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Global changes in land use and land cover (LULC) and climate are expected to have profound impacts on water
dynamics, which are key for human wellbeing. However, we still lack understanding of how changes in climate
patterns and LULC are likely to interact and govern the hydrology at the watershed level in tropical regions in the
future. Here we assessed the contribution of changes in weather patterns and LULC on the hydrology of a
watershed in southeast of Brazil between 1990 and 2015 using the SWAT model. In addition, we explored the
likely impacts of two contrasting LULC scenarios (Green Road versus Fossil Fuel) on the hydrology in 2045 under
the Representative Concentration Pathway 8.5. Between 1990 and 2004 and 2005–2015 the watershed witnessed
an increase in precipitation and streamflow, in combination with an expansion of forest cover and coffee pro
duction. While surface runoff (+5.2 mm year− 1) and water yield (+252 mm year− 1) increased, soil water (− 24.6
mm year− 1) and evapotranspiration (− 15.7 mm year− 1) decreased. The analysis indicated that changes in
climate patterns are the main drivers of historical water dynamics in the region. Compared with Fossil Fuel
scenario, the increase in forest area in the Green Road scenario will lead to a decrease in surface runoff and
consequently in water yield, favouring water infiltration and soil erosion control, and buffer against extreme
precipitation events. Therefore, the socioeconomic and public policies underlying the Green Road scenario that
favour the expansion of forests can direct sustainable future water management.
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1. Introduction
In light of projected changes in global population growth, land use
and climate, the sustainable management of water resources to maintain
ecosystem services is a major challenge (Bangash et al., 2013; IPCC,
2018). Water is essential for direct human needs, including drinking
water and the production of feed, food and fibre, and is also a vital
component of natural ecosystems (Falkenmark and Rockström, 2006).
Understanding how climate and anthropogenic changes will affect water
dynamics is crucial to manage and safeguard water provision in the
future. Climatic patterns and land use land cover (LULC) changes are the
most important drivers of water dynamics (Costa et al., 2003; Chien
et al., 2013; Neupane and Kumar, 2015). Worldwide, these factors have
been subject to changes over the last decades and most likely even more
so in the coming decades (Foley et al., 2005; IPCC, 2018). This is
particularly relevant for mountainous areas in the tropics, where LULC

changes in combination with steep slopes can result in strongly fluctu
ating water dynamics, potentially resulting in erosion and unpredictable
streamflow (Muñoz-Villers and McDonnell, 2012; Suescún et al., 2019).
Although the separate effect of climate and LULC changes on water
dynamics have been studied worldwide (Chen et al., 2020; Dey and
Mishra, 2017), quantitative information about the interactive effect of
LULC and climate change scenarios on water dynamics in tropical
mountain regions is still scarce (Marhaento et al., 2018).
The southeast mountain region of Brazil witnessed intense LULC
changes in the last decades and the decrease in precipitation patterns
since 2012 has affected the water availability for millions of people in
urban and rural areas (Soriano et al., 2016). In contrast, in January 2020
heavy precipitations events of up to 957 mm month led to intense
flooding and landslides (INMET, 2020). Impacts of weather extremes
can be aggravated or buffered by LULC changes, which together may
influence the water dynamics, such as infiltration, runoff and
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evapotranspiration (Brown et al., 2011). Although a few studies ana
lysed the historic streamflow in the southeast Brazilian mountain region
(Pereira et al., 2016a, 2016b; Bressiani et al., 2015), the effects of LULC
change and climate on water dynamics are still poorly understood. In
contrast to the Amazon biome that lost about 65 million hectares since
1985 and still is facing ongoing deforestation (MapBiomas, 2019), the
southeast mountain region in the Atlantic Forest biome has experienced
an increase in forest cover mainly due to government measures against
deforestation and the intensification of agriculture (Gomes et al., 2020).
Forest intercepts rain and limits the speed of water surface runoff on

slopes, reducing soil erosion and enhancing water infiltration. While the
benefits of forests on controlling surface runoff are well documented, the
influence of increasing forest cover on water yield is less clear (Filoso
et al., 2017). In tropical areas characterised by rainy seasons followed by
dry seasons, insights into the impact of LULC changes on water dynamics
is essential to inform management to reduce soil erosion in the rain
season and sustain water availability in the dry season. Indeed, a recent
study in the Zona da Mata of Minas Gerais in Brazil found that farmers
perceived the provision of water as the most important ecosystem ser
vice (Teixeira et al., 2018). Therefore, a better understanding of the

Fig. 1. Location of the Muriaé river basin, Atlantic Forest biome, Brazil, and elevation map of the study region with gauging and weather stations location indicated
(A), and the monthly mean precipitation and temperature in the region (B).
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separate effects of LULC and weather patterns on water dynamics can
inform policy and management for sustainable water management.
Disentangling the effects of LULC changes and climate change on
water dynamics is challenging, especially in heterogeneous and dynamic
landscapes in tropical areas (Marhaento et al., 2017). Climate pro
jections indicate that changes in temperature and precipitation can be
anticipated across the globe (IPCC, 2018), which will have important
implications for water dynamics and associated ecosystem services.
While the monitoring and analysis of long-term hydrological data can
provide important insights how LULC changes of the past have influ
enced streamflow (Zhang et al., 2014), modelling allows for the inte
gration of environmental and climate variables, in order to explore
water dynamics under scenarios of climate and LULC changes (LópezMoreno et al., 2014; Giri et al., 2019). The SWAT model is used
worldwide to model the hydrological dynamics in watersheds of varying
size and contexts (Molina-Navarro et al., 2018; Tamm et al., 2018; Rani
and Sreekesh, 2019) and to separate the individual effects of LULC
changes and weather variables (Guo et al., 2016; Wang et al., 2016).
Combining information about impacts of LULC changes on hydrology
and projections of climate change allows the exploration of plausible
scenarios for future water dynamics. Although simulations of defores
tation and reforestation show that forest can reduce surface runoff and
increase minimum streamflow in southeast Brazil (Pereira et al., 2016b;
de Oliveira et al., 2018), these have not been linked to policy and
management actions for ensuring sustainable water dynamics in the
future.
The aim of this study is to assess the relationship between historical
changes in LULC and climate patterns on water dynamics, and to explore
impacts of future scenarios of LULC and climate changes on water dy
namics in a watershed in the southeast of Brazil. Specifically, we aimed
to: i) describe the historical trend of temperature, precipitation and
streamflow between 1990 and 2015, ii) unravel the contributions of
LULC and climate patterns on streamflow and water dynamics in this
region, and iii) explore the impacts of contrasting scenarios of LULC
under climate change on the water dynamics in 2045.

precipitation (mm); Qi is the amount of surface runoff (mm); Ea is the
amount of evapotranspiration (mm); Pi is the amount of percolation
(mm); and QRi the amount of return flow (mm). For a detailed
description of the components of the SWAT model we refer to Neitsch
et al. (2011). The timestep for the model was one month.
SWAT delineates sub-basins, which are further divided in hydrologic
response units (HRUs). Each HRU represents a spatial unit with unique
LULC, soil type and slope characteristics. We used maps of LULC of 1995
and 2015 with 30 × 30 m resolution to represent the dynamics of LULC
change in the Muriaé river basin from 1990 to 2015 (Fig. 2A, B). The
LULC maps were developed using the Random Forest algorithm classi
fication from images from Landsat satellite 5 and 8, and had a perfor
mance of 0.90 for kappa and 0.93 for accuracy (Gomes et al., 2020). The
detailed LULC changes in quantitative terms in the sub-basins are
described in Appendix 2. We used the map of 1995 to represent the
period between 1990 and 2004 (baseline period), while the LULC map
from 2015 represented the period between 2005 and 2015. The LULC
maps contained six classes (SWAT land use codes): forest (FRST), coffee
(COFF), pasture (PAST), urban area (URHD), Eucalyptus plantations
(EUCA) and campos rupestres, a scrub-grassy vegetation on rocks
(RNGB). For SWAT modelling, we used the soil classes derived from the
soil maps from the states of Minas Gerais and Rio de Janeiro (Fig. 2C;
FEAM, 2010; Embrapa, 2016). To account for the local tropical context
(Strauch and Volk, 2013; Dos Santos et al., 2018), we adjusted the SWAT
vegetation index parameters as suggested by Pereira et al (2016a,b), and
used the soil physical-hydraulic properties of each local soil class from
the national soil survey RandamBrasil at a 1:1,000,000 scale (Radam
Brasil, 1983; Cooper et al., 2005). The slope map was derived from the
Digital Elevation Model using ArcGIS software and was classified into
five classes: 0–8, 8–15, 15–25, 25–45 and >45% (Fig. 2D). We used daily
climatic records of precipitation, temperature, solar radiation, wind
speed and relative humidity from three meteorological stations (Fig. 1).
However, data on solar radiation was only available for the station in
Viçosa from 2005 to 2015. Therefore, we used the solar radiation data
from 2005 to 2015 to derive a predictive model using the Random
Forests algorithm and the maximum temperature, air humidity and daily
daylight hours as explanatory variables to predict solar radiation for the
three meteorological stations from 1990 to 2015 (Appendix 3).

2. Material and methods
2.1. Study area

2.3. SWAT calibration, validation and sensitivity analysis

The study was conducted in the Muriaé river basin covering an area
of 5,717 km2 in the southeast of the Atlantic Forest biome, Brazil
(Fig. 1). The altitude of the studied basin ranges from 113 m to almost
2000 m. The climate is subtropical humid with mean temperature of 21
◦
C and annual precipitation of 1300 mm. The main soil types in the
watershed are Ferrasols and Acrisols covering more than 80% of the
area. The main LULC types are pasture, forest and coffee. The region has
been subject to major changes in LULC in the last three decades. In
contrast to many other tropical areas, during the period 1986–2015, the
region witnessed a decrease of pasture area from 76 to 58% and an in
crease in forest cover from 18 to 24% and coffee area from 3 to 11%
(Gomes et al., 2020). Streamflow and precipitation data were obtained
from six gauging stations from Agência Nacional das Águas (ANAHidroweb), and climate data were derived from three meteorological
stations in or near the study area, located in Viçosa (698 m), Caparaó
(843 m) and Itaperuna (113 m) (Fig. 1; Appendix 1).

We simulated the streamflow in the Muriaé river basin between 1990
and 2015. We calibrated the monthly streamflow for the period of
1990–1999 with the initial three years set as the model spin-up period
(1990–1992) with the observed streamflow from the upstream gauging
station number 4 (Fig. 3). We selected this gauging station since it is
located upstream and is the most representative for the watershed
(Abbaspour et al., 2015). The spin-up period is an essential step to obtain
a representative state of the model for the watershed hydrology (Kim
et al., 2018). Next, we validated the model for the period 2000–2015.
For model validation we used two performance indicators: (i) the NashSutcliffe Efficiency (NSE; Nash and Sutcliffe, 1970) with the classifica
tion (0.75 < NSE < 1.00 very good; 0.65 < NSE < 0.75 good; 0.50 <
NSE < 0.65 satisfactory; NSE < 0.50 unsatisfactory), and (ii) the percent
bias (PBIAS) with values below 25% considered satisfactory (Moriasi
et al., 2007). Aiming to identify the most important parameters that
influence streamflow, we conducted a global sensitivity analysis using pvalue < 0.001 as a threshold. For this purpose, we used the SWAT-CUP
with the Sequential Uncertainty Fitting version 2 (SUFI-2) (Abbaspour
et al., 2004).
The most sensitive parameters to changes in the historic streamflow
were SOL_K, SOL_AWC, CN2, ALPHA_BF, RECHARGE_DP and GW_DE
LAY (Appendix 4). These parameters were estimated for the sub-basin 4
and regionalized to the entire watershed, which contained 612 hydro
logic response units for the LULC map of 1995 and 780 for the map of
2015. The observed and simulated monthly average streamflow of

2.2. SWAT model and input data
We used SWAT to analyse how changes in LULC and weather affect
water dynamics in the Muriaé river basin. SWAT simulates the hydrol
ogy based on the water balance concept (Eq. (1)).
∑
SW t = SW +
(Rday − Qi − Ea − Pi − QRi )
(1)
where SW is soil water content (mm); t is time; Rday is the amount of
3
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Fig. 2. Land use land cover maps of the Muriaé river basin, Brazil from 1995 (A) and 2015 (B), soil (C) and slope map (D). The maps served as input of the SWAT
model to simulate water dynamics. Bh = Humic Cambisols; Bd = Dystric Cambisols; Gd = Dystric Gleysols; Fr = Rhodic Ferrasols; Fx = Xanthic Ferrasols; Fo = Orthic
Ferrasols; Ao1 = Red Orthic Acrisols; Ao2 = Red-Yellow Orthic acrisol; and RL = Regosols. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

gauging station 4 in the calibration period (1993–1999) were 15.42 ±
11.02 and 16.04 ± 9.70 mm, respectively. The performance indicators of
the SWAT model for this period were 0.72 for NSE and − 3.3% for PBIAS.
In the validation period (2000–2015) the measured and simulated
average monthly streamflow were 18 ± 13.94 and 18.20 ± 11.25 mm,
respectively, and the performance indicators were 0.71 for NSE and
20.4% for PBIAS. The performance of the SWAT model for calibration
and validation was “good” according to the performance criteria of
Moriasi et al. (2007).

2.4. Historical trend analysis of hydro-climatic variables
We used the non-parametric Mann-Kendall test to identify significant
trends in the annual time series of mean temperature, precipitation and
streamflow from 1990 to 2015. This rank-based statistical method is
extensively applied to series data and performs with robustness for nonnormally distributed data (Van Belle and Hughes, 1984; Guo et al.,
2016). Here, we conducted an uncertainty analysis using a 95% confi
dence interval (i.e. ± 1.96 of the standard normal distribution).

4
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Fig. 3. Monthly streamflow observed (black lines) and simulated (red lines) by SWAT model between 1990 and 2015 in the upstream sub-basin 4, Muriaé river basin,
Brazil. The blue line indicates the split between the calibration period (1990–1999) and the validation period (2000–2015). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

2.5. Disentangling LULC and weather effects

forcing pathway (RCP) 8.5 scenario of the HadGEM2-ES model. A lim
itation of RCP scenarios is that the temperature and precipitation data
have a coarse spatial resolution and are unsuitable for the finer resolu
tion of our study. Therefore, we used bias corrected climate projections
from 2020 to 2045 generated with the Change Factor approach. For this
purpose the current HadGEM2-ES output values were subtracted from
the simulated values for the future, resulting in “climate anomalies”
which were then added to the historic database for daily minimum and
maximum temperature and precipitation, resulting in future climate
database from 2020 to 2045 (Tabor & Williams, 2010; Navarro-Racines
and Tarapues, 2015). For the period 2035–2045, the mean temperature
is expected to increase from 21.6 ◦ C to 22.9 ◦ C and precipitation will
increase with + 42.43 mm year− 1 compared with the period of
2005–2015.

We used the separation method to assess the relative contribution of
changes in LULC and variation in weather variables on historical water
yield, surface runoff, soil water and evapotranspiration (Dey and Mis
hra, 2017). We evaluated four simulations (S1, S2, S3 and S4) consisting
of pairwise combinations of two contrasting LULC maps (1995 vs. 2015)
and two climate data periods (1990–2004 vs. 2005–2015) (Table 1). The
contrast between S3 and S1 reflects the effect of variation in climate on
water dynamics, while the contrast between S4 and S3 indicated the
effect of LULC change (Table 2). The difference between S4 and S1
represents the combined effect of changes in LULC and climate on water
dynamics. The relative impact of changes in climate was calculated as
EC = ((S3 − S1)/(S4 − S1))*100) and changes in LULC as EL = ((S4 −
S3)/(S4 − S1))*100).

3. Results

2.6. Future LULC and climatic scenarios

3.1. Historical trend analysis

To explore the effect of LULC changes and climate variability on
hydrology for 2045 we developed three scenarios: the baseline, Fossil
Fuel and Green Road. The baseline scenario was based on the LULC map
of 2015, while the Green Road and Fossil Fuel were based on projected
LULC maps for two contrasting local scenarios consistent with the global
socioeconomic shared pathways (Gomes et al., 2020). The percentage
forest area in the baseline LULC scenario is 24%, while in the Green
Road scenario forest area will expand to 39%, and in the Fossil Fuel
scenario the forest area will decrease to 18% and replaced mainly by
pastures and coffee plantations (Fig. 4; Table 2).
The three LULC scenarios were coupled with a climatic projection
from 2020 to 2045, which was based on the global representative

Meteorological records from 1990 to 2015 indicate that the mean air
temperature showed a significant increasing trend (Z = 2.81, p = 0.004)
from 1990 to 2015, while there was no significant trend in precipitation
and streamflow in this period (precipitation: Z = − 0.48, p = 0.62;
streamflow Z = 0.06, p = 0.54; Fig. 5). The mean air temperature varied
from 21.6 ◦ C ± 3.5 between 1990 and 2004 to 22.4 ◦ C ± 2.9 between
2005 and 2015 (Fig. 5 and Appendix 5).
3.2. Disentangling effects of LULC and climate on historical hydrological
variables
The simulations S1 and S4 showed that the streamflow in the subbasins increased on average by 15.8 m3s− 1 between 1990 and 2015
(Table 3). Between 1990 and 2004 and 2005–2015 the simulated pre
cipitation increased by + 348 mm year− 1 in the sub-basins 1, 2 and 6,
while no changes were observed for sub-basins 3, 4 and 5 (Appendix 6).
At the watershed level, surface runoff of water increased by + 5.2 mm
year− 1 as compared to the baseline period, with a relative contribution
of 155% by climate and − 55% by LULC changes (Fig. 6A). The drivers of
surface runoff in sub-basins 1 and 2 showed contrasting patterns
compared to sub-basin 3 and 4. The surface runoff in sub-basins 1 and 2
were on average + 8 mm year− 1 higher than in the baseline period, as a

Table 1
Four sets of simulations of the SWAT model to separate the individual effect of
land use and land cover (LULC) and climate on water dynamics in the Muriaé
river basin, Brazil.
Simulation

LULC

Climate

S1
S2
S3
S4

1995
2015
1995
2015

1990–2004
1990–2004
2005–2015
2005–2015

5
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Table 2
Absolute and relative changes in Land Use and Land cover (LULC) of the Fossil Fuel and Green Road scenario as compared to the baseline scenario (LULC 2015) for
2045 in six sub-basins of the Muriaé river basin, Brazil (Gomes et al., 2020).
Sub-basins

LULC changes in km2 (% of sub-basin area)
1

2

3

4

5

6

Forest
Coffee
Pasture
Urban
Eucalyptus

Fossil Fuel
− 58.5 (− 7.7)
160.4 (+21.1)
− 130.7 (− 17.2)
3 (+0.4)
16.7 (+2.2)

− 57.3 (− 10.6)
29.7 (+5.5)
− 5.9 (− 1.1)
3.2 (+0.6)
35.1 (+6.5)

− 11.5 (− 8.2)
17.1 (+12.2)
− 13.2 (− 9.4)
0.7 (+0.5)
8.2 (+5.9)

− 65.1 (− 8.8)
182.2 (+24.6)
− 142.9 (− 19.3)
2.9 (+0.4)
16.2 (+2.2)

− 158.8 (− 9)
33.5 (+1.9)
26.4 (+1.5)
5.2 (+0.3)
97 (+5.5)

− 182.2 (− 10.3)
19.4 (+1.1)
65.4 (+3.7)
5.3 (+0.3)
91.9 (+5.2)

Forest
Coffee
Pasture
Urban
Eucalyptus

Green Road
126.9 (+16.7)
151.3 (+19.9)
− 271.4 (− 35.7)
3 (+0.4)
− 18.2 (− 2.4)

80.6 (+14.9)
25.9 (+4.8)
− 102.3 (− 18.9)
3.2 (+0.6)
− 2.7 (− 0.5)

27.4 (+19.5)
22.9 (+16.3)
− 49.2 ( − 3 5)
0.7 (+0.5)
− 0.4 (− 0.3)

88.9 (+12)
228.9 (+30.9)
− 310.4 (− 41.9)
2.9 (+0.4)
− 17 (− 2.3)

298.3 (+16.9)
45.8 (+2.6)
− 340.7 (− 19.3)
5.2 (+0.3)
− 5.2 (− 0.3)

183.9 (+10.4)
10.6 (+0.6)
− 191 (− 10.8)
5.3 (+0.3)
− 10.6 (− 0.6)

Fig. 4. Land Use and land Cover and the main socioeconomic and policy trajectories of the Fossil Fuel and Green Road scenarios for 2045 of the Muriaé river basin,
Brazil. The Fossil Fuel scenario simulates a future with focus on economic returns and no protection to environment, while the Green Road simulates a future with
high environment protection (Gomes et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

(1990–2004) as result of climate variability (97%) and LULC changes
(3%) (Fig. 6B). At the sub-basin level, the effect of LULC was positive in
sub-basins 4 (+3.8%), 5 (+9.2%) and 6 (+7.7%), and negative in subbasins 1 (− 0.6%), 2 (− 0.3%) and 3 (− 1.7%).
At the overall watershed level, the soil water content and evapo
transpiration showed similar patterns with decreases of − 24.6 and

result of climatic changes (+155.1% contribution) and LULC changes
(− 55.1% contribution). On the other hand, in sub-basins 3 and 4, surface
runoff increased by + 3.6 mm year− 1, with contributions from changes
in LULC of 71 and 14% in sub-basins 3 and 4, respectively.
Water yields in the impacted period (2005–2015) increased on
average by + 252 mm year− 1 as compared to the baseline period
6
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Fig. 5. The inter-annual decomposed trend of mean temperature (a), precipitation (b) and streamflow (c) between 1990 and 2015 in the Muriaé river basin, Brazil.
The blue line was indicated the trend based on a locally weighted regression. The Appendix 5 presents the complete dataset of daily temperature, precipitation and
streamflow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 3
Overview of four simulations (S) used to explore the effect of changes in Land Use Land Cover (LULC) and climate in the Muriaé river, Brazil. The simulated streamflow
for the six sub-basins are presented.
Simulations
S1
S2
S3
S4

LULC
1995
2015
1995
2015

Climate
1990–2004
1990–2004
2005–2015
2005–2015

Sub-basins streamflow (m3s− 1)
1

2

3

4

5

6

10.8
13.5
22.0
23.4

7.7
9.9
15.3
17.0

4.7
3.8
5.2
4.0

21.5
20.2
24.3
21.2

60.6
65.3
74.3
71.4

96.8
124.1
140.2
159.9

− 15.7 mm year− 1, respectively (Fig. 6C, D). The change in soil water
was due to climate variability (+605.5%) and LULC changes (− 505.5%),
while climate and LULC contributed + 59% and + 41%, respectively, to
the decrease in evapotranspiration. In contrast to the other sub-basins,
sub-basin 1 showed an increase of + 27.6 mm year− 1 in soil water

and + 63.8% in evapotranspiration (Fig. 6C and D). On the other hand,
in sub-basin 3, soil water decreased by − 56.2 mm year− 1 and evapo
transpiration by − 98.3 mm year− 1 (Fig. 6C and D).

7
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Fig. 6. Mean annual changes of surface runoff (A), water yield (B), soil water (C) and evapotranspiration (D) between the 1990–2004 (baseline period) and
2005–2015 (impacted period). The partitioning of the contribution of variation in climate (EC) and LULC changes (EL) to the observed overall change is indicated as
a percentage in the boxes.

3.3. Exploring future water dynamic scenarios

Green Road scenario surface runoff increased by up to 9.3% in subbasins 2, 3, 4 and 5, and decreased in sub-basins 1 (− 2.5%) and 6
(− 1.7%; Fig. 7D). Soil water increased by up to 2.5% in the Fossil Fuel
scenario (Fig. 7E) and decreased by − 6.3% in the Green Road scenario
(Fig. 7F). Evapotranspiration showed a contrasting trend compared to
soil water: evaporation decreased by as much as 3.3% in the Fossil Fuel
scenario (Fig. 7G) and increased by as much as 5.6% in the Green Road
scenario (Fig. 7H).

The Green Road and Fossil Fuel scenarios under the RCP 8.5 climate
scenario resulted in contrasting hydrology outcomes in 2045 compared
with the baseline scenario (Fig. 7). In the Fossil Fuel scenario, increases
in water yield (+1.5%), surface runoff (+10.7%), soil water (+1.2%),
and a decrease in evapotranspiration (− 1.9%) are expected. In contrast,
in the Green Road scenario decreases in water yield (− 3%) and soil
water (− 3.6%) and increases in surface runoff (+3.8%) and evapo
transpiration (+4.2%) may be anticipated. The water yield tends to in
crease in all sub-basin under the Fossil Fuel scenario in 2045 with
increases up to 2.4% in sub-basin 6 (Fig. 7A). In contrast, in the Green
Road scenario the water yield decreased by − 4.4% in sub-basin 5
(Fig. 7B). Surface runoff is expected to increase in all sub-basins for the
Fossil Fuel scenario, up to 15% in sub-basins 2 and 3 (Fig. 7C). In the

4. Discussion
In this study we explored the effect of historic LULC changes on the
hydrology in a sub-tropical watershed between 1990 and 2015 and
explored the potential consequences of future scenarios of LULC changes
and climate for hydrological dynamics in 2045. Our key messages are:
8
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Fig. 7. Relative changes in water yield (A, B), surface runoff (C, D), soil water (E, F) and evapotranspiration (G, H) in the Fossil Fuel and Green Road as compared
with the baseline scenario between 2035 and 2045 in the Muriaé river basin, Brazil. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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(i) the simulated river streamflow increased by 60% from 1990 to 2004
to 2005–2015, which was mostly explained by changes in climate pat
terns, ii) the contribution of LULC on the hydrology at the sub-basin
level depends strongly on climate conditions, and (iii) scenarios for
2045 indicate that LULC changes can have a strong impact on water
dynamics.
The simulated increase in river streamflow (+15.8 m3s− 1) between
1990 and 2004 and 2005–2015 was mainly attributed to the increase in
the annual precipitation (+348 mm) rather than LULC changes. We also
found that surface runoff and water yield increased, while the soil water
and evapotranspiration decreased in the study period. However, it is
difficult to link specific changes in LULC types (Appendix 2) to changes
in streamflow. For instance, while the increase in forest area tend to
decrease surface runoff and increase evapotranspiration, expansion of
urban areas is associated with increased surface runoff and decreased
evapotranspiration. In general, forests can increase the water infiltration
and groundwater recharge (Lopes et al., 2020; Ouyang et al., 2019), and
afforestation has been associated with reduced water yield and river
streamflow due to increased evapotranspiration (Filoso et al., 2017). In
the last decades water management has mostly focussed on surface
water, such as streamflow of rivers. However, it is important to also
consider soil water and the water flow by evapotranspiration, which are
essential to maintain ecosystem functioning (Falkenmark and Rock
ström, 2006). For instance, although soil water can decrease with
expansion of forests area, higher rates of evapotranspiration and
photosynthesis from trees can increase the frequency of precipitation
and also improve human health by filtering pollution from the air
(Ellison et al., 2012; Nowak et al., 2014). Therefore, future studies on
the effects of LULC changes on hydrology at the watershed level should
go beyond the analysis of streamflow or water yield, and also focus on
soil water and evapotranspiration that are related to natural processes
and the maintenance of ecosystem functions and services. Such infor
mation can complement our understanding of the effects of LULC
changes on the water cycle and how this influences human wellbeing.
The analysis of the water balance at the sub-basin level shows that
the contribution of LULC on key hydrological variables depends on the
actual weather conditions. In cases of increased precipitation, about +
436 mm year− 1 in sub-basins 1 and 2, the climate was the most
important driver of the increase in surface runoff, soil water and
evapotranspiration, while LULC changes were associated with a
decrease of surface runoff, soil water and evapotranspiration (Fig. 6). In
contrast, when there were no significant changes in precipitation, LULC
changes were the most important driver of increases of surface runoff
and of decreases of soil water and evapotranspiration (sub-basins 3 and
4). Our findings align with those of Li et al., (2016, 2009) and Shang
et al., (2019) who also identified changes in climate as main drivers of
hydrology in various contexts. LULC changes can be considered as a
moderator of water dynamics, which is strongly related to the quantity
of precipitation in the environment. Global studies show that affores
tation in drier areas has a stronger negative effect on water yield than in
humid regions (Jackson et al., 2005; Zhang et al., 2017). Therefore, to
improve the future management of water resources we should take in
consideration contrasting simulations for a specific LULC type combined
with future projections of climate changes.
The Fossil Fuel and Green Road scenarios indicated contrasting
outcomes for the hydrological dynamics in 2045. Compared with the
baseline scenario, the Fossil Fuel scenario with 18% of forest is expected
to result in increased water yields, surface runoff and soil water con
tents, and decreased evapotranspiration. In contrast, in the Green Road
scenario, which entails an increase of forest cover to 39% of the total
area, may lead to decreased water yields, reduced surface runoff in subbasins 1 and 6, and increased evapotranspiration. Although the Fossil
Fuel and Green Road scenarios involve changes in multiple LULC types
as compared to the baseline scenario, the most pronounced changes
involve forest area (Table 1). This allowed us to explore the effect of
forest on hydrological variables. In general, the Green Road scenario

was associated with higher evapotranspiration and lower surface runoff,
water yield and soil water content compared to the Fossil Fuel scenario.
Forest canopies can intercept about 20% of precipitation (Sari et al.,
2016). LULC scenarios developed with the Distributed Hydrology Soil
Vegetation Model in the same region as our study supported our finding
that increases in forest areas are associated with increased evapotrans
piration and decreased surface runoff, soil water and water yields
(Alvarenga et al., 2016). For instance, our analysis indicated that forest
areas are associated with reduced surface runoff, which can enhance
water infiltration and reduce soil erosion, and therefore land degrada
tion (Didoné et al., 2015). Forests may also mitigate impacts of extreme
climatic events that are predicted to happen more often in the future
(IPCC, 2018), such as the precipitation up to 957 mm recorded in
January 2020 causing severe flooding and landslides in some parts of
our study region (INMET, 2020). While exploring the consequences of
trajectories of socioeconomic development and public policies on water
dynamics is complex and fraught with uncertainties, our scenarios
provide plausible and quantitative indications of what might happen if
these scenarios unfold in the future. The Green Road and Fossil Fuel lead
to strongly contrasting water dynamics in the future, highlighting the
need for well-informed policies for land and water management.
We encountered several challenges and limitations in our attempts to
separate the effects of climate and LULC change on historic water dy
namics and to explore hydrological dynamics in the future, based on
combined LULC and climate change scenarios. First, we lacked historical
records of solar radiation and addressed this issue by estimating these
data using the Random Forests algorithm. Second, we used only one
climate model (HadGEM2-ES) for exploring the future climatic condi
tions. We identified that climate was the main driver of water dynamics
between 1990 and 2015, and for future studies we recommend using
multiple climatic models to explore the effects of different projections of
precipitation patterns on the hydrology. Third, our study did not explore
the monthly dynamics of the streamflow. In the same region of our
study, Cecílio et al., (2019) found that increasing forest cover in the
upper areas of a basin can increase the minimum streamflow, while the
afforestation close to watercourses might reduce the minimum stream
flow. Finally, our study focused on streamflow water dynamics and we
did not consider groundwater dynamics, such as lateral flow and aquifer
recharge. Although groundwater dynamics are important to understand
the complete hydrology cycle in mountain regions, a meaningful anal
ysis of groundwater movement and aquifer recharge would require a
more detailed approach (Melaku and Wang, 2019; Shao et al., 2019).
For instance, the combination of SWAT and the MODFLOW model has
been used to estimate surface-groundwater interactions and recharge
rates (Bailey et al., 2016; Semiromi and Koch, 2019; Loukika et al.,
2020). Therefore, we recommend future studies to explore surface–
groundwater interactions and the monthly variation of hydrological
variables to improve our understanding of the effects of LULC changes
on water dynamics in the region.
5. Conclusions
In this study we disentangled the effects of climate and LULC changes
on historic and future water dynamics. The analysis revealed that
changes in climate patterns were the main drivers of historical water
dynamics in the region. Furthermore, the Green Road and Fossil Fuel
scenarios with their specific socioeconomic narratives and associated
LULC changes indicated strongly contrasting outcomes on hydrology in
the study area. The analysis of these scenarios indicated that an increase
in forest area is expected to decrease surface runoff and the associated
water yield, and may mitigate the impacts of extreme precipitation
events. Therefore, socioeconomic development and public policies that
favour the conservation and expansion of forest may contribute to wa
tersheds to cope with weather extremes that are predicted to be more
common in the future.
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Minas Gerais (FAPEMIG) [APQ-03348-16]. This study is part of the
FOREFRONT program, funded by the Interdisciplinary Research and
Education Fund (INREF) of Wageningen University & Research. We
would like to thank the anonymous reviewers and the editor for the
useful comments. We also thank the Fundação de Amparo à Pesquisa do
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Ziv, G., Acuña, V., Schuhmacher, M., 2013. Ecosystem services in Mediterranean
river basin: climate change impact on water provisioning and erosion control. Sci.
Total Environ. 458–460, 246–255. https://doi.org/10.1016/j.
scitotenv.2013.04.025.
Bressiani, D.A., Gassman, P.W., Fernandes, J.G., Garbossa, L.H.P., Srinivasan, R.,
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Muñoz-Villers, L.E., McDonnell, J.J., 2012. Runoff generation in a steep, tropical
montane cloud forest catchment on permeable volcanic substrate. Water Resour.
Res. 48, W09528. https://doi:10.1029/2011WR011316.
Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models part
I—A discussion of principles. J. Hydrol. 10, 282–290.
Navarro-Racines, C.E. and Tarapues, J.E., 2015. Bias-correction in the CCAFS-Climate
Portal: A description of methodologies.
Neitsch, S.L., Arnold, J.G., Kiniry, J.R., Williams, J.R., 2011. Soil and water assessment
tool theoretical documentation version 2009. Texas Water Resources Institute.
Neupane, R.P., Kumar, S., 2015. Estimating the effects of potential climate and land use
changes on hydrologic processes of a large agriculture dominated watershed.
J. Hydrol. 529, 418–429. https://doi.org/10.1016/j.jhydrol.2015.07.050.
Nowak, D.J., Hirabayashi, S., Bodine, A., Green, E., 2014. Tree and forest effects on air
quality and human health in the United States. Environ Pollut 193, 119–129.
https://doi.org/10.1016/j.envpol.2014.05.028.
Ouyang, Y., Jin, W., Grace, J.M., Obalum, S.E., Zipperer, W.C., Huang, X., 2019.
Estimating impact of forest land on groundwater recharge in a humid subtropical
watershed of the Lower Mississippi River Alluvial Valley. J. Hydrol. Reg. Stud. 26,
100631 https://doi.org/10.1016/j.ejrh.2019.100631.
Pereira, R., Martinez, M.A., Pruski, F.F., Demetrius, D., 2016a. Hydrological simulation
in a basin of typical tropical climate and soil using the SWAT model part I :
Calibration and validation tests. J. Hydrol. Reg. Stud. 7, 14–37.
Pereira, R., Martinez, M.A., Demetrius, D., Pruski, F.F., 2016b. Hydrological simulation
in a basin of typical tropical climate and soil using the SWAT Model Part II:
Simulation of hydrological variables and soil use scenarios. J. Hydrol. Reg. Stud. 5,
149–163.
Radambrasil, 1983. Folhas SF 23/24 Rio de Janeiro/Vitória: geologia, geomorfologia,
pedologia, vegetacão, uso potencial da terra 32. Levantamento de Recursos Naturais,
Rio de Janeiro, p. 775.
Rani, S., Sreekesh, S., 2019. Evaluating the responses of streamflow under future climate
change scenarios in a western Indian Himalaya watershed. Environ. Process. 6,
155–174. https://doi.org/10.1007/s40710-019-00361-2.

12

