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ABSTRACT

Land-use changes promote significant variations in streamflow regimes, and
hydrological models allow studying their impacts. Based on this approach, this study
aimed to assess the applicability of the SWAT model for different land-use scenarios
and their respective impacts on the flow regime of the Mucuri River. The average
monthly and daily water balance was generated after the calibration and validation
of the SWAT model in the basin. Three land-use scenarios were analyzed in relation
to the current land use, as follows: replacement of the agricultural area by the
eucalyptus crop, replacement of the native forest area by the sugarcane crop, and
replacement of pasture by exposed soil. The results showed that the SWAT model is
adequate to simulate the land-use change and its impact on the flow regime of the
Mucuri River; the replacement of agriculture by eucalyptus in the basin led to a
decrease in the average and minimum reference streamflows; and the replacement
of the forest cover by sugarcane and pasture by exposed soil provided an increase in
the average and minimum reference streamflows.

INTRODUCTION

In general, the intense and disordered
replacement of natural landscapes by more intensive
land uses has contributed significantly to the
deterioration of the quality and quantity of water
resources. Knowledge of the effects of land-use change
on the qualitative and quantitative dynamics of water
resources is necessary to mitigate this important
environmental impact. These studies may allow the
development of public policies to assist decision-making,
aiming at the management of water resources, as well as
incentives to soil and water conservation practices.

Land use affects the partition effects of the
components of the hydrological cycle on runoff and water
infiltration in the soil, in addition to the magnitude of
evapotranspiration (Tucci, 2005; Mehnaza, 2017).

The soil and water assessment tool (SWAT)
hydrological model is a semi-distributed model created
to study the effect of land use management on various
components, such as flows, sediments, pesticides, and
nutrients. It has an important interface with the
geographic information systems, facilitating the entry,

manipulation, and editing of databases that feed the
system (Andrade et al., Monteiro et al., 2015).

The SWAT model can operate on a daily,
monthly, and annual time scale, being efficient to
simulate decades and used to predict the behavior of a
basin in the long term, but it cannot simulate isolated
events, such as intensity and duration of precipitation
and propagation of a flood event (Arnold et al., 1998;
Neitsch et al., 2005; Winchell et al., 2009).

The input data of this model are the main obstacle
for Brazilian conditions, as the data acquisition system
is out of date, with flaws and in a less quantity than it
should have for more reliable modeling. These factors
contribute to the inefficiency in the application of more
robust hydrological models in Brazilian basins
(Bressiani et al., 2015).

The SWAT model establishes a basic sequence
of data for its operation, consisting of steps of sensitivity
analysis, calibration of model parameters, validation of
parameters, and simulations of the hydrological process
of according to different variations as long as the model
has a satisfactory performance (Neitsch et al., 2005).
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The advantages of hydrological modeling are
several, from issues related to the planning and
management of water resources to public safety in
extreme events, such as floods or drought. In this
context, studies related to hydrological modeling have
become suitable for the different Brazilian
edaphoclimatic conditions, but a consistent database is
necessary (Abbaspour et al., 2015; Meaurio et al., 2015;
Awan & Ismaeel, 2014; Zhang et al., 2019).

The simulation of different land uses has been
intensively studied aiming at analyzing the impact of
their variation in the streamflow regime, as well as the
impact on the entire system that governs the
hydrological cycle (Blainski et al., 2011; Duraes et al.,
2011; Beskow et al., 2011, Zhu et al., 2016). Pereira et
al. (2014) used the SWAT model on a daily scale in a
basin of the state of Espirito Santo and found that the
model satisfactorily met the modeling of the annual
daily minimum streamflows and the minimum reference
streamflows Qg and Qgs, but not being suitable for
annual daily maximum streamflows.

The SWAT model has been efficient in assessing
the impacts of soil cover change and climate variation in
different basins throughout the planet and providing
information to support analysis for decision making in
water resources management (Durdes et al., 2011;
Pinto, 2011).

Based on this approach, this study aimed to
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assess the applicability of the SWAT model for various
soil use conditions and their respective impacts on the
flow regime of the Mucuri River basin.

MATERIAL AND METHODS
Characterization of the study area

The Mucuri River basin (Figure 1) is inserted in
the East Atlantic basin, extending to 17 municipalities,
of which 13 are in the state of Minas Gerais (95% of the
basin area) and the other four in the states of Espirito
Santo and Bahia. It comprises an area of about 15,400
km?, with a population of approximately 450,000
inhabitants, bordering the Jequitinhonha, Peruibe, S&o
Mateus, and Doce River basins. The Mucuri River basin
has extensive mining activity, mainly in the city of
Tedfilo Otoni, in addition to agriculture, livestock, and
reforestation activities (IGAM, 2015).

The climate in the Mucuri valley is characterized
as a semi-humid warm tropical climate of the Aw type,
according to the Koppen classification (Kottek et al.,
2006). According to the classification proposed by the
Ecological Zoning of the State of Minas Gerais (ZEE-
MG), the climate can be called dry sub-humid (C1), with
a range of humidity index ranging from —33.3 to 0,
annual precipitation ranging from 850 to 1,100 mm, and
average annual temperatures between 21 and 28 °C
(Scolforo et al., 2008).
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FIGURE 1. Spatial location of the Mucuri River basin.

SWAT

The computer simulation was performed with the
SWAT version 2012 (Arnold et al., 2012), through the
interface with ArcGIS 10.x, named ARCSWAT, which
was systematically described by Almeida et al., (2018).

Database used in the simulation

The relief data were obtained by the
hydrographically conditioned digital elevation model
(HCDEM) prepared based on altimetric data derived
from the shuttle radar topographic mission (SRTM),
according to the methodology proposed by Elesbon et
al. (2011). Its spatial distribution is shown in Figure 2,
with elevations ranging from 1 (river mouth region) to
1,238 m (headwater region).
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FIGURE 2. Hydrographically conditioned digital elevation model (HCDEM) of the Mucuri River basin.

The slope classes proposed by Embrapa (1979)
were used to delimitate the hydrological response units
(HRU), obtained based on HCDEM.

The soil map was adapted from the study carried
out by the Soil Department of the Federal University of
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Vicosa, which mapped the entire Mucuri River basin
(Figure 4.3), showing seven main soil types, namely:
Cambisols (0.5%), Gleysols (0.5%), Latosols (50.4%),
Argisols (45.6%), Mangrove soils (0.1%), Spodosols
(0.3%), and rocky outcrops (2.6%).
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FIGURE 3. Main soil types in the Mucuri River basin.

The physio-hydric attributes required for the
model were obtained from previous studies carried out
in other basins, according to Pinto (2011), Lelis (2011),
and Oliveira (2014).

The land use map of the Mucuri River basin was
obtained through a supervised classification by the
maximum likelihood method using a mosaic of
LANDSAT 8 images, with a 30-m spatial resolution
(Figure 4).
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FIGURE 4. Map of land use and occupation of the Mucuri River basin.

The region has a predominance of pasture
(47.1%), followed by forest cultivation (23.2%),
agriculture (16.1), exposed soil (6.7%), urban area
(6.4%), and water (0.5%).

The climate data entry for the model was
obtained by the HIDROWEB/ANA database and the
INMET network of automatic stations. Eight
pluviometric, six fluviometric, and two meteorological
stations were used considering the base period from

01/01/2007 to 12/31/2014.

The daily data of precipitation (mm), maximum
and minimum temperature (°C), solar radiation (MJ m2
s2), wind speed (m s!), and relative humidity (%) were
obtained from the meteorological stations, while the
precipitation (mm) and streamflow (m® s™') data were
obtained from the pluviometric and fluviometric
stations, respectively. Other important information from
the stations is shown in Table 1.

TABLE 1. Information regarding the hydrological and meteorological stations.

Code Type Name Municipality Responsible
55630000 Ft CARLOS CHAGAS CARLOS CHAGAS ANA*
55560000 F FAZENDA DIACUI TEOFILO OTONI ANA
55610000 F FRANCISCO SA CARLOS CHAGAS ANA
55660000 F SAO PEDRO DO PAMPA UMBURATIBA ANA
55699998 F NANUQUE MONTANTE NANUQUE ANA
55520001 F MUCURI TEOFILO OTONI ANA

OMM 86763 M2 SERRA DOS AIMORES NANUQUE INMET®
OMM 86762 M TEOFILO OTONI TEOFILO OTONI INMET
1740000 p3 CARLOS CHAGAS CARLOS CHAGAS ANA
1740001 P NANUQUE - MONTANTE NANUQUE ANA
1740026 P SAO PEDRO DO PAMPA UMBURATIBA ANA
1740033 P AGUAS FORMOSAS AGUAS FORMOSAS ANA
1741001 P MUCURI TEOFILO OTONI ANA
1741007 P PEDRO VERSIANI (EFBM) TEOFILO OTONI ANA
1741009 P FRANCISCO SA (EFBM) CARLOS CHAGAS ANA
1841008 P ATALEIA ATALEIA ANA

L F: fluviometric station; 2 M: meteorological station; ® P: pluviometric station; * ANA: Brazilian National Water Agency; 5 INMET:
Brazilian National Institute of Meteorology.

Sensitivity analysis, calibration, and validation

The SUFI2 module from the software SWAT-
CUP version 5.1.6 was used in the stages of sensitivity
analysis, calibration, and validation of the SWAT model
for the Mucuri River basin (Abbaspour, 2007).

Nineteen main parameters (Table 2) was defined
for the streamflow calibration in the basin according to

the occurrence of the calibratable parameters for the
streamflow variable (Blainski et al., 2011; Durées et al.,
2011; Muleta & Nicklow, 2005; Neto et al., 2014;
Andrade et al., 2013; Pinto, 2011).

The calibration stage began after the parameters
were defined, starting from 250 iterations per simulation
until it reached the objective function (Abbaspour, 2007;
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Dar, 2017). The objective function was defined as the
Nash-Sutcliffe coefficient (Nash & Sutcliffe, 1970),
opting for the value 0.6 as being appropriate, according

The ranking of parameters of the sensitivity
analysis, the definition by the iteration method, and the
calibration intervals are important for the calibration, as

to Moriasi et al. (2007). shown in Table 2.

TABLE 2. Ranking of the sensitivity analysis, methods, initial adjustment intervals, and calibrated value for the parameter.

Parameter Ranking Method Initial value Maximum initial value Calibrated value
CH_N2 1 Absolute 0.01 0.059 0.116929
GWQMN 2 Absolute -500 1000 1365.775
CH_K2 3 Absolute 0 25 8.948516
EPCO 4 Absolute 0 1 —-0.16168
SOL_K 5 Relative -0.9 0.9 —0.40892
SOL_AWC 6 Relative -0.25 0.25 —-0.21873
SLSUBBSN 7 Relative -0.25 0.25 0.059871
SOL_Z 8 Relative -0.25 0.25 0.164637
CANMX 9 Absolute 0 10 14.94177
ESCO 10 Absolute 0 1 0.786809
GW_DELAY 11 Absolute 10 120 82.0119
GW_REVAP 12 Absolute 0.02 0.2 0.33627
BIOMIX 13 Absolute 0 1 0.687435
SURLAG 14 Absolute 0.5 10 1.664087
ALPHA BF 15 Relative 0 0.048 0.004285
REVAPMN 16 Absolute -50 100 40.74179
SLSOIL 17 Relative -0.5 0.5 —-0.59382
CN2 18 Relative -0.3 0.3 —0.65569
SOL_ALB 19 Relative -0.25 0.25 —-0.15716

The definition of the method and minimum and
maximum initial value took into account other studies
(Pinto, 2011; Lelis, 2011; Oliveira, 2014). The SWAT-
CUP after each iteration suggests new interval values,
always aiming at the optimization of the objective
function. The calibrated value of the parameter may be
out of the minimum and maximum initial interval due to
this characteristic.

In this study, we decided to calibrate in a
fluviometric station and perform the validation in the
other stations of the basin. This technique is related to
the modeling premise because the model must be able to

respond to the entire hydrological process that occurs in
the basin for the calibration conditions.

Figure 5 shows the spatial distribution of the
fluviometric stations and the drainage area of the
calibration station. The Nash-Sutcliffe efficiency index
at Carlos Chagas station (55630000), which has a
drainage area of 9,160 km?, was 0.63, classified as good
according to Moriasi et al. (2007), Van Liew et al.
(2003), and Fernandez et al. (2005). More details on the
sensitivity analysis, calibration, and validation process
are described by Almeida et al., (2018).
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FIGURE 5. Distribution of the fluviometric stations and drainage area of the station used for calibration.

Applicability of the model in the basin

The applicability of the SWAT model in the
Mucuri River basin was assessed by generating the
average monthly and daily water balance in the analyzed
period. The elaboration of the water balance considered
the precipitation, actual and potential evapotranspiration,

TABLE 3. Proposed land-use change scenarios.

surface runoff, base runoff, and water production in the
basin. Moreover, alternative land-use scenarios and their
impacts on the streamflow regime of the basin were
proposed aiming at the applicability of the model. The
proposed scenarios sought to simulate the possible
extremes of land-use change trends, as shown in Table 3.

Land-use change

Scenario 1
Scenario 2
Scenario 3

Replacement of the general agriculture area by the eucalyptus crop
Replacement of the forest area by the sugarcane crop
Replacement of the pasture area by the exposed soil area

These scenarios are justified by regional trends,
as pulp and paper processing industries (Scenario 1) and
a sugar-energy plant (Scenario 2) are present in the
basin. Scenario 3 is justified because pasture is the
largest area of land use in the region, not being
recognized as a crop, but rather as extractivism, i.e., little
managed areas led to degradation over time.

The daily streamflow, average streamflow,
average monthly streamflows, permanence curve, and
minimum reference streamflows (Q710 and Qgo) were
determined for the period of study to analyze the
impacts proposed by the land-use change scenarios in
the water resources.

RESULTS AND DISCUSSION

Figure 6 shows the simulated and observed
hydrographs and precipitation obtained from the
calibration of the SWAT model for the Carlos Chagas
station (55630000). The results were considered good
according to the obtained statistical indices, indicating
that the model was efficient to simulate the streamflow
behavior in the control section established by the station, in
both flood and drought periods (Almeida et al., 2018).
However, problems of underestimating the simulated
values were observed, in general, at flow peaks. Several
studies have reported similar results (Aragdo et al., 2013;
Brighenti et al., 2016).
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FIGURE 6. Precipitation, observed and simulated hydrograph for the station 55630000 (Carlos Chagas) used for
calibrating the SWAT model upstream of the section.

Figure 7 shows the average monthly water balance obtained for the region upstream of the station calibrated for
the period from 2009 to 2014.
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FIGURE 7. Average monthly water balance simulated for Carlos Chagas station (55630000). Base indicates the base
runoff; PET indicates the potential evapotranspiration, and ET indicates the actual evapotranspiration.

Engenharia Agricola, Jaboticabal, v.40, n.5, p.631-644, sep./oct. 2020



Rafael A. Almeida, Silvio B. Pereira, Daniel B. F. Pinto, et al.

Figure 7 shows that the region has two distinct
periods of precipitation, i.e., a wet (October to April)
and a dry period (April to October). This behavior is
expected for the Southeast and Northeast regions of
Brazil (Almeida et al., 2015).

The actual evapotranspiration (ET) was
significantly lower than the potential evapotranspiration
(PET) because the region is inserted in a transition zone
from the semi-humid to the semiarid climate. However,
the water balance in September operated in a water
deficit (actual evapotranspiration higher than
precipitation), which leads to a trend to decrease
groundwater resources, as the amount of precipitation
was low in the period. The parameters related to
groundwater can also explain this behavior since they
were the most sensitive in the model calibration for the
basin (CH_N2, GWQMN, CH_K2, EPCO, SOL_K, and
SOL_AWC).

Moreover, Figure 7 shows that the total runoff
refers to the sum of the components of the surface and
underground flow (surface + base). The direct impact of
the dry period on the streamflow is observed, with the
direct (surface) flow ceasing and the water production
being maintained basically by the underground flow
(base). Thus, the recharge of underground water sources
occurs from October to January.

The highest incidence of direct runoff is observed
during November and December, as this period is the
middle of the rainy season. This behavior occurs
because the soil is already with high moisture, thus
favoring the formation of direct surface runoff.

Figure 8 represents the daily water balance for
the analyzed period. Flow peaks occur predominantly in
the rainy season, especially from December to January.
These peaks are characterized by high precipitation
levels associated with periods of high soil moisture in
the period before the rain event, favoring the formation
of direct runoff.

An unusual period of drought (dry spell) was
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observed in January and February 2010, with
precipitation values of 21 and 55 mm, respectively.
However, the average precipitation was 110 mm in
January and 72 mm in February (Figure 7). This type of
event directly impacts the recharge of underground
water sources, rapidly decreasing the streamflow in the
period where recharge should occur.

Figure 9 shows the hydrographs generated by
land-use changes in the analyzed period, according to
the proposed scenarios: Scenario 1 — replacement of the
agricultural area by the eucalyptus crop; Scenario 2 —
replacement of the forest cover by the sugarcane
cultivation; and Scenario 3 — replacement of pasture by
exposed soil. Scenarios 1 and 2 showed small changes
relative to the current scenario most of the time, but
Scenario 3 presented the most expressive differences.

The similar behavior of Scenarios 1 and 2 is
mainly associated with the range of values of the curve
number (CN) be close in the proposals for land-use
changes. Another fact that explains this similarity is that
the CN2 parameter was not very sensitive to calibration
in the basin, according to the sensitivity analysis.

Scenario 3 showed the highest flow peaks and
higher streamflow in the recession phases of the direct
runoff. This behavior is expected because the change
from pasture cover to exposed soil leads to an increase
in the runoff component, which is associated with a
rapid flow response compared to the precipitation.

Pereira (2013) obtained similar results when
simulating the variation of land use in a hydrographic
basin, but with no major changes in the hydrographs.

Table 4 shows the values of the average
streamflow and the variation in the average streamflow
relative to the current land use for the analyzed period.
Scenario 1 showed average streamflow of 83,158 m®s™?,
representing a 1.79% reduction relative to the current
scenario, and an increase of around 5% for the simulation
in Scenario 2. Moreover, Scenario 3 showed a 22.60%
increase compared to the current land use scenario.

TABLE 4. Average streamflow and percentage of increment simulated for different land-use scenarios.

Land use Average streamflow (m®s™) % relativg/t?) nt?]t:eogurrent use)
Current 84.675

Scenario 1 83.158 -1.79

Scenario 2 89.030 5.14

Scenario 3 103.809 22.60

The decrease in the average streamflow for
Scenario 1 occurs because the replacement of the
agriculture area by eucalyptus tends to increase the
evapotranspiration component, consequently decreasing

the streamflow. This fact leads to an increase in water
consumption due to evapotranspiration, as the main
contributions to the streamflow in the basin are from
groundwater.
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FIGURE 8. Daily water balance.
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The increase in the average streamflow in
Scenario 2 can also be explained by the same fact, as the
plant mass decreases, replacing the forest area with
sugarcane, the evapotranspiration component also
decreases, leading to an increase in the average
streamflow. These results corroborate the statement
presented by Bosch & Hewlett (1982), who reported an
increase in the average streamflow with the removal of
forest cover.

The increase in the average streamflow in
Scenario 3 is explained by an increase in the direct
runoff component and a decrease in evapotranspiration
due to an increase in the curve number (CN) and
reduction in the vegetation cover. Blainski et al. (2011)
also observed an increase in the average flow when
replacing the vegetated area by exposed soil. This fact
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corroborated to support the obtained results.

Perazzoli et al. (2013) proposed three different
land-use change scenarios for the Concordia River basin
in the state of Santa Catarina, in the South of Brazil, with
predominant land use for forest cover (~67%), followed
by pasture area (~20%), and agriculture (~17%). They
found that replacing the entire basin area by agriculture,
forest, and pasture did not change, decreased, and
increased the average flow, respectively.

Figure 10 shows the average monthly streamflow
for the different land-use scenarios. Scenario 1 was
presented a behavior very similar to that of the current
scenario. A slight increase in the average monthly
streamflow was also observed for Scenario 2 in relation
to the current scenario and a higher increase in Scenario
3 in all months.

9 10 11 12

Months
W Current scenario M Scenario 1

Scenario 2 M Scenario 3

FIGURE 10. Average monthly streamflow simulated for different land uses.

Figure 11 shows the permanence curve of the
simulated streamflows for the different land-use
scenarios. The different scenarios showed a certain
similarity, with the streamflows for Scenario 3 being

higher than the current land use and Scenarios 1 and
2. In addition, the minimum streamflows in some
regions of Brazil are obtained as a function of the
permanence curve.
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FIGURE 11. Permanence curve of streamflows simulated for different land uses.

Table 5 shows the values of the minimum
reference streamflows (Q7,10 and Qqo), simulated for the
different scenarios proposed in this study. Land-use
change presented a higher impact on the minimum
reference streamflows, especially in Scenario 3, with an

increase of 12.02% in Q7,10 and 39.63% in Qgo. Scenario
1 showed a decrease in Q7,10 and Qg of 0.73 and 3.20%,
while Scenario 2 showed an increase in the streamflows
of 3.07 and 4.88%, respectively.

TABLE 5. Values of minimum reference streamflows and their variation for different land-use scenarios.

Land use Q710(m3s?) Variation (%) Qoo (M3s7?) Variation (%)
Current scenario 1.239 - 11.280 -
Scenario 1 1.230 -0.73 10.910 -3.20
Scenario 2 1.277 3.07 11.830 4.88
Scenario 3 1.489 12.02 15.750 39.63

Despite the increases in the average and aspects to infer the effective quality of natural

minimum reference streamflows verified for Scenario 3,
the replacement of pasture by exposed soil may not be
convenient from the environmental point of view for the
basin, as other factors, such as sediment production,
nutrient  transport, water  quality, aquatic
microorganisms, influence on the microclimate, and
influence on the local fauna and flora, should be
analyzed. Moreover, the studied period covers only six
years, and longer-term analyses may present different
findings from those observed.

CONCLUSIONS

The SWAT model was efficient to simulate the
impact of the land-use change for the proposed scenarios
on the flow regime of the Mucuri River basin.

The replacement of agriculture by eucalyptus in
the basin led to a decrease in the average and minimum
reference streamflow.

The replacement of forest cover by sugarcane
and pasture by exposed soil provided an increase in the
average and minimum reference streamflow.

It is important to evaluate other environmental

resources in the Mucuri River basin through land-use
change scenarios.
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