased surface
runoff, total runoff, and soil water; and increased lateral flow, groundwater, and evapotranspiration.
The effect of the natural vegetation cover on soil moisture content is still unclear. The hydrological
model indicated the main areas of optimal spatial water flow. Considering economic values, those
areas should encourage the development of government policies based on incentive platforms that
can improve environmental soil and water sustainability by establishing payment for environmental
services (PES).

Keywords: flow; water discharge; land use; land change; SWAT model

1. Introduction

The extent of land use land changes (LULC) in tropical headwater catchment can
result in the deterioration of many natural materials as a result of a human actions that
directly affect the water and soil resources. Therefore, the increasing demand for produc-
tion lands modify the water cycle and soil properties, which causes intense environmental
degradation [1–4]. Understanding the LULC impacts by using future projections of sce-
narios from natural vegetation cover and the human alteration of landscapes is a major
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concern for the development of socioeconomic functions and sustainability [5–11]. Each
land use production unit varies in its effect on environmental attributes [12], and impact
the hydrologic cycle, affecting people’s living.

Population growth and needs have been subjected to most environmental changes in
studies over the last century to detect the critical processes that drive most changes. During
the last few decades there has been an increase in world population and LULC impact on
soil and water resources [6,9,11,12], and a better improved land organization is important
to better distinguish the watershed factors of the ecosystem balance. Understanding the
potential impacts on water and soil resources is challenging and enables consideration of
the aspects on how LULC varies in space and time to apply better management practices.

Landscape properties interact with global climate change [6–9,13] and other land
use policy issues [14], so, to apply hypothetical scenarios of methodology in watershed
environment is important for several reasons. Research into forecasters of land use interests
can inform policy and contribute to the development of economic decisions to prepare for
landowners’ agricultural and livestock demand. Furthermore, understanding the nature of
assessing potential impacts of the land use changes scientifically explains the alterations
in a watershed hydrology and river discharge [2,4,8,9], which may permit the private
landowners’ decisions to allocate economic land uses to increase water storage in spring
catchment areas. The retention capabilities of soil systems were analyzed by [11]; urban
areas contribute to decreased water capacity in catchments and causes the high percentage
of natural land use in the upper part of the catchment to increase.

The land-use catchment hydrology effects have great local and temporal variability.
The dominant vegetation type in deforested areas results in great difference in scale between
the clime information resulting from the resolution of hydrological downscaling of dynamic
and statistical models that use regional atmospheric data. For global models to reproduce,
hydrological change needs to use large-sized grids (low spatial resolution). However, for
impact, vulnerability, adaptation, and resilience studies, greater detail is necessary as these
studies are generally local in specific watersheds [6–11,13].

Assessing the potential impact of eventual land-use changes of the analyzed area on a
spatially distributed assessment criteria permit identification variables and quantify them to
compare and estimate LULC on a watershed scale. The study of the main impacts provides
relative importance to farm land-use policies. A quantitative investigation explores the
effect of two land uses: Pasture and natural forest on the water resource management
of a tropical catchment. Hypothetical simulation of land use scenarios have attracted
interest [2,6–11] and investigations of the hydrological regime on climate change and
urbanization scenarios based on the coupling of a stochastic weather generator with a land
use change model in a basin-scale; water balance components will show the main changes
of the scenarios evaluated [13,15–17].

The generated future scenarios were successively used to force a physically based
and spatially distributed hydrological model to reconstruct the basin response under dif-
ferent conditions. The authors of [11,18] showed that urban expansion around protected
areas will continue to be a major threat. On the other hand, the increases in ecological
areas and crop/pasture lands in protected areas can limit the potential recovery of natural
vegetation [19]. By modeling the land uses and water in river basins, it is possible to
analyze and predict the effect of the LULC on natural resources. The authors of [20–22]
installed a monitoring system in a small agricultural and forested catchment in an intensive
livestock production area to obtain new information on the effect of livestock production
systems on water cycles. In this way, it is possible to monitor the water dynamics and
from there, estimate, with mathematical models, the causes that interfere in the envi-
ronment, to understand the water cycle in the basin system to apply the best forms of
management [23,24].

SWAT (Soil and Water Assessment Tool) is a semi-distributed, comprehensive river
basin model [25]. This is a tool that assists the surface modeling of watersheds that aims to
predict the impact of soil management on water resources [26]. The SWAT tool also infers
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several scenarios with different types of management and conservation practices, quickly
and with low cost. The uncertainty, calibration, and parameter sensitivity analysis is used
to provide statistics for goodness-of-fit and to obtain a better understanding of the overall
hydrologic processes [25]. After a long period of change of land use from forest to pasture,
the storm flow increased 17 times, while surface flow doubled in pastured areas, associated
with the storm flow [27,28].

The farmers in these units must be conscious that the water requirements of the
growing population are essential and it is necessary to acquire parcels of the terrain in the
upper lands where preservation of vegetation is imperative [17,28]. Therefore, threatened
springs, streams, and rivers should be identified and protected so that the population and
agriculture can have enough water of better quality. Thus, the identification of areas of
hydrological ecosystem services on units for protection is essential for the conservation of
natural resources [14,29–32].

The main objective of this research was to analyze an environmental modeling system
for some phases of watershed hydrology on land use future scenarios in the Environ-
mental Protection Areas (EPAs), from Portuguese: ‘Áreas de Proteção Ambiental (APA)’
of the Uberaba River basin using the SWAT model to guarantee the improvement, soil
management, and the conservation of the natural resources of this ecosystem.

2. Material and Methods
2.1. Study Area

The experimental area is the EPA of the Uberaba River located in Minas Gerais state,
Brazil, between longitudes 47◦45′ W and 48◦00′ W and latitudes 19◦35′ S to 19◦45′ S
(Figure 1). Altitudes varying from 700 m to 1050 m, the basin area covers 525 km2, around
30% of the Uberaba River basin. The Uberaba River flows into Grande River and this into
Paraná River.

The EPAs are protected areas defined by the Brazilian Government, regulated by Law
9985, 18 July 2000 [33], that establishes the National System of wildlife protected areas
management (SNUC, in Portuguese) aimed to conserve Units of Conservation (UC) to
protect the biodiversity and genetic resources within the national territory and waters
under the Brazilian jurisdiction. The creation of EPAs has been encouraged as the most
effective way to conserve forest remnants [34,35], and especially water recharge areas.
Therefore, it is linked to the use of natural resources and, at the same time, to improve the
connection of human beings with nature [36].

Figure 1. Experimental area of the EPA of the Uberaba River. Map Source: [37].
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The area was established as an EPA due to its environmental importance in the region.
The area represents the upper portion of the Uberaba River basin that supplies water to
Uberaba City, Uberaba Municipality, Minas Gerais state, Brazil. The upper spring supply is
a provision of water direct from drainage net to a number of consumers, and is also a source
of groundwater to large supplies that are managed by water companies and serve entire
communities. According to the Brazilian Institute of Geography and Statistics [37,38] the
estimated population of Uberaba City in 2019 was 333,783 people. The area is subdivided
into 17 sub-basins and has a drainage net with approximately 454 first-order watercourses,
and according to the ‘Mineiro’ Water Management Institute [39], the water is classified as
class 2, favoring the use of these waters for public supply, in addition to other uses.

The climate of the region is classified as a semi-dry tropical type, with dry season
during April to September and a rainy season from October to March, representing six
months of drought [40]. Its average annual precipitation was 1659.3 mm in the period from
1979 to 2013, according to data from ‘Instituto Nacional de Meteorologia do Ministério da
Agricultura, Pecuária e Abastecimento’ [41]. The greatest precipitation usually occurs from
December to March with values ranging between 253.8 mm and 316.4 mm in March and
January, respectively [42,43]. The average minimum and maximum monthly temperature
for the same period (from 1979 to 2013) were 17.7 ◦C and 28.7 ◦C, respectively (Figure 2).

Figure 2. Average monthly precipitation and average minimum and maximum monthly temperature
between 1979–2013 at the EPA of the Uberaba River.

The geology (A), soil (B), geomorphology (C), and land use (D) of the EPA at the
Uberaba River basin are presented on Figure 3.

The geology is mainly in the northeast portion of the Paraná Sedimentary basin, under
the geological features of the Central Plateau, formed by the Uberaba formation (k2bub),
Marília formation (k2bm), and Serra Geral formation (k1 delta sg) (Figure 3A), [44–46].
The soil is formed by organic and inorganic compounds, formed by horizons and change
according to climatic influences in a pedological differentiation concerning the source
material and the pedogenetic processes [46–50]. The soils were identified in three types,
as can be seen in Figure 3B: Red Latosol (Oxisols), Red Yellow Latosol, and Red Yellow
Argisol [48]. The geomorphology of the EPA of the Uberaba River basin is characterized
by four compartments, which are identified by the tops of the Pediplano, the headwaters,
smooth–wavy surface with the convex top, and wavy surface with the sharp top [44–50]
(Figure 3C), occupying 11.13%, 6.56%, 66.68%, and 15.63% of the area, respectively. The
main land use of land cover are: agriculture, forestry (eucalyptus), natural landscape (native
forest), mining, and urban areas (Figure 3D). Pasture for livestock is predominant, [51,52],
and since the 1990s this activity has lost areas to agriculture, which has been gradually
advancing in the region. The term agriculture was used for land cover type, “crops”, and
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meant for cultivation or growing of certain vegetable species to produce food and energy,
such as food crops (maize, rice), cash crops (sugarcane, cotton, oilseeds), plantation crops
(coffee and rubber) and horticulture crops (fruits and vegetables).

Figure 3. Geology (A), soil (B), geomorphology (C), and land use (D) at the EPA of Uberaba River. Source (A): The author,
adapted from [44].

2.2. SWAT Model Data

The ArcSWAT model is an ArcGIS interface tool for soil and water assessment that is a
physically-based continues-event hydrologic model developed by the USDA Agricultural
Research Service (ARS) [53]. The setup working directory and geodatabases were created
to store the parameters needed for SWAT model run. The EPA watershed and sub basins
delineation was performed using the Digital Elevation Model (DEM) by Embrapa Relevo
Project [54], interpolated to 20 m of spatial resolution converted to SIRGAS 2000, and the
slope of the terrain were reclassified into four classes as flat (0–3%), smooth–wavy (3–8%),
undulating (8–20%), and mountainous (20–45%) according to [48,49].

The stream definition function was made in the entire area by a watershed delineator
method based in a discretization of the Basin areas into smaller increments, such as sub-
basins [55–57]. The number of sub-basins created was 30, and each one possesses a
geographic position in the watershed and is spatially related to one another. The drainage
network, the stream juncture points, and the contours (divisors) of each sub-basin were
displayed on the map of the Basin (Figure 3). The model incorporates regression equations
to describe the relationship between the input and output variables [26].

The following soil classes are found in the basin Red Latosol, Red Yellow Latosol,
and Red Yellow Argisol (Figure 3B). The vector files of the soil classes were prepared by
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Embrapa on a scale of 1:250,000 and acquired from the IBGE database. The data of the
tropical soil parameters were inserted into the SWAT database for each soil type.

The runoff volume, as SCS curve number procedure to runoff equation was an em-
pirical model involving rainfall–runoff relationships from small rural watersheds across
the U.S. [58]. The model provided a consistent basis for estimating the amounts of runoff
under varying land use and soil types [48,49,58]. The retention parameter varies spatially,
due to changes in soils, land use, management, and slope; and temporally, due to changes
in soil water content.

Daily and monthly climatic data on precipitation, air temperature, relative humidity,
wind speed, and solar radiation were obtained from the World Climate Data (USGS). The
data were sampled by two automatic meteorological stations of the National Institute of
Meteorology—INMET, located in the mesoregion of the Triângulo Mineiro—MG state,
Brazil: Conceição das Alagoas meteorological station (A520), at an altitude of 573 m, and
the Uberaba weather station (A568), at an altitude of 778 m. To calculate the evapotranspi-
ration, the Penman–Monteith equation was used with monthly climatic data between 1979
and 2013.

The climatic data were precipitation (mm), minimum and maximum air temperature
(◦C), relative humidity (%), wind speed (ms−1), and solar radiation (MJ/m2 day). To
analyze the climate data on the coefficient of variation, the Coefficient of Variation Classifi-
cation methodology [59], described by Technical Norm No. 171 of November 1989, of the
Institute for Forest Research and Studies (IPEF), was used. The climate in EPA of Uberaba
River provides indications of the humidity and energy data that control water balance
and determine the relative importance of the components of hydrological cycles [26]. To
calculate the runoff, the SWAT uses a modified Soil Conservation Service Curve Number
(SCS CN) methodology. The SCS CN is a function of the soil permeability, land use, and
antecedent soil water conditions and is calculated by the cover, hydrologic soil group, land
use, treatment or practice, and hydrologic condition A, B, C, and D [38].

The land use map was made by The Brazilian Annual Land Use and Land Cover
Mapping Project (MapBiomas), from Brazilian 1985-2020 database, located at https://
mapbiomas.org/en/project, accessed on 14 February 2020. Land use data were determined
considering the coverage of the predominant rural area and the coverage of the urban area,
considering the land uses described on [60,61], described in Table 1, and Figure 3D.

Table 1. Land use land cover at the EPA of the Uberaba River.

Symbol—Soil Use Concept

AGRL—Agriculture Both perennial and annual agriculture were considered in this class.

URMD—Urban The region presents the expansion of the urban network, but this is still concentrated close to
the water executory of the EPA of Uberaba River.

FRST—Natural Landscape The term “FRST” was designed to natural native forest and permanent preservation areas.
UIDU—Mining Mining activity is basalt mining.
PAST—Pasture Land use predominant at the EPA of Uberaba River.

EUCA—Silviculture and/or
exposed soil

The term “EUCA”was designed for forest farming in a woodland as Pine and Eucalyptus.
Less predominant land use at the EPA of Uberaba River

To model purposes [60–66], the SWAT model divided the watershed into a sub-basin
and, in turn, into the hydrologic response units (HRUs) [26]. Each HRU was a homogeneous
unit that comprised the unique land cover, soil, and slope attributes.

The SWAT quantified the relative impacts of vegetation, soil, management, and climate
change within each HRU. The output of the hydrological model (e.g., runoff, sediments,
and nutrients) was calculated in each HRU and then summed to another HRU of the
same sub-basin to compute the total loading from the sub-basin. The SWAT model was
executed on a monthly basis with a warm-up period of 3 years (from 1979 to 1981) with
the aim of (i) helping to minimize the model values for the initial hydrological condi-

https://mapbiomas.org/en/project
https://mapbiomas.org/en/project
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tions, and (ii) ensuring the establishment of basic flow conditions and hydrologic process
equilibriums [24].

All LULC parameters were obtained from the SWAT database, excepted the BLAI
(maximum leaf area index), GSi (canopy stomatal conductance), and OV_N (Manning
coefficient for the soil surface) of the vegetation covers. These parameters were changed to
better represent the tropical conditions (Table 2).

Table 2. Modified vegetation parameters as Maximum leaf area index (BLAI), Canopy stomatal conductance (GSi) and
Manning’s “n” for the surface (OV_N) from the SWAT model’s database.

Vegetation Cover BLAI (Maximum Leaf
Area Index) (m2·m−2)

GSi (Canopy Stomatal
Conductance) (m·s−1)

OV_N (Manning’s “n” for
the Surface) (s·m−1/3)

Native vegetation
(Atlantic Forest) 7.5 [60] 0.033 [61] 0.3 [62]

Eucalyptus 4.0 [60] 0.01 [60] 0.17 [62]
Pasture 3.0 [63] 0.01 [64] 0.23 [65]

Agriculture 7.0 [63] 0.0095 [66] 0.14 [62]

The hydrological cycle is based on water balance equations [62,66] and the results
provide, in addition to the physical description of the compartments, the total runoff value
of the EPA of the Uberaba River sub-basins. When the rains fall, the drops are intercepted
according to the morphometric characteristics of the vegetation cover. The redistribution
component of the SWAT model uses a rainwater tracking technique to predict the flow of
water entering the system on the hydrological cycle processes.

2.3. Model Calibration and Uncertainty Analysis
2.3.1. Calibration and Validation of Streamflow Data

For the calibration and validation of the SWAT model, we used streamflow data of the
website of the National Water Agency [67], from the Uberaba fluviometric station, identified
by code 61794000 corresponding to the point flow, under the coordinates 19◦43′48′′ S and
47◦58′48′′ W. This hydrometric station was located approximately 4.8 km from the mouth
of the Uberaba River and was used for the calibration and validation of the SWAT model
from 1982 to 1987 and 2006 to 2010, respectively. The discharge was calibrated at a monthly
time step rather than a daily time step because, despite the precipitation being available
at the daily scale, the observed streamflow had daily data with gaps but is complete and
reliable at the monthly scale. Despite monthly water balance models not performing as
well as daily water balance models in simulating monthly runoff, the research developed
by [68,69] showed that monthly calibration is particularly valuable for applications where
one is primarily interested in monthly, seasonal, and annual streamflow volumes, and is a
viable alternative to daily calibration when no daily streamflow data are available. Finally,
the monthly calibration has the advantage of making the calculation process faster, so it is
possible to quickly carry out a large number of simulations for parameter sensitivity and
uncertainty analyses [69,70].

2.3.2. Parameter Selection

Model calibration was focused on optimizing seven parameters, which were identified
using the sensitivity analysis tool. This method combines Latin-Hypercube and one-factor-
at-a-time sampling. The parameters are ranked according to their sensitivities and the
first three parameters (GWQMN, EPCO, and GW_DELAY) had a significant influence on
calibration (p ≤ 0.05) (Table 3).
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Table 3. The parameters used in the calibration procedure of streamflow between 1982 and 1987, in the Uberaba River basin.
In the legend of methods, R is relative and V is the replacement value. The asterisk (*) represent the parameters statistically
significant (p ≤ 0.05).

Method and
Parameter Description Units Minimum Value Maximum Value Fitted Value

V_GWQMN.gw * Flow threshold depth of water in
shallow aquifer mm 0 5000 357.676

V_EPCO.hru * Plant uptake compensation factor – 0 1 0.022
V_GW_DELAY.gw * Groundwater delay days 0 500 258.819

V_RCHRG_DP.gw Flow deep aquifer percolation
coefficient – 0 1 0.247

R_CN2.mgt Curve number for moisture
condition II – −0.1 0.1 0.069

V_ESCO.hru Soil evaporation compensation
factor – 0 1 0.943

V_ALPHA_BF.gw Baseflow alpha factor 1/days 0 1 0.298

To calibrate the hydrological model, it was necessary to change the parameters that
govern (i) the surface water processes, including the curve number (CN), (ii) both evapo-
transpiration and soil moisture including the parameters of the soil evaporation compensa-
tion factor (ESCO) and plant uptake compensation factor (EPCO), and (iii) the parameters
that control the subsurface water processes, including the flow threshold depth of wa-
ter in a shallow aquifer (GWQMN), groundwater delay (GW_DELAY), and deep aquifer
percolation fraction (RCHRG_DP), and Baseflow alpha factor (ALPHA_BF) [55–72].

The CN2 parameter was raised during calibration, which has the effect of increasing
the amount of surface runoff generated from rainfall. The ESCO parameter remained close
to the maximum value (0.943) meaning that the predicted streamflow values became closer
to the observed streamflow when the ESCO value was at its maximum. This parameter
controlled the soil evaporative demand that was to be met from different depths of the
soil [70]. Thus, raising the ESCO value decreased the soil depth to which SWAT can
satisfy potential soil evaporative demand [69–71], thus decreasing soil evaporation and
ET and increasing total water yield, streamflow, and baseflow [71,72]. In turn, the EPCO
parameter was lowered (0.022) because the water uptake demand for plants was met by
higher layers in the soil. This way, less water was transferred from the lower layers in the
soil to atmosphere through evapotranspiration [24–28].

The shallow aquifer contributed baseflow to the main channel or reached within the
sub-basin. Baseflow was allowed to enter the reach only if the amount of water stored in
the shallow aquifer exceeded a threshold value specified by the user which was defined by
GWQMN parameter [73]. For a low value of GWQMN, SWAT produced more base flow.
The effect of this parameter on baseflow influenced the streamflow as well [72]. The low
value of GWQMN (357 mm) corresponded to high streamflow, which was in accordance
with observed streamflow values. The ALPHA BF described the rate at which groundwater
entered a stream. The approximate value of 0.3 was estimated in this study. Compared with
commonly used values, which range from 0.3 to 1 [74], the baseflow recession constant
of 0.3 was small, suggesting slow drainage and major storage in shallow aquifers. To
adjust the baseflow, it was also necessary to raise the value of GW_DELAY, i.e., increase the
time delay between water exiting the soil profile and entering the shallow aquifer (about
260 days). Indeed, this value can be considered reasonable because the soils present in
the catchment are deep and have Red-Yellow Argisol (PVA) which is characterized by
low hydraulic conductivity. Finally, for an optimal model, adjustment was necessary to
increase the deep percolation (RCHRG_DP = 0.247). The RCHRG_DP is a fraction of the
total daily re-charge that can be routed to the deep aquifer. The amount of water moving
from the shallow aquifer due to percolation into the deep aquifer was correlated to the
aquifer percolation coefficient, i.e., the amount of recharge entering both aquifers [62,73].
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2.3.3. The SUFI-2 Procedure and the Statistical Evaluation Criteria

The Sequential Uncertainty Fitting (SUFI-2) routine, which is linked to SWAT under
the platform of SWAT Calibration and Uncertainty Programs (SWAT-CUP) 2012 [75], was
used to model the calibration and estimation of both parameter and predictive uncertainty
at the EPA of the Uberaba River basin. SWAT-CUP 2012 is a standalone computer program
developed for calibration and validation of SWAT model [75] and SUFI-2 is acknowl-
edged as a powerful tool for making calibration and uncertainty analysis of the SWAT
model [75–77]. In SUFI-2, parameter uncertainty is reported using a multivariate uniform
distribution in a parameter hypercube, while the model output uncertainty is derived from
the cumulative distribution of the output variables [77,78].

The objective function selected as the calibrated parameter set was the Nash–Sutcliffe
Efficiency (NSE). It was also used as the coefficient of determination (R2) and the percent
bias (PBIAS) and standardized RMSE (RSR) to assess the model performance. The NSE is
commonly used for reflecting the overall fit of a hydrograph because it is very sensitive to
high extreme values (due to the squared differences) [24,66]. NSE values vary from −∞ to
1, with a value of 1 indicating that the simulated and observed discharge data are perfectly
matched. This way, NSE values greater than 0.5 means that the model is appropriate and
good for the simulation of maximum streamflow [79]. The goodness-of-fit indicator, R2,
describes the proportion of the variance in measured data explained by the model. R2
ranges from 0 to 1, with higher values indicating less error variance. This indicator has
been widely used for model evaluation, and values granter than 0.5 and 0.75 have been
considered satisfactory and very good performance of the model, respectively [78].

The PBIAS values indicate the deviations between the mean simulated and observed
streamflow, expressed as a percentage. The optimal value of PBIAS is 0.0, with low-
magnitude values indicating accurate model simulation. A positive value of PBIAS indi-
cates an underestimation bias while a negative value indicates an overestimation one [75,79].
The RSR is the ratio of the root mean square error (RMSE) to the standard deviation of
measured data (STDEVobs). The RSR varies from 0 to a large positive value. The optimal
value is 0 which indicates zero RMSE or residual variation and therefore perfect model
simulation [79]). In general, these goodness-of-fit indicators are considered satisfactory
whenever R2 and NS are greater than 0.5, RSR less than 0.7 and PBIAS ranges between less
than ±25% for the streamflow [79,80].

2.4. Afforestation and Pasture Scenarios

The land use scenarios were selected in order to verify the phenomena of replacement
of land occupation in natural landscapes. Anthropogenic actions contribute to the degrada-
tion of natural resources, including water resources. Originally created by Law 6902/1981,
environmental protection areas are now regulated by Law 9.985/00, the National System
of Nature Conservation Units (SNUC). The EPA can be established in areas of public or
private domain, by the Union, States, or municipalities, without the need for expropriation
of private lands. The status of the EPA is an area for protection and conservation of the
sustainable land use category as the law allows for human occupation and sustainable
production. Therefore, there was not yet an orderly human occupation of the area and the
sustainable use of its natural resources.

The activities and uses developed in these areas are subject to specific rules and the
owner must establish the conditions for research and public visitation, subject to legal
requirements and restrictions. To evaluate the hydrological response to land use changes
at the EPA of the Uberaba River basin, two scenarios were considered. Forest Scenario
supposes that all current PAST and AGRL will be changed to FRST representing a 97%
increase in FRST area over the entire catchment.

The scenarios of the land uses changed from 32.6% to 97.1%—forest or 53.3% to
97.1%—pastures, and the areas were investigated to better understand the environmental
conditions or watershed potential as the land use modifies to pasture or crops scenarios.
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Pasture Scenario supposes that all current FRSE and AGRL will be converted to PAST,
representing a 97% increase in PAST area over the entire catchment. Meanwhile, the rest of
the land covers, Residential-Medium Density (URMD), Industrial (UIDU), and Eucalyptus
(EUCA), will remain unchanged.

The scenarios were chosen due to the link between process studies of hydric balance
change and impact assessments to analyze the indication of what the future might achiev-
ably be like. At the EPA, the land uses are changed in environmental systems of watershed
from natural landscape transformed in pasture lands emphasizing the functional role of
land for economic activities.

The study will show basic assumptions to ensuring sustainable conditions and might
also trigger feedback to the system and vulnerability conditions, such as the forest man-
agement nexus in the EPA versus pasture consequences on water resources. These two
land use change scenarios (i.e., afforestation and pasture) were based on present land use
conditions and potential future land use. The percentage areas of the current land use and
the change scenarios are shown in Figure 4.

Figure 4. Land use proportions for current land use and the scenarios of forest and pasture in the
Uberaba River basin. In the forest scenario, Agricultural Land-Generic (AGRL) and Pasture (PAST)
change to Forest-Mixed (FRST), and in the pasture scenario, Agricultural Land-Generic (AGRL) and
forest-evergreen (FRSE) change to Pasture (PAST). Legend: Residential-Medium Density (URMD),
Industrial (UIDU) and Eucalyptus (EUCA).

3. Results
3.1. Calibration and Validation of the Streamflow

The streamflow was calibrated to a 5-year period (1982–1987) and validated to a 4-year
period (2006–2010), both monthly. Figure 5 shows the agreement between the observed
and the simulated streamflow for both calibration and validation periods. The visual
analysis of the simulated hydrograph reproduced the measured discharge reasonably well
and closely replicated the temporal variation, as well as the mean monthly precipitation.
Table 4 depicts the goodness-of-fit indicators for the streamflow calibration and validation
based on the NSE, R2, PBIAS, and RSR. The goodness-of-fit indicators for the streamflow
show good and very good performance of the model in both calibration and validation.
The analysis of the NSE values is 0.82 (very good) and 0.70 (good) for both calibration
and validation respectively. The R2 shows good and very good performance of the model
with values of 0.85 and 0.72 for calibration and validation, respectively [78]. The PBIAS
values indicate some deviations between the mean simulated and observed streamflow. In
calibration, it shows an underestimation of 12% of simulated streamflow, and in validation
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a slight overestimation in 4% of cases. These values mean that the performance of the
SWAT model in estimating the mean streamflow is satisfactory and very good in both
calibration and validation, respectively (Figure 5) [79]. The analysis of the RSR shows
values of 0.42 (very good) and 0.55 (good) for calibration and validation, respectively [79].

Figure 5. Comparison of observed and simulated monthly streamflow during (a) the calibration
(between 1982 and 1987); and (b) validation (between 2006 and 2010) in the Uberaba River basin.

Table 4. Goodness-of-fit indicators for monthly calibration between 1982 and 1987 and the validation
of streamflow between 2006 and 2010 in the Uberaba River basin.

Measures Values Acceptable Ranges

Calibration
NSE (Nash–Sutcliffe Efficiency) 0.82 ≥0.75 very good

R2 (Coefficient of determination) 0.85 ≥0.75 very good
PBIAS 11.9% ±10–±15 good

RSR (Standardized RMSE) 0.42 ≤0.5 very good
Validation

NSE (Nash–Sutcliffe Efficiency) 0.70 0.65–0.75 good
R2 (Coefficient of determination) 0.72 0.65–0.75 good

PBIAS −4% ≤±10 very good
RSR (Standardized RMSE) 0.55 0.5–0.6 good

3.2. Water Balance of the Current Land Use

The water balance of the Uberaba River basin is presented in Table 5. The streamflow
and actual evapotranspiration (ET) represented 44% and 51% of the precipitation respec-
tively and the remaining 5% percolate to the deep aquifer. The largest amount of water
that reaches the river comes from the lateral flow (48%), and the remaining flow is from
the surface and groundwater with 25% and 27%, respectively (Table 5). Figure 6 shows
the spatial distribution (in each sub-basin) of surface runoff (SURQ), lateral runoff (LATQ),
and groundwater (GWQ) in the current land use. The values of flow components are
expressed in mm and are an average annual between 1982 and 2013 in the Uberaba River
basin. The spatial distribution of flow components in the catchment is very uneven, i.e.,
the average annual of surface flow was greater in the western sub-basins (>300 mm/year),
while the lateral flow is major in the eastern and northern sub-basins (>450 mm/year) and
the groundwater flow is higher in the southern sub-basins (>300 mm/year).
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Table 5. Water balance ratios simulated by SWAT between 1982 and 2013 with current land use of
the Uberaba River basin.

Water Balance Ratios Current Land Use

Streamflow/Precipitation 0.44
Surface runoff/Total flow 0.25
Lateral flow/Total flow 0.48

Groundwater flow/Total flow 0.27
Percolation/Precipitation 0.16

Deep recharge/Precipitation 0.04
Evapotranspiration/Precipitation 0.51

Figure 6. SWAT output maps of the surface flow (a); the lateral flow (b); and the groundwater flow
(c). The values are expressed in mm per year between 1982 and 2013 with current land use of the
Uberaba River basin.

3.3. The Current Land Use, and Forest and Pasture Scenarios

The calibrated SWAT model was applied to simulate the monthly SURQ, LATQ, GWQ,
total runoff, ET, and soil water (SW) under the current land use, and the scenarios of forest
and pasture (Figure 7). The results show that all components of water balance presented
monthly variations, with values generally greater between December and May, which
corresponds to the wet season (Summer and Autumn), and minor values between June
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and November, which corresponds to the dry season (Winter and Spring) (Figure 7). The
monthly SURQ of the forest scenario was the component that showed high differences
under land-use scenarios, with the most changes occurring during the wet season from
December to May. Less remarkable changes were observed in other components of water
balance in the forest scenario, and all components in the pasture scenario (Figure 7). Table 6
summarizes the average annual values of current land use, and the average annual values
change and percentage change of both scenarios for the same components analyzed in
Figure 7. The 64.5% increase in FRSE area led to a decrease of 71.1 mm (45.3%) in the surface
runoff, 11 mm (4.8%) in total runoff, and 48.5 mm (7.1%) in soil water; and an increase
of 21 mm (5.7%) in lateral flow, 17.1 mm (2.6%) in groundwater, and 23.2 mm (2.9%) in
evapotranspiration (Table 6). The 43.8% increase in PAST area led to an increase of 1 mm
(3%) in surface flow, 2.1 mm (2%) in groundwater, 2.5 mm (0.2%) in evapotranspiration,
and 48.3 mm (6.8%) in soil water; and a decrease of 5.4 mm (1.5%) in lateral flow and
0.8 mm (0.6%) in total runoff.

Figure 7. Monthly surface runoff (SURQ), lateral runoff (LATQ), groundwater (GWQ), water yield,
actual evapotranspiration (ET), and soil water (SW) using calibrated SWAT model in current land use
and the forest and pasture scenarios. The data are between 1982 and 2013 of the Uberaba River basin.

Figure 8 shows the spatial distribution (in each sub-basin) and annual average of total
runoff and GWQ in current land use, and the changes under forest and pasture scenarios.
The spatial distribution of total runoff and GWQ in current land use is distinct. While the
total runoff is greater in the northern sub-basins (>790 mm), the GWQ is higher in the
southern sub-basins (>230 mm) (Figure 8a,d). In the forest scenario, the decreased total
runoff observed in Figure 8b and Table 6 is found evenly distributed across the basin, being
that most sub-basins show between −20 and −40 mm. The increase of GWQ observed
in Figure 8e and Table 6 is found in the western and southern sub-basins (until 60 mm).
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Contrarily, in the northern sub-basins we detected a decrease until −20 mm of GWQ. In the
pasture scenario, the decreased total runoff observed in Figure 8c and Table 6 only occurred
in the western and some northern sub-basins (until −32 mm); in the remaining sub-basis
we observed an increase (until 22 mm). Contrary to total runoff, the GWQs observed in
Figure 8 and Table 6 increase, but the spatial distribution shows that the increase only
occurs in the northern sub-basins (until 21 mm), while in the southern sub-basins we
observed a decrease (until −21 mm).

Table 6. The average annual values of current land use and the average annual values change and percentage change of
both scenarios (Forest and Pasture) for the components: surface runoff (SURQ), lateral runoff (LATQ), groundwater (GWQ),
total runoff, evapotranspiration (ET), and soil water (SW). The data are between 1982 and 2013 of the Uberaba River basin.

Current Land Use/Scenarios SURQ LATQ GWQ Total Runoff ET SW

Current land use
Value (mm) 171.92 349.03 195.95 238.97 840.79 726.61

Forest scenario
Value (mm) 100.84 370.01 213.03 227.96 863.99 678.09

Value change (mm) −71.08 20.97 17.08 −11.01 23.20 −48.52
Percentage change (%) −45.27 5.68 2.56 −4.77 2.88 −7.05

Pasture scenario
Value (mm) 172.94 343.60 198.03 238.19 843.32 774.94

Value change (mm) 1.02 −5.44 2.08 −0.78 2.53 48.33
Percentage change (%) −3.01 −1.45 1.97 −0.57 0.21 6.84

Figure 8. Spatial distribution of the average annual total runoff (mm) (a–c) and groundwater flow
(GW_Q) (mm) (d–f) under current land use (a,d), in forest (b,e) and pasture (c,f) scenarios. The values
are expressed in mm and are an average annual between 1982 and 2013 of the Uberaba River basin.
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4. Discussion
4.1. Limitations of the Simulation

Although calibration results are considered good, there are some factors that com-
promise the model performance. In this work, the two factors that seem to most influence
the flow estimation are the rain gauge density and the accuracy of the hydrometric gauges.
The performance of hydrological modeling depends largely on the quality of the rainfall
data and the density of rain gauges. The authors of [80,81] analyzed the effect of the high
variability in rainfall on the uncertainty of the calibrated model, and they suggest that
the high variability in rainfall can be attributed to the low rain gauge density. In fact, the
density of the rainfall input data contributes significantly to the level of uncertainty in
the simulated streamflow because as the variability in rainfall increases, the uncertainty
of calibrated model also increases. Thus, reducing the variability in rainfall input data
and accurately estimating the rainfall data used for calibrating the model could lead to a
significant improvement in simulated streamflow thereby reducing the level of uncertainty
of the model. In addition, this low density difficultly represents the orographic effect on the
precipitation, i.e., some climate stations are within lower altitude values and consequently
cannot represent the orographic effect on the precipitation rates. In the study area, the rain
gauges are located at an altitude of 573 and 778 m, i.e., in valleys, within the orographic
“shadow” of the surrounding mountains that reach 1043 m of altitude.

4.2. Water Balance Analysis

The spatial distribution of the surface flow, lateral flow, and groundwater flow in
current land use are not equal in the entire basin and their variability has different sources.
The spatial distribution of the surface flow is similar to the soil type map (Figure 3c), while
the lateral flow represents the different slopes that occur in the basin, and the groundwater
represents both the soil type and slope. Indeed, the higher surface flow in the western sub-
basins of the catchment occurs under Red-Yellow Argisol (PVA). This soil has poor aeration
during the rainy season due to low hydraulic conductivity at the top of the Bt horizon,
resulting in high surface runoff and high erodibility [82]. Meanwhile, in the southern
and northern/eastern sub-basins there is Red Latosol (LV) and Red-Yellow Latosol (LVA),
respectively. These soils are characterized by good internal drainage that is attributed
to their great porosity. As a whole, they have low erodibility associated with low flow
potential superficial [82].

The spatial distribution of lateral flow is a faithful representation of the slope, being
that it is greater in the eastern and northern sub-basins of the catchment where it is a
predominantly steep slope. Indeed, the slope has an important role in streamflow and
sediment yield. Several authors, in their works, also obtained the similar results [83,84].
Ref. [83] using the SWAT in the Upper Danube Basin (which covers about 132,000 km2

across Austria, Germany, Czech Republic, and Slovakia) showed that default hillslope
length (the SWAT method) resulted in large overestimations of lateral flow. In addition, [84]
reported that the SWAT for the calculation of lateral flow velocity, in HRUs, overestimates
the amount of lateral flow in steep slopes. The same authors argue that the SWAT also
drives an increasing underestimation of surface runoff in increasing slope gradients.

The spatial distribution of groundwater flow reflects the soil type in the southern and
western sub-basins and the slope in the eastern and northern sub-basins of the catchment.
In the southern sub-basins, the major groundwater flow is associated with Red Latosol
due to its good internal drainage. In the eastern and northern sub-basins, the lower
groundwater flow is associated with a steep slope. Indeed, the higher lateral flow drives a
decrease in the amount of soil water that is available for percolation to the groundwater.
This observation can explain the lower groundwater flow in steep slope sub-basins. The
same results were obtained by the authors [83,84].

In the EPA of the Uberaba River basin, the streamflow and ET represented 44% and
51% of the precipitation, respectively (Table 5). These values are different from work
developed by [66] in Atlantic Forest of the Pomba River basin, located in Minas Gerais
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state and Rio de Janeiro states. They performed tests on water balance in SWAT and
the values of ET were 69% and 63% for calibration and validation respectively, and 27%
and 30% for calibration and validation of the streamflow, respectively. In addition, the
percentage of water that reaches the river by surface, lateral, and groundwater flows were
different. They presented a similar percentage of lateral and groundwater flows, between
46% and 48% for calibration and validation. They obtained 6% of the streamflow from
the surface flow for calibration and validation against 25% in the EPA of the Uberaba
River basin and the opposite for groundwater flow, with approximately 48% in the Pomba
River Basin against 27% in the EPA. Only the lateral flow presented an equal percentage
near 48% in both basins. The differences between both basins can be due to major area
of forest and eucalyptus in the Pomba River basin that leads to an increase of infiltration
and consequently less surface flow and major ET. In addition, the Red-Yellow Latosol with
good internal drainage as dominant type soil in Pomba River basin contributed to less
surface flow.

The uncertainties represent limitations for decision making with respect to the miti-
gation of impacts, based on a paradigm of optimization. Nevertheless, the rural farmers
need the integration of knowledge that they consider the multiple stressors that condi-
tion the environment of decision of the EPA. Application of exploratory analysis, which
consider multiples scenarios, systematically explores the implications of a wide range of
hydrological conditions and policies [5–11].

4.3. Components of the Water Balance of the Current Land Use Forest and Pasture Scenarios

The Uberaba River basin is inserted in a summer rainfall-dominant region, that occurs
between December and May, and a predominantly dry winter that occurs between June
and November (Figure 8). This inter-annual distribution of rainfall is well represented by
the monthly variations in SURQ, LATQ, GWQ, total runoff, ET, and SW simulated by SWAT
in the current land use. In addition, the changes under forest and pasture scenarios differed
across months. The greater changes occurred during the wet season (December–May)
and the SURQ, LATQ, GWQ, and total runoff were the components that best represented
these changes. In the forest scenario, a decrease of the surface flow, total runoff, and soil
water, and an increase of the lateral flow, groundwater flow, and evapotranspiration were
observed. Between all components, the surface flow presented the major percentage change
(average of −45%) at annual time scales (Table 6).

The increases of infiltration were due to increases in soil organic matter improved
by the forest. Indeed, the increase in the lateral flow and groundwater flow, in the study
area, indicates that the Atlantic Forest contributes to an increase of water infiltration into
the soil. The results showed that the increase of infiltration does not necessarily drive
the increases in total runoff and soil water: on the contrary, they decreased. This occurs
because trees with their deep root systems can extract more water from shallow aquifer
storage, and, can transpire more due to larger leaf area [85–87]. However, the effect of
the vegetation cover on soil moisture content is still questionable. This is because if it is
true that the increase of vegetation cover increases the transpiration loss and the rainfall
interception, it also triggers the decreases of evaporation loss through shading. This way,
the shading of canopy vegetation reduces the direct radiation absorption, leading to lower
soil temperature and soil evaporation rates, followed by greater soil moisture [88]. The
same authors argue that the effect of vegetation cover on the soil water content may be due
to climate and the length of dry or wet periods.

The EPA of the Uberaba River Basin protected area was created by the local municipal
government with the main goal of bringing environmental benefits to Uberaba’s society.
Concerning preservation policy, the local actors established a unit of conservation within an
economic interest as agricultural and livestock production systems, following the Brazilian
Forest Code to land use regulation in rural estate properties and the improvement of
policies on economic and ecological zoning (ZEE) [29].



Water 2021, 13, 3249 17 of 21

The water environmental interests should have strong incentives to seek better man-
agement at the EPA of the Uberaba River Basin. This study also shows a way of looking
at the effect of land use change in watersheds on the volume of water available, as a
subsidy to payments for ecosystem services (PES) system, that can come about with the
establishment of catchments on springs, and the hydrological benefits that will come from
productive pasture potential of land to be changed into forest land with more biodiversity
and hydrological functioning. Those incentives should encourage groups of rural produc-
ers to adopt policy platforms and lobbying strategies that can improve the environmental
soil and water sustainability. The environmental interests of land use, land changes, and
the preservation of natural lands may benefit from at least some of the owners of rural
properties over conservation units for preserving the natural ecosystem in a biological
function. The social and economic functions of the land are stronger when the land is used.
The government should create a protected area seeking the needs of major local production
systems as main industries and subnational efforts to reconcile competing interest yields
on average weaker environmental policy at a local level of government. The creation
of payment for environmental service policies need to consider the water production in
each area along rivers and springs along with the areas that must be preserved by the
Brazilian Forest Code. The PES schemes are relatively new and policies are needed to
support positive environmental externalities through the transfer of financial resources
from beneficiaries of certain environmental services to those who provide these services or
are fiduciaries of environmental resources. The area of the EPA of the Uberaba River Basin
is a perfect area to start those policies to benefit local rural producers and water uses in the
Uberaba municipality which, according to data from the Brazilian Institute of Geography
and Statistics (IBGE), has approximately 337,000 inhabitants.

5. Conclusions

The hydrological discharge of headwater sub-basins showed space–time variation in
magnitude on the 30 sub-basins at EPA of the Uberaba River basin. The SWAT-T model
was used to analyze the hydrological sensitivity of a tropical catchment in Minas Gerais
state, Brazil. To better represent the vegetation types for tropical areas, the parameters
BLAI, GSi, and OV_N were changed. After that, we created land use changes on forest and
pasture scenarios.

The land use changes on forest and pasture scenarios showed that all components of
water balance presented monthly variations. The greater changes occurred during the wet
season (December–May) in the monthly SURQ of the forest scenario. The results showed
that a 64.5% increase of FRSE area led to a decrease of 71.1 mm in surface runoff, 11 mm in
total runoff, and 48.5 mm in soil water; and an increase of 21 mm in lateral flow, 17.1 mm in
groundwater, and 23.2 mm in evapotranspiration. The 43.8% increase in PAST area led to
an increase of 1 mm in surface flow, 2.1 mm in groundwater, 2.5 mm in evapotranspiration,
and 48.3 mm in soil water; and a decrease of 5.4 mm in lateral flow and 0.8 mm in total
runoff.

The hydrological model indicated the main areas of spatial optimal water flow. Consid-
ering economic values, those areas should encourage the government’s policy of incentive
platforms that can improve environmental soil and water sustainability. The creation of
payment for environmental service (PES) policies should consider the water production
and the areas further along with the areas that must be preserved by the Brazilian Forest
Code and the Conservation Units should be an environmental protection area to hydro-
logical economic interests. Furthermore, the methodology employed in this study can
be further applied to other tropical catchments for LULC impact assessments on water
resources.

Information processing models suggest that a variety of scenario characteristics may
affect watershed ecosystems in hypothetical testing scenarios in ways that can influence
the degree to which a landowner engages with and carefully considers information about
the land uses of pasture and forest. Examinations of the SWAT Processing Model suggest
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that details underscoring the importance of and accountability for a land use decision lead
to the application of better management practice on rural lands. For example, hypothetical
scenarios of pasture and forest might include information linking the hydrological cycle
to a sub-basin unit, thereby increasing the sustainability management of forest and forest
livestock will be a better choice for management practices. The management of forest
and pasture areas and the accountability of a better land use policy are important to
consider, as they are more likely to naturally occur in a watershed ecosystem, as opposed
to hypothetical scenarios where the influence of forest and pasture are often absent.
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Geophys. 2017, 65, 1253–1267. [CrossRef]

9. Oudin, L.; Salavati, B.; Furusho-Percot, C.; Ribstein, P.; Saadi, M. Hydrological impacts of urbanization at the catchment scale. J.
Hydrol. 2018, 559, 774–786. [CrossRef]
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