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1 | INTRODUCTION

| Martijn J. Booij’ | T.H.M. Rientjes® | Arjen Y. Hoekstra*

Abstract

Changes in the water balance of the Samin catchment (277.9 km?) on Java, Indonesia, can be
attributed to land use change using the Soil Water Assessment Tool model. A baseline-altered
method was used in which the simulation period 1990-2013 was divided into 4 equal periods
to represent baseline conditions (1990-1995) and altered land use conditions (1996-2001,
2002-2007, and 2008-2013). Land use maps for 1994, 2000, 2006, and 2013 were acquired
from satellite images. A Soil Water Assessment Tool model was calibrated for the baseline period
and applied to the altered periods with and without land use change. Incorporating land use
change resulted in a Nash-Sutcliffe efficiency of 0.7 compared to 0.6 when land use change is
ignored. In addition, the model performance for simulations without land use change gradually
decreased with time. Land use change appeared to be the important driver for changes in the
water balance. The main land use changes during 1994-2013 are a decrease in forest area from
48.7% to 16.9%, an increase in agriculture area from 39.2% to 45.4%, and an increase in settle-
ment area from 9.8% to 34.3%. For the catchment, this resulted in an increase of the runoff coef-
ficient from 35.7% to 44.6% and a decrease in the ratio of evapotranspiration to rainfall from 60%
to 54.8%. More pronounced changes can be observed for the ratio of surface runoff to stream
flow (increase from 26.6% to 37.5%) and the ratio of base flow to stream flow (decrease from
40% to 31.1%), whereas changes in the ratio of lateral flow to stream flow were minor (decrease
from 33.4% to 31.4%). At sub-catchment level, the effect of land use changes on the water bal-
ance varied in different sub-catchments depending on the scale of changes in forest and settle-

ment area.
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investigated hydrological behavior under changing conditions in tropi-

Attributing changes in stream flow to land use and climate change has
been of interest for decades. Numerous studies have been carried out
throughout the world focusing on the relationship between changes in
stream flow and changes in land use and climate. Zhang et al. (2012)
distinguishes two approaches to attribute changes in stream flow to
land use change: a modelling and non-modelling approach. The latter
is often carried out based on paired catchment studies (Bosch and
Hewlett, 1982; Brown et al., 2005) or long-term hydrological data anal-
yses (Rientjes et al., 2011; Zhang et al., 2014; Marhaento et al., in press).
The modelling approach can be based on a single model (Niehoff et al.,
2002; Rodriguez Suarez et al., 2014) or multiple models (ensemble
modeling; Huisman et al., 2009). Surprisingly, very few studies

cal regions (Douglas, 1999; Wohl et al., 2012). The impact of land use
change and climate change on stream flow can be significant for tropi-
cal regions having greater energy inputs and faster rates of change,
including human-induced changes (Wohl et al., 2012).

In the 1990s, Indonesia was among countries having the largest
land use changes in terms of forest lost in the world, behind Brazil
(Hansen et al., 2009). A high demand of land resources to accelerate
the economic development and meet local needs for food and settle-
ments resulted in land use changes at different scales. Several hydro-
logical studies have been carried out in Indonesia to investigate the
impacts of land use change on water resources (Valentin et al., 2008;
Remondi et al., 2016), showing that deforestation and urbanization
were the two land use changes mostly reported to affect stream flow.
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Deforestation and urbanization caused increases in peak flows
enhancing the flood risk during the wet season and decreases in base
flow in the dry season following the loss of forest area (Bruijnzeel,
2004).

Douglas (1999) argues that most of the hydrological studies in
tropical regions, including Indonesia, focus on the impacts of land use
change on stream flow (e.g., seasonal flow and annual flow) and sedi-
ment yield based on small-scale plot measurements. In addition, land
use change can also affect other water balance components, such as
evapotranspiration (ET), soil water content, and groundwater recharge.
Yet, only few studies have attempted to assess the attribution of
changes in the water balance to land use change in tropical regions.
Moreover, some of the results are contradictory and inconsistent, in
particular for large catchments (>100 km?; Calder et al., 2001; Beck
et al., 2013).

In order to assess the impacts of land use change on the water bal-
ance, a modelling approach is typically used. Models can be used to
assess impacts of historic as well as future land use changes on hydro-
logical conditions (Huisman et al., 2009; Thanapakpawin et al., 2007). A
wide range of models has been used to simulate land use change
impacts on the water balance, for example, SWAT (Arnold et al.,
1998), MIKE-SHE (Refsgaard and Storm, 1995), or DHSVM (Wigmosta
et al., 1994). However, the contribution of land use change to changes
in the catchment water balance is still not fully understood due to cli-
matic interferences (Wang, 2014), requiring further study. A challenge
is to attribute changes in the water balance to land use change under
varying climatic conditions (Romanowicz and Booij, 2011).

Against this background, the goal of this study is to attribute
changes in the water balance of a tropical catchment in Indonesia to
land use change using a modelling approach. First, we attribute
changes in stream flow to land use change in the Samin catchment in
Java, Indonesia, for the time period 1990-2013, using the semi-
distributed physically based SWAT model (Arnold et al., 1998) and a
baseline-altered method to attribute changes in stream flow to land
use change. Second, we assess causal relationships between land use
change and water balance alteration in the study catchment. A diagnos-
tic approach is followed using two widely used statistical analyses,
namely, Mann-Kendall trend analysis and Pearson's test, to investigate
whether the water balance has statistically changed over the study
period due to land use change. We consider the water balance in terms
of five water balance coefficients: the ratio of runoff to rainfall (the run-
off coefficient, Q/P), the ratio of evapotranspiration to rainfall (ET/P),
the ratio of surface runoff to stream flow (Q./Q), the ratio of lateral flow
to stream flow (Q,/Q), and the ratio of base flow to stream flow (Q,/Q).
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We propose the use of attribution analysis to test whether land
use change is the main driver for changes in stream flow prior to assess
the impact of land use change on the overall water balance. In addition,
a diagnostic approach may provide insight on the relationship between
land use change and water balance alteration that is rarely investigated
in tropical regions. This study complements the study of Marhaento
et al. (in press) who conducted attribution analysis of changes in
stream flow to land use and climate change using a non-modelling
approach for the same catchment.

The structure of the paper is as follows. Section 2 presents a descrip-
tion of the study area and the data availability. Section 3 describes the
methods used and Sections 4 and 5 give the results and discussion of

the key findings. Finally, conclusions are addressed in Section 6.

2 | STUDY AREA AND DATA

2.1 | Catchment description

The Samin River, with a total length of about 53 km, is of the Bengawan
Solo River, which plays an important role to support life within its sur-
rounding area. The catchment area of the Samin River extends over
277.9 km? and ranges between southern latitude 7.6°-7.7° and eastern
longitude 110.8°-111.2° (see Figure 1). The main economic activity in
this catchment is agriculture, which is supported by the water availabil-
ity within the catchment. The highest part of the catchment is the Lawu
Mountain, with an altitude of 3,175 m above mean sea level, and the
lowest part is near the Bengawan Solo river in Sukoharjo district, with
an altitude of 84 m above mean sea level. The average slope in the
Samin catchment is 10.2%, where higher slopes are mostly in the
upstream part near the foothill of the Lawu Mountain. The stream den-
sity is around 2.2 km/km? and streams form a parallel drainage pattern,
where the tributaries tend to stretch out from east to west following
the surface slope. According to the soil map from the Harmonized
World Soil Database (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012), two soil
classes, namely, Luvisols and Andosols, are dominant in the Samin
catchment, which cover 57% and 43% of the study area, respectively.
Luvisols are developed from parent material of accumulated silicate
clay that is dominant in the midstream to downstream area. These soils
are characteristic for the forested area where a leafy humus horizon can
be found at the top of the soil layers. Andosols are developed from par-
ent material of the volcanic Lawu Mountain and are mainly dominant in
the upstream area. These soils are typically highly porous and fertile
due to volcanic deposits from the Lawu Mountain.
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FIGURE 1 Samin catchment in Java,
Indonesia, with the locations of hydrological
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2.2 | Hydro-climatic conditions

The climate of the Samin catchment is tropical monsoon with distinct
dry and wet seasons. The dry season is influenced by Australian conti-
nental masses and generally extends from May to October, whereas
the wet season is influenced by Asian and Pacific Ocean wind masses
and generally extends from November to April. The spatial rainfall pat-
tern likely follows the orography, with a larger amount of rainfall in the
upstream area than in the downstream area. Based on a simple linear
regression between the mean annual rainfall and elevation of 13 rain-
fall stations in the surrounding catchment, it was found that the mean
annual rainfall increases about 150 mm per 100 m increase of eleva-
tion. This is comparable with the finding of Subarna et al. (2014) who
estimated an increase in the mean annual rainfall of about 140 mm
per 100 m increase of elevation for the Cisangkuy catchment in West
Java, Indonesia. The mean daily temperature is approximately 26 °C
with a mean daily minimum of about 21.5 °C and a mean daily maxi-
mum of about 30.5 °C. The daylight length is approximately 13 hr with
a small difference between the wet and dry seasons resulting in a mean
daily solar radiation of about 17 MJ/m?2. During the period 1990-
2013, the mean annual rainfall, potential ET, and stream flow of the
Samin catchment ranged from 1,500 mm-3,000 mm, 1,400 mm-
1,700 mm, and 500 mm-1,200 mm, respectively, where a high Q/P
(i.e., >0.5) was found for the years 2000 and 2005 (see Figure 2). The
trend analysis of the mean annual rainfall, potential ET and stream flow
showed an increase of approximately 48 mm, 31.2 mm, and 290 mm,
respectively (Marhaento et al., in press). Whereas long-term changes
in the mean annual rainfall and potential ET were statistically not sig-
nificant, changes in the mean annual stream flow were significant at
a significance level of 5%. Figure 2 shows the mean annual rainfall,
potential ET, and stream flow of the Samin catchment for the period
1990-2013.

2.3 | Data collection

The SWAT model requires a digital elevation model (DEM), land use
data, soil data, and climate data as model inputs. The DEM data were
generated from a contour map with a contour interval of 12.5 m, which
was made available by the Indonesia Geospatial Information Agency.

Land use information was available for a 30-m resolution for the years
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FIGURE 2 Mean annual rainfall, potential evapotranspiration, and
stream flow for the period 1990-2013 in the Samin catchment (after
Marhaento et al., in press)

1994 and 2013 from Marhaento et al. (in press). Two additional land
cover images were acquired from the LANDSAT satellite (USGS,
2016) for September 9, 2000 and ASTER images (ERSDAC, 2016) for
November 9, 2006 to represent land use for the years 2000 and
2006. Soil data were taken from the Harmonized World Soil Database
(FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). The soil
required as SWAT input that were not available in the global soil

characteristics

map (i.e., available water content, saturated hydraulic conductivity,
and bulk density) were obtained from the Soil-Plant-Atmosphere-
Water (SPAW) model (Saxton & Willey, 2005). The SPAW model uses
pedotransfer functions, including information on soil texture, soil salin-
ity, organic matter, gravel and soil compaction, to determine water
retention characteristics. The model has been developed based on an
extensive number of laboratory datasets of soil characteristics from
the USDA/NRCS National Soil Characterization database and has been
validated using thousands of sample subsets (Saxton & Willey, 2005).
Even though the SPAW model has been developed in the United
States, the application of the SPAW model is worldwide and often per-
formed with a model calibration (Botula et al., 2014).

For model calibration, we used daily stream flow. The Bengawan
Solo River Basin office provided daily water level data in the Samin
catchment for the period 1990-2013. The daily discharge data have
been obtained by converting the daily water level data to discharge
values using the rating curves provided by the Bengawan Solo River
Basin office. We assume that the available rating curve is sufficient
to represent the river flows (i.e., high flows and low flows) considering
the limited information on how the rating curve has been checked and
updated by the data provider. This study used the same discharge and
climate data as Marhaento et al. (in press) who have corrected errone-
ous water level data due to shifts in gauge location and corrected rain-
fall data based on the relationship between rainfall and elevation. In
addition, the missing discharge data were completed using a nonlinear
recession model (Wittenberg, 1994) that was applied to fill-in data of
maximum 15 consecutive days of missing discharge values. We
excluded stream flow data that were unavailable for more than 15 con-
secutive days. This fill-in procedure concerns less than 5% of the data.
For the missing climate data, a normal ratio method based on values

from surrounding stations was used.

3 | METHODS

3.1 | Land use changes

Because land use information for the years 1994 and 2013 is available
from Marhaento et al. (in press), we carried out satellite image analysis
for LANDSAT and ASTER images for the years 2000 and 2006. These
images were completed by preprocessing analysis through a nonsys-
tematic geometric correction to avoid distortion on map coordinates
and masking analysis to remove the area beyond the study area. The
ASTER image resolution was resampled from 15 x 15 m? grid-size to
30 x 30 m? grid-size to be similar to the grid size of LANDSAT images.
We used a maximum likelihood approach to perform image classifica-
tion using thousand ground-control points (GCPs; see Marhaento

et al, in press) and then made a confusion matrix to measure
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classification accuracy. We divided the GCPs into two sets: Half of the
GCPs were used to perform image classification and half of them were
used to perform accuracy assessments by means of the overall accu-
racy and the Kappa coefficient. The overall accuracy is defined as the
number of correct samples divided by the total number of samples.
The Kappa coefficient measures the agreement between the classifica-
tion map and the reference data. Land use change analysis was per-
formed based on differences in areal coverage of each land use class
between different years.

32 |

3.21 |
For this study, we used the water quantity module of the SWAT

SWAT model set up and calibration

Water balance estimation

model, a physically based semi-distributed model operating on a daily
time step with proven suitability for hydrologic impact studies around
the world (Wagner et al., 2013; Memarian et al., 2014). The SWAT
model divides a catchment into sub-catchments and then further
divides each sub-catchment into hydrological response units (HRUs)
for which a land-phase water balance is calculated (Neitsch et al.,
2011). An HRU is defined as a lumped area within a catchment
assumed to have uniform behavior and is characterized by a dominant
land use type, soil type, and slope conditions (Arnold et al., 1998). For
each simulation time step (daily in this study), a water balance is com-
puted for each HRU and for each sub-catchment. Runoff is routed
through channels to the catchment outlet and used to calculate the
catchment water balance.

This study focused on the land-phase water balance, where land
use change has its main impact. The components of the land-phase
water balance in the SWAT model include inflows, outflows, and varia-
tions in storages. Rainfall (P) is the main inflow in the model. The out-
flows are ET, surface runoff (Q.), lateral flow (Q)), and base flow (Qy).
There are four storages in SWAT, namely, snowpack, soil moisture
(SM), shallow aquifer (SA), and deep aquifer (DA). We excluded the
snowpack storage in the model because snowfall is not relevant in the
study area. Flows between storages are percolation from the soil mois-
ture storage to the shallow aquifer storage (Perc), water movement
upward from the shallow aquifer to the soil moisture storage (Revap),
and deep aquifer recharge (DA_Rchg). Figure 3 shows the SWAT model
schematization used in this study. For a more detailed description of
the SWAT model, reference is made to Neitsch et al. (2011).

l T S HRU,

sM A 4
Revap o b q Sub-catchments

Routing flow

Qy ¥
Catchment outlet

A,

DA

FIGURE 3 The Soil Water Assessment Tool model structure.
DA = deep aquifer; ET = evapotranspiration; HRU = hydrological
response unit; Q, = base flow; Q = lateral flow; Qs = surface runoff;
SA = shallow aquifer; SM = soil moisture
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The DEM was used to delineate boundaries of the catchment and to

Model setup

divide the catchment into sub-catchments. We used a stream network
from the Indonesia Geospatial Information Agency to “burn-in” the
stream network to create accurate flow routing and to delineate sub-
catchments. This procedure resulted in 11 sub-catchments, ranging in
size from 0.12 to 83 km?. In addition, the DEM was used to generate
a slope map based on the slope classification from the Guideline of
Land Rehabilitation from the Ministry of Forestry (1987). Land use
codes from the SWAT database, namely, AGRR, FRSE, FRST, RICE,
URMD, and LBLS, were assigned to denote dryland farming, evergreen
forest, mixed garden, paddy field, settlement, and shrub, respectively.
For the settlement, we used the assumption that the settlement area
is not fully impervious providing some pervious spaces in between
the houses that are often used for house yards. Thus, we used the class
Urban Residential Medium Density (URMD) in the SWAT model to
assign parameters in the settlement area. URMD assumes an average
of 38% impervious area in the settlement area (Neitsch et al., 2011),
which is relatively similar to the settlement conditions in the study
catchment. In addition, as a typical rural area in Java, the artificial drain-
age network in the study area is not well developed. Thus, we consider
that the impacts of the artificial drainage network of the settlements
on the long-term water balance of the system are not significant. Fur-
thermore, we modified the SWAT crop and management database for
each land use type in order to match the conditions in a tropical region.
We note that SWAT is designed for temperate regions so that it is nec-
essary to modify the crop parameters for application in a tropical
region (Kilonzo, 2013; Van Griensven et al., 2014). Table 1 shows the
adjusted values in the SWAT crop and management database applied
in this study. Forest includes evergreen forest and mixed garden,
whereas agriculture includes paddy field and dry-land farming.

HRUs were created by spatially overlying maps of land use, soil,
and slope classes. The Penman-Monteith method was used to calculate
reference ET. For runoff simulations, we selected the Soil Conservation
Service Curve Number (SCS-CN) method because it has a direct link to
land use types. In addition, we also adjusted the CN values for slope
effects based on the equation from William (1995), since the default
CN value in the SWAT model is only suitable for a slope up to 5%, which
is not appropriate for our study catchment. For flow routing, we used
the Muskingum method that models the storage volume as a combina-

tion of wedge and prism storage (Neitsch et al., 2011).

323 |

Model calibration aims to produce a robust SWAT model that is able to

Model calibration

simulate land use change impacts on the water balance. Identification
of SWAT parameters to be calibrated was based on the procedure
from Abbaspour et al. (2015). Within the procedure, the SWAT model
was executed using the default SWAT parameters. The simulated
hydrograph was visually compared with the observed hydrograph.
Based on the characteristics of the differences between observed
and simulated hydrograph (e.g., underestimation/overestimation dis-
charge and shifted discharge), relevant SWAT parameters were identi-
fied. Furthermore, one at a time sensitivity analysis was carried out to

detect the most sensitive parameters among the relevant parameters.
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TABLE 1 Adjusted values in the Soil Water Assessment Tool crop and management database (adapted from Kilonzo, 2013)

Land use/land cover class

Forest Shrub Agriculture
Variable Original Adjusted Original Adjusted Original Adjusted
LAI_INIT (-) 0 5 0 3 0 3
BIO_INIT (kg/ha) 0 1,000° 0 0 0 0
PHU_LT (-) 0 3,500? 0 3,500? 0 3,500?
GSI (mm/s) 2 7 5 5 7 7
CANMX (mm) 0 5 0 2 0 2

Note. Definitions for each variable are available in Neitsch et al. (2011).
“The maximum value allowed in Soil Water Assessment Tool.

(-) means no units

We calibrated the model using the Latin hypercube sampling approach
from the Sequential Uncertainty Fitting version 2 in the SWAT Calibra-
tion and Uncertainty Procedure (SWAT-CUP) package. First parameter
ranges were determined based on minimum and maximum values
allowed in SWAT. A number of iterations were performed, where each
iteration consisted of 1,000 simulations with narrowed parameter
ranges in subsequent calibration rounds. The new parameter ranges
were determined based on the minimum and maximum parameter
value of the 10% best parameter sets according to the objective func-
tion value. We stopped the calibration process and obtained the opti-
mum parameter values after the objective function value showed
insignificant changes (smaller than 0.01). Simulations for model calibra-
tion were assessed on a monthly basis and the NSE (Equation 1) was

used as the objective function.

i=|

=z

> [Qs(i)-Qofi))?
NSE = 1—‘2117 (Eq.1)

i=i )
»21 Qo(i)-Qo]

iz

where i is the time step, N the total number of time steps, Qs the sim-
ulated discharge, Qo the observed discharge, and Qo the mean of Qo

over the period of analysis.

3.3 | SWAT simulations

The SWAT simulations were carried out in two steps. The first step
included simulations to attribute changes in stream flow to land use
change. These simulations aimed to investigate whether land use
change is the main driver for changes in stream flow. We used a
baseline-altered approach, which divides the dataset into four
sequential periods: the first period is regarded as the baseline period,
and other periods are regarded as altered periods, periods when the
hydrological regime within a catchment is expected to be changed
due to land use changes. The method assumes that by calibrating a
model in the baseline period and applying the calibrated model in
the altered periods using updated land use maps will enable the sim-
ulation of impacts of land use change on streamflow (Li et al., 2009
and Wagner et al., 2013).

In this study, we divided the simulation period (1990-2013) into
four equal periods to accommodate gradual changes in land use in
the study catchment. The first period (1990-1995) was regarded as
the baseline period and the other periods (1996-2001, 2002-2007,

and 2008-2013) were regarded as altered periods. The four land
use maps available for the years 1994, 2000, 2006, and 2013 repre-
sent the land use conditions for each period. We ran the calibrated
SWAT model for the baseline period (1990-1995) using land use of
the year 1994 and then applied the calibrated model for the altered
periods. We carried out two simulations for the altered periods, that
is, with land use change (using land use maps of 2000, 2006, and
2013) and without land use change in order to investigate the attri-
bution of changes in stream flow to land use change. We followed
the method from Refsgaard et al. (1989) and Lgrup et al. (1998),
which used model performances as an indicator of land use change
impacts. Land use change is regarded as the important driver to
changes in stream flow when model simulations with land use
changes show a better model performance than simulations without
land use change. Updating land use cover in the simulations will
adapt the HRU information in the simulation and thus affect stream
flow simulation. Figure 4 shows the hypothetical scenario of our sim-
ulations. We note that the changes in the model performance values
are not necessarily linearly related to changes in land use as sug-
gested by the straight lines in the diagram. To incorporate land use
change in the simulations, we used the Land Use Update tool in
ArcSWAT.

The first step of the simulations shows the land use change contri-
bution to changes in stream flow. As a second step in the study, the
changes in the mean annual water balance as a result of land uses
change were assessed at both catchment level and sub-catchment
level. We focused on five water balance coefficients, namely, Q/P,
ET/P, Q/Q, Q/Q, and Q,/Q. A diagnostic approach using statistical
analyses (Mann-Kendal statistic and Pearson statistic) was carried
out to test the statistical significance of the long-term trends in the

o Land use update
i \ Changes in NSE
. : i values for simulation
'_3 T with land use
3 change
@9
=z
Land Use H i 4 Changes in NSE
1994 values for simulation
Period 1 period 2 i period 3 i period wilhn:t land use
(calibration) erio i erio i erio 1 change
1990 1995 2001 2007 2013

Year

FIGURE 4 A hypothetical scenario for the model simulations to test
the hypothesis regarding the effects of land use changes on the
model performance. NSE = Nash-Sutcliffe efficiency
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mean annual water balance coefficients and to investigate the correla-

tion between changes in the water balance and land use change.

4 | RESULTS

4.1 | Land use change analysis

Table 2 shows the relative areas of each land use class for the years
1990, 2000, 2006, and 2013. In general, we found that there was an
increasing human influence in the Samin catchment through the devel-
opment of settlements and agriculture area (i.e., paddy field and dry-
land farm). Figure 5 shows the spatial distribution of land use change
in the Samin catchment. It shows that in the period 1994-2000, agri-
culture area was converted to settlements in the downstream area
and evergreen forest area was converted to mixed garden in the
upstream area. However, these changes do not significantly reduce
the tree-dominated area because the conversion of evergreen forest
into mixed garden area basically is a change from a state forest into a
community forest. A dramatic change has occurred in the period
2000-2006 when agriculture land was converted to mixed garden area
in the upstream area that resulted in a major decrease of tree-covered
area in the Samin catchment. At the same time, the settlement area
significantly increased in the downstream area converting agricultural
area into impervious area. In the period 2006-2013, the development
of settlement areas expanded in the upstream part of the catchment at
the expense of mixed garden area resulting in major deforestation. In
total, during the period 1994-2013, deforestation by decreasing ever-
green forest area and mixed garden area was about 30%. At the same
time, settlements and agricultural area have increased by 25% and 6%,
respectively. We note that the average overall accuracy and Kappa
coefficient of land use maps used for this study were 89% and 87%,
respectively, which is sufficient for producing a land use map
(Congalton, 1991). Detailed descriptions of each land use class are

available in Marhaento et al. (in press).
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Six SWAT parameters were calibrated, namely, CN2, SOL_AWC,
ESCO, CANMX, GW_DELAY, and GW_REVAP. CN2 is the curve num-

ber parameter, which controls the fraction of water to infiltrate into

Model calibration and simulations

Model calibration

TABLE2 Area percentage (%) of each land use class in the year 1994,
2000, 2006, and 2013

Land use class 1994 2000 2006 2013
1. Forest area 48.7 42.2 26 16.9
a. Evergreen forest 16.1 3 24 2.3
b. Mixed garden 32.6 39.2 23.6 14.6
2. Agriculture area 39.2 36.9 443 45.4
a. Paddy field 30.2 28.2 28.9 28
b. Dryland farm 9 8.7 154 174
3. Settlements 9.8 16.3 25.6 34.3
4. Shrub 2 4.3 3.8 3.1
5. Water body 0.3 0.3 0.3 0.3

the soil or to generate surface runoff by overland flow. A large CN
value causes less infiltration and results in more surface runoff.
SOL_AWC is the available water capacity of the soil layer. It controls
the soil water storage between soil moisture conditions at field capac-
ity and permanent wilting point. GW_DELAY is the ground water delay
time. It controls the lag time between water leaving the soil layers and
entering the shallow aquifer. A larger GW_DELAY will enable more
evaporation from the unsaturated zone. GW_REVAP is the ground
water revap coefficient, a SWAT term to describe the movement of
water into overlying unsaturated layers as a function of water demand
for ET. The GW_REVAP parameter controls the amount of water in the
capillary fringe that separates the unsaturated zone and the saturated
zone to move upward (to fulfill evaporative demand). A larger
GW_REVAP value results in a larger transfer rate from the shallow
aquifer to the unsaturated zone. ESCO is the soil evaporation compen-
sation factor and controls the soil evaporative demand that is to be
met. When the value of ESCO gets closer to O, the model will receive
more water from the lower soil level to fulfil evaporative demand.
CANMX is the maximum canopy storage to intercept rainfall. It con-
trols the density of plant cover so that it significantly affects infiltration
and ET. A larger CANMAX results in a larger plant canopy capacity. We
calibrated CANMX only for forested areas (i.e., FRSE and FRST).
These parameters were calibrated in different ways. For parame-
ters CN2 and SOL_AWC, we calibrated a scaling value at the HRU level
so that the default parameter value was multiplied by (1+ calibrated
scaling value). In this way, the default parameters will not lose their
original spatial patterns. For parameters GW_DELAY, GW_REVAP,
ESCO, and CANMX, we calibrated parameter values at the catchment
level so that the calibrated parameter values are homogeneous over
the entire catchment. After three rounds of calibration, we found opti-
mum calibrated parameter values with a NSE value of 0.78 (see
Figure 6). Table 3 shows the calibrated values used in this study.

4.2.2 | Performance of model simulations with and without
land use changes

Table 4 shows the model performance for simulations with and with-
out land use changes for the altered periods. The results of the sim-
ulations without land use change show that the NSE value has
continuously decreased, with a significant decrease in the period
2008-2013 (Figure 7). In this period, the calibrated model fails to
simulate peak flows, which explains the relatively low value of NSE
(<0.6). After land use change was incorporated in the simulations,
the NSE values of the altered periods (periods 2, 3, and 4) were
higher than the NSE values from simulations without land use
changes. The simulated peak flows and low flows of the simulations
with land use change are better than in the simulations without land
use change. While the mean NSE value of simulations without land
use change is around 0.6, the mean NSE value of simulations with
land use change is around 0.7.

In order to validate the method, a similar procedure was applied in
an independent sub-catchment, namely, Tapan catchment (+200 ha),
that is located in the upstream part of the study catchment. The stream
flow data of the Tapan catchment were made available by Retnowati
(2012) at annual basis from the period 1993 to 2007. We created a
new outlet in the simulated catchment that is similar to the outlet
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FIGURE 6 Hydrograph of simulation with 0
calibrated parameter values for the baseline
period

location of the Tapan catchment and executed the model with and
without land use change. Furthermore, we compared the NSE values
between simulations with and without land use change for the period
1993-2007. The results show that simulation with land use change has
a better performance than the simulation without land use change with

N T U LT Lt T

Meonths

NSE values of -0.75 and -4.03, respectively (see Figure 8). Although
the model showed a poor performance, a better model performance
for simulations with land use change than simulations without land
use change could be an indication of the importance of land use
change to changes in stream flow.
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TABLE 3 Values of calibrated Soil Water Assessment Tool parameters

Parameters  Units Prior range Default value Calibrated values
CN2 (-) -0.3-0 0 -0.1
SOL_AWC mm 0-1 0 0.6

ESCO (=) 0-0.5 0.95 0.1
GW_DELAY days 30-80 31 55
GW_REVAP (-) 0.02-0.1 0.02 0.05
CANMX mm 0-10 5 9

(-) means no units

4.3 | Changes in water balance coefficients

A good model performance of simulations with land use change con-
firmed the contribution of land use change to changes in stream flow.
The results of the simulation with land use change showed that the
water balance of the Samin catchment has changed in the 24-year time
period at both catchment and sub-catchment level. At the catchment
level, the Mann-Kendall trend analysis showed that the changes in
Q/P and ET/P were not significant at a significance level of 5%.
Between period 1 and period 4, Q/P has increased from 35.7% to
44.6%, and ET/P has decreased from 60% to 54.8%. Our results are
in line with the findings from Marhaento et al. (in press), but we found
smaller increases for the mean annual stream flow. Despite changes in
Q/P were not statistically significant, changes in Q;/Q and Q,/Q were
significant at a significance level of 1%. Between period 1 and period 4,
Qs/Q has increased from 26.6% to 37.5% whereas Q,/Q has
decreased from 40% to 31.1%. For Q/Q, the long-term changes were
not significant at a significance level of 10% (decrease from 33.4% to
31.4%). Figure 9 shows the long-term changes in the water balance
coefficients for the period 1990-2013.

At the sub-catchment level, long-term trends were consistent for
three water balance coefficients, namely, Q/P, Q,/Q, and Q,/Q. We
found that Q/P and Q./Q increased while Q,/Q decreased for all
sub-catchments. However, long-term trends were not consistent for
the other two water balance coefficients ET/P and Q;/Q. Several

sub-catchments experienced a positive trend of ET/P as well as Q/Q

1,600

1,400
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g
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1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Year

FIGURE 8 Hydrograph simulations with and without land use change
for years 1993-2007 in the validation catchment

while other sub-catchments showed negative trends. The opposite
directions of ET/P and Q/Q at sub-catchment level have balanced
each other so that the differences of ET/P, and Q/Q at catchment
level were minor. As a result, changes in ET/P were not equal to
changes in Q/P at catchment level indicating that there was a change
in the water storage (AS). Table 5 shows the results of the Mann-
Kendall trend analysis of the water balance coefficients at sub-
catchment level.

4.4 | Effect of land use change on the water balance

In order to relate changes in the water balance and changes in land use,
we performed Pearson correlation tests at the sub-catchment level.
The results showed that changes in the water balance were signifi-
cantly correlated with changes in forest area (i.e., combination of ever-
green forest and mixed garden) and settlements, whereas the other
land use classes did not show a correlation with the water balance
coefficients at a significance level of 5%. Figure 10 shows the changes
in the water balance coefficients as a function of changes in forest and

settlement area. Changes in the forest area had a positive correlation

TABLE 4 Nash-Sutcliffe efficiency values of simulations with and without land use update

Baseline period

Altered periods

Simulations 1990-1995 1996-2001 2002-2007 2008-2013
Without land use update 0.78 0.7 0.65 0.53
With land use update 0.78 0.72 0.71 0.68

30 — without land use update with land use update @ observed

Discharge (m?/s)

FIGURE 7 Hydrograph of simulations with
and without land use change for the altered
periods
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FIGURE 9 (a) Simulated runoff coefficient and ratio of
evapotranspiration to rainfall (ET/P) and (b) simulated ratio of surface
runoff to stream flow (Q./Q), ratio of lateral flow to stream flow (Q,/Q),
and ratio of base flow to stream flow (Q,/Q), including their long-term
trend for the period 1990-2013 in the Samin catchment

TABLE 5 Trend directions from the Mann-Kendall trend analysis for
the water balance components per sub-catchment for the period
1990-2013

Sub Runoff
catchment Area(km?) ET/P coeff QJ/Q Q/Q Q,/Q
25 _ " o _x _x
2 8.2 = 4 +* = =
3 13.7 - +* + - -
4 4.6 + + +* + —*
5 0.1 + + + + -
6 9.5 + 4 4 4 =*
7 213 - +* +* =* -
8 17.8 = 4 i3 = -
9 60.8 - + + - -
10 554 = + + + -
11 84 - + +* - -

Note. A (=) shows a decreasing trend, while a (+) shows an increasing trend.
An asterisk means that the trend is significant at a significance level of 5%.

with Q/P and a negative correlation with ET/P at a significance level of
1%. In addition, changes in the settlement area had a positive correla-
tion with Q/P at a significance level of 1% but relatively low impacts on
ET/P. Changes in Q/P and ET/P at sub-catchment level were higher
than changes at catchment level. For the fractions of stream flow,

changes in Qs/Q could be related to changes in the settlement area

with a positive correlation at a significance level of 5%. Changes in
Q,/Q had the same magnitude but in an opposite direction than
changes in Qs/Q. The contribution of changes in forest area to changes
in Qs/Q and Qu,/Q were minor in particular for the latter. Changes in
forest area significantly affected changes in Q/Q with a positive corre-

lation at a significance level of 5%.

5 | DISCUSSION

Based on hydrological modelling, this study provides a strong indica-
tion that changes in land use altered the water balance in the Samin
catchment. Findings show that land use change due to deforestation
and expansions of settlement area (i.e., urbanization) have reduced
the mean annual ET and increased the mean annual stream flow.
Moreover, the fraction of the stream flow originating from surface run-
off has significantly increased compensated by a decrease in base flow.
The directions of changes in the water balance by land use change (i.e.,
deforestation and urbanization) in this study are in line with hydrolog-
ical studies in tropical regions from Bosch and Hewlett (1982),
Bruijnzeel (2004), and Brown et al. (2005). It is well known that a
reduction of forest area may cause not only a reduction in the tree
stands which significantly reduces ET from both canopy interception
and plant transpiration, but also diminishes ground vegetation and leaf
litter. The absence of ground vegetation and leaf litter affects top soils
to lose protection from raindrop splashes and to have less biotic activ-
ity (Guevara-Escobar et al., 2007). Thus, processes in the top soil
resulting in lower organic matter contents cause a lower permeability
and storage capacity resulting in a lower infiltration capacity. As a
result, a larger fraction of rainfall is transformed into surface runoff.
In this study, we find that changes in forest area significantly contrib-
uted to changes in ET/P and Q/Q, whereas changes in Q,/Q and
Q,/Q were profoundly affected by the expansion of settlement area.
A rapid increase of settlement area (see Table 2) is probably the main
reason of the significant impacts on the water balance. Expansion of
settlement area will reduce vegetation coverage thus leading to a
decrease in ET. Expansion of impervious area (e.g., buildings and roads)
can alter both surface and subsurface flow as a result of reduced infil-
tration. As impervious area increases, less water infiltrates into the soil
resulting in lower soil water storage. Several studies have investigated
the correlation between urbanization and the water balance in tropical
regions (Wagner et al., 2013; Remondi et al., 2016; Gumindoga et al.,
2014), and results are similar to ours.

In this study, changes in the water balance due to land use change
occurred at both catchment and sub-catchment level. However, we
found that changes at sub-catchment level were diverse where some
sub-catchments showed different directions of change in the water
balance coefficients compared to others. Apparently, the positive and
negative trends on ET/P and Q/Q at sub-catchment level have com-
pensated each other, so that long-term changes of those variables at
catchment level were relatively small. This is similar to the findings
from Wagner et al. (2013) and Wilk and Hughes (2002) who argue that
the complexity of large catchments that can mask the impacts of land
use changes on hydrological processes at the local scale. Furthermore,

the land use change impacts on the water balance differ for each sub-
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catchment. The changes in the downstream area, where land conver-
sion from agriculture to settlement is dominant, are larger than in the
upstream area, where land conversion from forest to agriculture is
dominant. As we noted, the rapid increase of impervious area is prob-
ably the main cause for changes in the overall water balance. We agree
with Wagner et al. (2013) who argue the significant impacts of urban
expansion to changes in the surface runoff and stream flow. In addition
to these factors, Van Dijk et al. (2007) and Bruijnzeel (2004) mention
slope variation, soil types, and geological conditions which could con-
tribute to the impact of land use change on the water balance. None-
theless, changes in climate can also accelerate changes in the water
balance of the study catchment. Aldrian and Djamil (2008) argue that
the climate in East Java has changed over the past decades with a
decrease in the accumulated monthly rainfall and annually, an increase
of the ratio of total rainfall in the wet season to the total annual rainfall
and an increase of the dry spell period. However, climate changes in
East Java likely occurred in the low altitude area closer to the seashore
and relatively less in the mountainous area due to regular orographic
effects. Marhaento et al. (in press) argue that the contribution of cli-
mate change to changes in the stream flow in the study catchment is
less significant than the contribution of land use change but not negli-
gible. As can be seen in Figure 2, Q/P of the years 2000 and 2005 was
higher than in other years, which is probably due to climatic variability
(e.g., higher rainfall intensity) rather than land use. Thus, combination
of land use change and climate change might result in more significant
hydrological changes than either driver acting alone (Hejazi & Moglen,
2008). A more thorough study, however, need to be done in the future
focusing on the role of climate change (e.g., changes in the rainfall
intensity and extreme rainfall events) to changes in the water balance

of the study catchment.

The SWAT model used in this study has been successful to attri-
bute changes in the water balance to land use changes. However, a
good model performance only was found at the catchment level, for
which the model calibration has been carried out. At the sub-
catchment level, the model errors increased. A significant deteriora-
tion of the model performance at smaller scale sub-catchments
probably result from model parameters that cannot represent detailed
hydrological processes at a finer scale, such as flow concentration dur-
ing heavy downpours. In addition, accumulation of errors from the
model structure (e.g., model assumptions and equations) as well as data
inputs (e.g., lack of relevant spatial and temporal variability of data
inputs from rainfall, soils, land uses, and DEM) was increasing when
the model was applied under changing conditions (e.g., land use change;
Ewen et al., 2006).

It should be noted that parameterization is the key yet most chal-
lenging part in the model simulation. Identification of parameters to be
calibrated was essential for the subsequent steps. In this study, we
followed the guideline from Abbaspour et al. (2015) to select parame-
ters to be calibrated based on the model performance of the default
simulation. However, these parameters were different from the param-
eters that were found by the global sensitivity analysis in the SWAT-
CUP package (CN2, CH_N2, GWQMN, GW_DELAY, GW_REVAP
and CNCOEF). Calibration of both parameter sets resulted in a compa-
rable model performance in terms of NSE, where parameters from the
global sensitivity analysis resulted in an average NSE value of 0.77 for
simulations with land use change and 0.6 for simulations without land
use change. Although a similar conclusion could be drawn by using the
parameter set from the global sensitivity analysis, we found that the
model simulated a (very) low ratio of catchment averaged ET to rainfall

(in mm) with an average annual value of 34%. According to Bonell et al.
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(2005), in forested tropical catchments with distinct wet and dry sea-
sons, the average annual ET is more than 50% of the annual rainfall.
Our findings resemble Van Griensven et al. (2012), who reported the
equifinality problem in SWAT simulations for tropical regions where
satisfactory simulated discharges does not guaranty a good perfor-
mance of the ET simulation.

The SWAT model has been developed for temperate regions and
the default SWAT database is not applicable to other regions including
the tropics. The SWAT model considers dormancy for the perennial
trees (Neitsch et al., 2011), which is not the case in a tropical forest.
Because of the dormancy, the leaf area index for the tree species is
set to a minimum value during the dormancy period, and this result
in a low annual ET. Kilonzo (2013) argues to adjust several crop SWAT
parameters (initial leaf area index, initial biomass, heat units for peren-
nial trees, and plant-harvest schedule for crops) necessary to simulate
stream flow in forested areas of tropical regions. In addition, Van
Griensven et al. (2014) argue that parameters of the CANMX and max-
imum stomatal conductance at high solar radiation and low vapor pres-
sure deficit (GSI) are sensitive to ET, and therefore, it is necessary to
adjust the values in order to increase ET. Adjusting the crop parame-
ters and management database as seen in Table 1 prior to model cali-
bration has resulted in a more realistic simulation as demonstrated in
this article. We note that this adjustment caused an increase of ET
by 10% compared to default crop parameters.

For further research on the impacts of land use change on the
water balance in tropical regions, we suggest to include ET in the cali-
bration process. The use of remote sensing products to generate spa-
tially and temporally distributed ET can contribute to this process
(Rientjes et al., 2013 and Van Griensven et al., 2014).

6 | CONCLUSIONS

We were able to attribute changes in the water balance to land use
change in the Samin catchment using the approach described in this
paper. The results show that land use change was the dominant driver
for changes in the water balance as shown by the better model perfor-
mance for a simulation with land use change compared to a simulation
without land use change. The simulation without land use change gen-
erally failed to simulate peak flows where the error was increasing in
time and thus resulted in a worsening model performance.

Land use change in the study catchment was mainly shown as an
increase in settlement area and a decrease in forested area. At catch-
ment level, these land use changes caused an increase in Q/P and
decrease in ET/P. Q,/Q substantially increased and Q,,/Q substantially
decreased. At the sub-catchment level, the impacts of land use
changes on the water balance were diverse for the ET/P and Q/Q.
Positive and negative trends at sub-catchment level have compen-
sated each other, so that long-term changes of those variables at
catchment level were relatively small. In addition, changes in forest
and settlement area have resulted in different impacts on the water
balance. A reduction in the forest area significantly contributed to a
higher Q/P and lower ET/P and Q/Q. An increase in the settlement
area significantly contributed to a higher Q/P and Q./Q and a lower
Q/Q.
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