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Sensitivity of Streamflow Characteristics to Different
Spatial Land-Use Configurations in Tropical Catchment

Hero Marhaento'; Martijn J. Booij?; T. H. M. Rientjes®; and Arjen Y. Hoekstra*

Abstract: This paper analyzed the impact of land use and its spatial configuration on streamflow in the Samin catchment (278 km?),
Indonesia. Historic land use was reconstructed based on satellite images for the years 1982, 1994, 2000, 2006, and 2013. A calibrated and
validated Soil and Water Assessment Tool (SWAT) simulated the catchment hydrology of the study area, taking respective land use covers as
inputs. A correlation analysis between changes in land use covers and simulated streamflow characteristics was carried out. A land-cover
scenario analysis assessed the sensitivity of streamflow characteristics to different future land use covers. The results show that an increase in
the settlement connectivity can result in an increase in the ratio of surface runoff to streamflow and a decrease in the ratio of dry-season
streamflow to wet-season streamflow, and vice versa. The results suggest that land use pattern management can be an important component in
water management. DOI: 10.1061/(ASCE)WR.1943-5452.0001122. © 2019 American Society of Civil Engineers.
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Introduction

In the last decades, the role of land use and impacts of land use
changes on catchment hydrology have received much attention.
Numerous studies argue that different types of land use have differ-
ent water-use and water-storage characteristics, and thus different
land uses and their spatial distributions may result in different dis-
tributions of water in space and time (Wigmosta and Burges 1990;
Sahin and Hall 1996; Bruijnzeel 1989, 2004; Brown et al. 2005;
Romanowicz and Booij 2011; Gumindoga et al. 2014a; Zhang et al.
2016; Marhaento et al. 2017b). Studies in tropical regions have
shown that land use changes from vegetated areas into settlements
may significantly reduce canopy interception and soil infiltration
capacity, resulting in a larger fraction of rainfall being transformed
into surface runoff (Bruijnzeel 2004; Valentin et al. 2008; Marhaento
et al. 2017b). In addition, the spatial distribution of land uses may
affect the hydrological response of catchments; for example, the vol-
ume and peak flow discharges of surface runoff entering a stream
may change (Su et al. 2014; Wheater and Evans 2009). Carter et al.
(2005) considered land use policy to be a relevant factor with
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reference to increased demands for settlement and agricultural land
by rapid population growth. Wheater and Evans (2009) and Zhang
et al. (2013) indicated that land-use management can be used as a
measure in water management practice for flood prevention and
drought mitigation.

Increases in settlements and farming areas can be in discordance
with the availability of water resources. For instance, settlement
development can lead to a reduction in soil infiltration rates and
consequently an increase of surface runoff and a decrease in dry-
weather base flow (Bruijnzeel 2004; Marhaento et al. 2017a, b).
Agricultural intensification could lead to changes in infiltration
and actual evapotranspiration and thus affect dry-weather base flow
(Bruijnzeel 1989; Brown et al. 2005). Therefore, future land allo-
cation and land-use management should be designed based on an
understanding of how land-use changes may affect catchment hy-
drology (e.g., Carter et al. 2005).

Most studies assessing the effects of land-use change on hydro-
logical processes and behavior have focused on the impact of
changes in the relative presence of different land-use types. Less at-
tention has been given to the impacts of changes in spatial land-
use configurations (e.g., shape and connectivity of land-use types).
The impact of the spatial land-use configuration on water resources,
however, is relevant when selecting a particular land-use manage-
ment strategy (Azevedo et al. 2005; O’Connell et al. 2007; Bakker
et al. 2008; Ding et al. 2016; Roberts 2016; Boongaling et al. 2018).
Relevant concerns include, for example, the effect of choosing
specific locations for certain new land uses (e.g., high versus low ele-
vations), and the effect of different spatial configurations (e.g., small-
scattered versus large-clustered) of forest planting and harvesting
strategies. A better understanding will give insight into the potential
effects of alternative land-use allocations and thus configurations on
water availability at the catchment scale (Lin et al. 2007; Boongaling
et al. 2018). Fig. 1 depicts different spatial land-use configurations
which may result in different hydrological responses.

The impact of land use on hydrological processes is often studied
by means of a paired catchment approach, in which land use in the
control catchment is held constant while land use in the treatment
catchment, having similar physical conditions, is changed. Mea-
surements then focus on the differences in hydrological response
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Fig. 1. Six grids of 6 x 6 cells showing differences in percentage of a certain land-use type (e.g., settlements) and differences in spatial con-
figuration of this land-use type in the landscape. Grids (a—c) show an increase in percentage, from 8.3% to 16.7% to 25% of the total area, respectively.
Grids (d—f) show changes in the spatial configuration (e.g., shape and connectivity) with the percentage of the land-use type maintained at 25% of the

total area.

between the control and treatment catchment (Fohrer et al. 2005).
Suryatmojo et al. (2011) used this approach to assess the impacts of
different forest harvesting strategies (i.e., selective logging) on the
streamflow characteristics in Central Kalimantan, Indonesia, and
found that applications of different forest harvesting strategies re-
sulted in different hydrological responses (i.e., peak flows). Sahin
and Husesall (1996) and Brown et al. (2005) reviewed the results
of numerous paired catchment studies worldwide and found that
changes in land use through deforestation, afforestation, regrowth,
and forest conversion can affect annual streamflow, which is likely
to increase with the percentage of forest removed. Although a paired
catchment study can provide relevant information of changes in
hydrological processes due to changes in land use, this method
mostly is applicable to small catchments (<25 km?), for which un-
certainties due to spatial heterogeneity are relatively small (Fohrer
et al. 2005; Brown et al. 2005).

For larger catchments (>100 km?), a modeling approach is typ-
ically used. Zhang et al. (2013) generated various hypothetical
land-use configurations using a land-use change model and used
these as input for a grid-based hydrological model to assess the
impacts of land-use configurations on streamflow in the Yong Ding
catchment (300 km?), China. They found that land-use fragmen-
tation may affect streamflow characteristics at different spatial
resolutions. At fine scale (30 x 30 m?), increases in fragmented
grassland have resulted in increases in peak flow and total stream-
flow, whereas at coarse scale (1,200 x 1,200 m?), forest fragmen-
tation has resulted in increases in peak flow and total streamflow.
Li and Zhou (2015) assessed the correlation between various
land-use configuration characteristics and hydrological variables
(i.e., streamflow and sediment yield) in the Yanhe catchment
(7,725 km?), China, and found that changes in the land-use con-
figurations significantly changed the sediment yield but did not
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significantly change the streamflow. Bormann et al. (2009) used
different hydrological models [i.e.,water balance simulation model
(WASIM), TOPMODEL-based land surface-atmosphere transfer
scheme (TOPLATS), and soil and water assessment tool (SWAT)]
to assess the sensitivity of water balance components to different
land-use configurations in the Dill catchment (693 km?), Germany.
In their method, land use was redistributed in different ways
(e.g., randomly distributed land use and land-use distribution based
on topography), whereas the areal fractions of the land-use classes
were maintained. They found that redistributing land use slightly
affected the water balance components. These studies show that the
relationships between land-use configurations and hydrological
processes atthe catchment scale are not fully understood and re-
quire further study.

This paper assesses the impacts of land-use configurations on
streamflow characteristics of the Samin catchment (278 km?) in
Java, Indonesia. The semidistributed physically based Soil and
Water Assessment Tool model (Arnold et al. 1998) was used to
simulate hydrological processes of the study catchment. In the first
part of this study, land-use maps over the period 1982-2013 were
reconstructed by means of LANDSAT images from the years 1982,
1994, 2000, 2006, and 2013. Fifteen landscape metrics were cal-
culated using FRAGSTATS version 4.2 (McGarigal and Marks
1995) to define spatial land-use pattern characteristics for each
year. These selected metrics represent a wide range of land-use pat-
tern characteristics and were previously reported to have a relation-
ship with hydrological processes (Lin et al. 2007; Zhang et al.
2013; Li and Zhou 2015). In the second part of this study, corre-
lations between land-use metrics and annual streamflow character-
istics simulated by the SWAT model were determined. Streamflow
characteristics considered were the ratio of simulated surface runoff
to streamflow (Q,/Q), and the ratio of dry-season streamflow and
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wet-season streamflow (Qgry/Qye). Estimates of Qy, Q, Qqry and
Q.; are at an annual scale for different land-use configurations and
result from a calibrated SWAT model at daily time step (Marhaento
et al. 2017b); Q,/Q and Qgury/Qye Were selected for analysis
following the results of Zhang et al. (2013) who argued that these
were mostly affected by changes in the land-use configuration. In
addition, Q,/Q is often used at an annual scale as an indicator of
the ratio of quick catchment responses to catchment streamflow
(Suryatmojo et al. 2011), whereas Qgyy/ Qe can be used as a mea-
sure to show the seasonal distribution of water availability within
the catchment (Romanowicz and Booij 2011). For the third part of
this study, two hypothetical land-use scenarios were developed in
order to assess the sensitivity of streamflow characteristics to differ-
ent spatial land-use configurations. In this scenario analysis, land-
use planning for the study catchment available from the Central
Java Provincial Government (2010) was used as a baseline sce-
nario, and its spatial configuration was changed while maintaining
the percentage of each land-use type. Finally, the potential hydro-
logical impacts as simulated by the SWAT model for different land-
use configurations in the study catchment were assessed. Because
land-use planning was used to develop land-use scenarios, the re-
sults of these scenario analysis can support the exploration of po-
tential hydrological impacts of alternative land-use configurations.
In addition, the results of this study can be useful for authorities to
mitigate the main problems in watershed management, such as soil
erosion and seasonally unbalanced water availability (i.e., droughts
in the dry season and floods in the wet season). We describe the
study area and data used in section “Study Area and Data Avail-
ability.” Section “Method” covers the methods used in this study.
Section “Results” presents the results, section “Discussion” dis-
cusses the key findings, and section “Conclusions” draws the con-
clusions from this study.
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Study Area and Data Availability

Catchment Description

The Samin river is a tributary of the Bengawan Solo river, the lon-
gest river in Java, Indonesia. The source of the river is the Lawu
Mountain [3,175 m above sea level (a.s.l.)]. The Samin catchment
area is about 278 km?, situated between 7.6° and 7.7° south latitude
and 110.8° and 111.2° east longitude. The mean elevation of the
catchment is 380 m, the mean slope 19.8%, and the stream density
around 2.2 km/km?. The soil composition of the Samin catchment
is predominantly Luvisols, a leafy humus soil that can be mainly
found in the midstream and downstream areas, and Andosols, a vol-
canic soil that can be mainly found in the upstream area near the
Lawu Mountain. These soils cover 57% and 43% of the study area,
respectively. The Samin catchment has a tropical monsoon climate
with a distinct wet season (November—April) and dry season (May—
October), with January—March being the wettest period and July—
September the driest period of the year. In the period 1990-2013,
the mean daily temperature varied between 21.5°C and 30.5°C,
the annual rainfall varied between 1,500 and 3,000 mm, the annual
potential evapotranspiration varied between 1,400 and 1,700 mm,
and the annual streamflow varied between 500 and 1,200 mm
(Marhaento et al. 2017a). Fig. 2 shows the Samin catchment with
its topography and the location of hydrometeorological gauges. A
water level gauge is located at the outlet and recorded daily water
level data for the period 1990-2013. Eleven precipitation stations
recorded daily precipitation and three meteorological stations re-
corded daily maximum and minimum temperature, relative humid-
ity, wind speed, and solar radiation for the same period as the water
level data. All the hydrological data were provided by the Bengawan
Solo River Basin office.
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Fig. 2. Location of the Samin catchment in Java, Indonesia, with locations of hydrometeorological gauges provided by the Bengawan Solo River

Basin office.
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Data Availability

Various data sets are available for modelling hydrological processes
of the study catchment, such as a digital elevation model (DEM),
land-use data, soil data, and climate data. The DEM was generated
from a contour map with a contour interval of 12.5 m, which was
made available by the Indonesia Geospatial Information Agency.
Furthermore, the DEM was used to delineate the catchment and
subcatchment boundaries and to generate a slope map. Land-use
maps with a spatial resolution of 30 m for the years 1994, 2000,
2006, and 2013 were available for the study area from Marhaento
et al. (2017b). An additional land-use image for September 11,
1982 was acquired from the LANDSAT satellite (USGS 2017) to
represent land use for the year 1982. A soil map at 30-arc s spatial
resolution was available from the Harmonized World Soil Database
(FAO et al. 2012). A land-use spatial planning map of the study area
for the period 2009-2029 was available with a spatial scale of
1:500.000 from the Central Java Provincial Government (2010).
Daily climate data were available from eleven rainfall stations and
three meteorological stations (Fig. 2) for the period 1983-2013,
provided by the Bengawan Solo River Basin office and the Adi
Sumarmo Airport. The Bengawan Solo River Basin office provided
daily water level data in the Samin catchment for the period 1990—
2013, including the rating curve to convert the water level data into
discharge data for model calibration. We used the same climate and
discharge data set as Marhaento et al. (2017a), who filled and cor-
rected time series of the daily climatological and discharge data of
the Samin catchment.

Method

Reconstruction of Land Use, 1982-2013

Land use in the study area over the period 1982-2013 was recon-
structed based on LANDSAT images from the years 1982, 1994,
2000, 2006, and 2013, following the approach of Marhaento et al.
(2017b). Image processing analysis was carried out only for 1982
because the land-use maps of the other years were available from
Marhaento et al. (2017b). The LANDSAT images for 1982 were
processed through two steps: preprocessing and image classifica-
tion. Preprocessing included a nonsystematic geometric correction
to avoid distortion of map coordinates and a masking analysis to
remove the area outside the study area. Image classification was
performed using a maximum-likelihood approach based on 1,000
ground-control points (GCPs) that were generated from an institu-
tional land-use map (scale 1:25,000) from the Geospatial Infor-
mation Agency of Indonesia, in which half of the sample points
were used to perform accuracy assessment using an error matrix
(Congalton 1991). Two accuracy assessment measures were used,
namely the overall accuracy and the Kappa coefficient. The overall
accuracy is the total number of correct samples divided by the total
number of samples. The Kappa coefficient is the coefficient of
agreement between the classification map and the reference data.
The results of the accuracy assessment showed 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).

For this study, land-use classes from Marhaento et al. (2017b)
were reclassified into four land-use classes: forest area (combining
evergreen forest and mixed garden), agricultural area (combining
paddy field and dry land farming), settlements, and other areas
(combining shrub, bare land, and water body). The latter covers
less than 5% of the catchment area.
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In order to characterize land-use configurations for respective
years, landscape metrics for each land-use type were calculated
using FRAGSTATS (McGarigal et al. 2012). Landscape metrics are
quantitative indexes that describe spatial aspects (e.g., size and
edge, shape, and connectivity) of landscapes based on spatial data
(Kupfer 2012). FRAGSTATS software can be used to calculate nu-
merous landscape metrics simultaneously within a GIS. It has been
widely used in landscape analysis including its relations with
hydrological processes (Lin et al. 2007; Zhang et al. 2013; Li and
Zhou 2015).

Landscapes can be analyzed at different spatial levels, namely
cell, patch, class, and landscape levels. The selection of the appro-
priate level for analysis depends on the level of heterogeneity for
the question under consideration (McGarigal et al. 2012). This
study focused on the class level because we analyzed aspects of
configuration for individual land-use types within a catchment.
Because numerous landscape metrics are available with redundant
information, only 15 metrics that relate to land-use characteristics
and that have a relation to hydrological processes (Lin et al. 2007;
Zhang et al. 2013; Li and Zhou 2015) were selected. These metrics
include five metrics that describe landscape size and edge, namely
percentage of land-use type (PL), number of patches (NP), patch
density (PD), largest patch index (LPI), and edge density (ED); five
metrics that describe landscape shape (i.e., geometric complexity
of patch types), namely perimeter:area ratio (PAR), shape index
(SHD), fractal dimension index (FDI), related circumscribing circle
(RCCQ), and contiguity index (CI); and five metrics that describe
landscape aggregation (i.e., tendency of patch types to be spa-
tially aggregated), namely Euclidian nearest neighborhood distance
(ENN), proportion of like adjacencies (PLA), splitting index (SPI),
landscape shape index (LSI), and patch cohesion index (PCI).
Table 1 briefly describes these landscape metrics. A detailed de-
scription of the landscape metrics, including their equations, was
given by McGarigal and Marks (1995).

Hydrological Model Simulations

Hydrological processes were simulated using the SWAT model
(Arnold et al. 1998), a physically based semidistributed hydrolog-
ical model operating at a daily time step, which has proven its suit-
ability for hydrologic impact studies around the world (Wagner
et al. 2013; Memarian et al. 2014; Brauman et al. 2015; Marhaento
et al. 2017b). The SWAT model divides a catchment into subcatch-
ments and further divides each subcatchment into hydrological re-
sponse units (HRUs), at which level a land-phase water balance is
calculated (Neitsch et al. 2011). A HRU is defined as a lumped area
within a catchment assumed to have uniform hydrological behavior
and is characterized by a dominant land-use type, soil type, and
slope (Arnold et al. 1998). A daily water balance is computed for
each HRU for each subcatchment, and runoff is routed through
channels to the catchment outlet, where the water balance of the
catchment is calculated in depth units (millimeters). A SWAT model
calibrated and validated for the Samin catchment was available from
a previous study (Marhaento et al. 2017b). In the current study,
equal SWAT model settings were applied as in the previous study.
Here, we briefly summarize the model setup and parameterizations;
a detailed description was given by Marhaento et al. (2017b).
Eleven subcatchments ranging in size from 0.12 to 83 km?
were generated from the DEM. A land-use map with four classes
(i.e., forest, settlement, agriculture, and other areas), a slope map
with five classes (i.e., 0%—8%, 8%—15%, 15%-25%, 25%—45%,
and >45%), and a soil map with three classes (i.e., Luvisols,
Andosols, and Vertisols) were used to create hydrological response
units by spatially overlying maps of land-use, soil, and slope classes.
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Table 1. Descriptions of landscape metrics used in this study

Landscape metric (abbreviation)

Description

Percentage of land-use type (PL)
Number of patches (NP)

Patch density (PD)

Largest patch index (LPI)

Edge density (ED)
Perimeter:area ratio (PAR)
Shape index (SHI)

Fractal dimension index (FDI)
Related circumscribing circle (RCC)
Contiguity index (CI)

Euclidian nearest neighborhood

distance (ENN)
Proportion of like adjacencies (PLA)

Splitting index (SPI)

Landscape shape index (LSI)

Patch cohesion index (PCI)

PL quantifies the proportional abundance of area of each land-use type in the landscape. PL = 100 when there is
only one land-use type in the landscape.

NP quantifies the number of patches of the corresponding land-use type in the landscape. NP = 1 if the land use
consists of a single patch.

PD quantifies the ratio of number of patches of each land-use type over the landscape area. PD value increases
when land use becomes more fragmented.

LPI quantifies the percentage of landscape comprised by the largest patch. LPI = 100 when the landscape consists
of a single patch of the corresponding land-use type.

ED quantifies the ratio of edge segment length to total area. ED value increases when the patch shapes become
more irregular due to longer edge between patch types.

PAR quantifies the ratio of the patch perimeter (meters) to area (square meters). PAR value increases without limit
depending on the patch shape.

SHI quantifies the complexity of the patch shape within each class relative to a square shape. SHI = 1 when all
patches of land-use type are square (grid).

FDI quantifies the shape complexity across a range of spatial scales (patch sizes). FDI value approaches 1 for
shapes with (very) simple perimeters such as squares.

RCC quantifies the ratio between patch sizes to the smallest circumscribing circle area. RCC = 0 for circular
patches and approaches 1 for elongated, linear patches one cell wide.

CI quantifies the spatial connectedness, or contiguity, of cells within a grid-cell patch to provide an index of patch
boundary configuration. CI = 0 for a one-pixel patch and increases to a limit of 1 as patch contiguity increases.
ENN quantifies the shortest straight-line distance between the focal patch and its nearest neighbor of the same
land-use class. ENN approaches O as the distance to the nearest neighbor decreases.

PLA quantifies the degree of aggregation of the focal patch type that is shown by the frequency of different pairs of
patch types appear side-by-side on the map. PLA = 0 when the corresponding patch type is maximally
disaggregated and there are no like adjacencies.

SPI quantifies the number of patches with a constant patch size when the landscape is subdivided into S patches,
where S is the value of the splitting index. SPI = 1 when the landscape consists of single patch and it increases as
the landscape is increasingly subdivided into smaller patches.

LSI quantifies the class aggregation within the landscape, and equals 1 when the landscape consists of a single
square or maximally compact (i.e., almost square) patch of the corresponding type.

PCI quantifies the physical connectedness of the corresponding patch type. PCI value ranges from 0 to 100, and

increases as the patch type is more clumped in its distribution, And hence more physically connected.

Source: Adapted from McGarigal and Marks (1995).

For land use, this study used a coarser land-use classification than
Marhaento et al. (2017b), and thus crop parameters for each land-
use class used in this study are averages because different land use
and vegetation covers fall within a single HRU. The crop parameter
for forest is the average value of evergreen forest (FRSE) and mixed
garden (FRST) parameters. The crop parameter for agriculture is the
average value of dryland farming (AGRR) and paddy field (RICE)
parameters. For the settlement, the class Urban Residential Medium
Density (URMD) in SWAT was used to assign parameters of the
settlement area. URMD assumes an average of 38% impervious area
in the settlement area (Neitsch et al. 2011), which is relatively sim-
ilar to the settlement conditions in the study catchment.

The Penman—Monteith method and the Soil Conservation
Service Curve Number (SCS CN) method were used to calculate
reference evapotranspiration and surface runoff, respectively. For
flow routing, we used the Muskingum method, which models
the storage volume as a combination of wedge and prism storages
(Neitsch et al. 2011). Six SWAT parameters, namely CN2, SOL_
AWC, ESCO, CANMX, GW_DELAY, and GW_REVAP, were
identified as the most sensitive parameters following the procedure
from Abbaspour et al. (2015). These parameters were calibrated
based on the observed discharge using the Latin hypercube sam-
pling approach from the Sequential Uncertainty Fitting version 2
(SUFI-2) in the SWAT-Calibration and Uncertainty Procedure
(SWAT-CUP) package on a monthly basis. The calibration period
was 1990-1995 and the validation period was 1996-2013. The
initial parameter ranges were determined based on minimum and
maximum values allowed in SWAT. A number of iterations were
performed, in which each iteration consisted of 1,000 simulations
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with narrowed parameter ranges in subsequent calibration rounds.
Simulations for model calibration were assessed on a monthly basis
and the Nash—Sutcliffe efficiency (NSE) was used as the objective
function. In addition to the NSE, other model performance statis-
tics, including percent bias (PBIAS), the squared correlation coef-
ficient (R?), RMSE, and the mean absolute error (MAE), were
calculated to evaluate the performance of the hydrological models.
The results of the model calibration showed that the simulated
mean monthly discharge in the calibration period agreed well with
the observed records, with NSE, PBIAS, R%, RMSE and MAE val-
ues of 0.78, —7.8, 0.78, 3.6, and 2.7 m3/s, respectively. In the val-
idation period (1996-2013), the NSE value was 0.70 and values for
the other metrics, namely PBIAS, R?, RMSE and MAE, were 0.6,
0.76, 3.4, and 2.5 m?/s, respectively.

Changes in Land-Use and Streamflow Characteristics

Effects of past land-use changes on hydrological processes were
simulated using the calibrated SWAT model, using as inputs land-
use cover in the years 1982, 1994, 2000, 2006, and 2013 and ob-
served meteorological time series in the period 1983-2013, with a
2-year warming-up period. Each land-use cover was simulated sep-
arately with the same meteorological input so that the differences
obtained from the simulations were due only to the differences in
land use. For each simulation, the ratio of mean annual surface run-
off to streamflow (Q,/Q) and the ratio of dry-season streamflow
to wet-season streamflow (Qgry/Qwe) Was determined. All water
balance components were simulated by the SWAT model at the
catchment level in millimeters and therefore can be directly used
to calculate the water balance ratios.
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From the mean monthly rainfall from 1983-2013, July-
September (JAS) is the driest period of the year and January—March
(JFM) is the wettest. For this reason, we accumulated streamflow in
the periods JAS and JFM to represent streamflow in the dry season
and the wet season, respectively. Furthermore, the relationships be-
tween changes in land-use metrics and streamflow characteristics
were analyzed using Pearson’s correlation statistic. Two hypotheses
were tested at a significance level of 1%, namely a null hypothesis
assuming no correlation between changes in land-use metrics and
streamflow characteristics, and an alternative hypothesis for which
there is a correlation between changes in land-use metrics and
streamflow characteristics. We carried out the correlation analysis
at a significance level of 1% due to the small size of the samples
(n=5).

Simulation of Land-Use Scenarios

In order to explore changes in streamflow characteristics in relation
to changes in land-use patterns, we simulated hydrological proc-
esses under different land-use scenarios. In this scenario analysis,
we changed the spatial configuration of the land-use planning of the
study area available from the Central Java Provincial Government
(2010), whereas the percentages of different land-use types were
fixed (Fig. 1). The land-use planning was used as a baseline sce-
nario and provides spatial constraints for the land-use scenarios. We
selected land-use planning because it is assumed to be the future
direction of land-use management in the study area. Developing
land-use scenarios based on the land-use planning can support
the exploration of potential hydrological impacts of alternative
land-use planning. Land-use scenarios were developed at a 250 x
250 m? spatial resolution following the spatial scale of the land-use
planning.

According to the land-use planning, settlements are located in
the elevation range from O to 1,000 m a.s.l. and slope range from
0% to 15%, agriculture is located in the elevation range from O to
1,000 m a.s.] and slope range from 0% to 20%, and forest is located
in the elevation range from 100 to 3,125 m a.s.l. and slope range
from 0% to 50%. Based on these spatial constraints, locations
above 1,000 m a.s.l. and slope >20% are allocated only to forest
area, whereas other locations can be for every land-use type, thus
giving room to develop land-use configuration scenarios. Within
these constraints, two opposite land-use scenarios were created to
represent a wide range of possible configurations. In the clustered
land-use scenario we combined each land-use type at the subcatch-
ment level following the guideline from the Presidential Regulation
of the Republic of Indonesia No. 32 (1990), in which settlements
are grouped and positioned at low elevations and on flat to middle
slopes, agriculture is grouped and positioned at middle elevations
and on flat to middle slopes, and forest is grouped and positioned at
high elevations and on steep slopes. In the scattered land-use sce-
nario we split each land-use class at the subcatchment level into
several patches and spread them within the catchment. In the land-
use redistribution process, we maintained the mean elevation and
slope of each land-use class so that land-use classes in this scenario
have a similar mean elevation and slope as in the land-use planning.

Results

Land Use, 1982-2013

Fig. 3 shows the land-use configurations in the Samin catchment
for different years in the period 1982-2013. Changes in land use
over this period can be characterized by a significant decrease in
forest area (—36.1%), which mainly were converted into settlement
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area (+29.6%) and agriculture area (47.7%), whereas changes in
other land-use types were relatively small (—1.2%). The forest area
decreased by 4.2% over the period 1982-1994, by 6.6% over
1994-2000, by 16.1% over 2000-2006 and by 9.2% over 2006—
2013, whereas the settlement area increased by 5%, 6.5%, 9.4%,
and 8.7% over the four respective periods. Agriculture area in-
creased by 1.5% in the period 1982—-1994, then decreased by 2.4%
in the period 1994-2000, and increased again by 8.6% in the period
2000-2013. The decrease of agriculture area in the period 1994—
2000 was due to a massive land-use conversion from agriculture
area to housing and public facilities (e.g., roads, buildings) as a
result of the population boom in the 1990s (Verburg and Bouma
1999).

Changes in the distribution of land-use types in the period
1982-2013 were accompanied by changes in spatial land-use
patterns. Table 2 lists the landscape metric values for 1982, 1994,
2000, 2006, and 2013 per land-use type. The decrease in the per-
centage of forest was associated with a decrease in the largest patch
index and the patch cohesion index, whereas there was no clear
relation with other metrics. LPI quantifies the percentage of the
landscape composed by the largest patch, whereas PCI quantifies
the physical connectivity of patches from the corresponding land-
use type. The LPI value for forest was 41.5 in 1982, but decreased
to 38.2 (1994), 17.2 (2000), 5.1 (2006), and 2.3 (2013), whereas
the PCI value for forest was 99.8 in 1982, and decreased to
99.7 (1994), 99.2 (2000), 98.2 (2006), and 97 (2013). The increase
in the percentage of settlement area was associated with an increase
in the edge density and the PCI values, whereas there was no clear
relation with other metrics. ED quantifies the ratio of edge seg-
ment length to total area. The ED value for settlement was 10.8
in 1982 and increased to 24.3 (1994), 39.9 (2000), 41.9 (2006),
and 53.9 (2013), whereas the PCI value of settlement was 91.1
in 1982 and increased to 91.3 (1994), 92.5 (2000), 96.2 (2006),
and 98.8 (2013). For agriculture, this study found no relations be-
tween changes in the percentage of land use and changes in the
other metrics.

Correlations between Land-Use Patterns and
Streamflow Characteristics

Land-use changes in the period 1982-2013 have affected stream-
flow characteristics as simulated by the SWAT model (Fig. 4). The
ratio of mean annual surface runoff to streamflow (Q,/Q) increased
from 0.28 in 1982 to 0.31 (1994), 0.33 (2000), 0.36 (2006), and
0.39 (2013), whereas the ratio of dry-season to wet-season stream-
flow (Quary/Qwer) decreased from 0.13 in 1982 to 0.12 (1994),
0.11 (2000), 0.1 (2006), and 0.09 (2013). A consistent increase of
Q,/Q and a consistent decrease of Qg /Que is in line with the
direction of changes in forest and settlement area, because forest
significantly decreased and settlement significantly increased in
the period 1982-2013.

Based on the results of Pearson’s correlation analysis between
various landscape metrics and streamflow characteristics, it was
found that only four metrics, namely the percentage of forest (PL ),
the percentage of settlement (PL,), the cohesion of forest area
(PCI), and the cohesion of settlement (PCI), were significantly
correlated (i.e., the alternative hypothesis is accepted) with Q,/Q
at a significance level of 1%; PL, and PCI, had a negative corre-
lation with Q,/Q, whereas PL, and PCI, had a positive correlation
with Q/Q. For Qgry/ Qe it was found that only three metrics,
namely the percentage of forest, the percentage of settlement,
and the cohesion of settlement, were significantly correlated at a
significance level of 1%; PL, had a positive correlation with
Qury/ Ower» Whereas the percentage of settlement and the cohesion
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Fig. 3. Land-use distribution of the Samin catchment in (a) 1982; (b) 1994; (c) 2000; (d) 2006; and (e) 2013.

Table 2. Landscape metrics for 1982, 1994, 2000, 2006, and 2013 for agriculture, settlement, and forest

Metrics
Year PL NP PD LPI ED PAR SHI FDI RCC CI ENN PLA SPI LSI PCI
Agriculture
1982 37.8 390 1.4 28.9 49.1 508 1.5 1.1 0.6 0.6 140 90.2 12 333 99.7
1994 39.2 764 2.7 27.6 60.1 639 1.4 1 0.5 0.5 104 88.5 13 39.9 99.6
2000 36.9 791 2.8 13.5 55.8 635 1.4 1.1 0.5 0.5 102 88.7 36 38.3 99.1
2006 443 702 2.5 19.6 499 599 1.3 1 0.5 0.5 106 91.5 23 31.2 99.2
2013 45.5 690 2.5 31.7 60.5 609 1.4 1 0.5 0.5 99 90 10 37.3 99.6
Settlement
1982 4.7 262 0.9 0.3 10.8 438 1.4 1.1 0.6 0.6 247 82.8 24,185 20.6 91.1
1994 9.7 856 3.1 0.9 24.3 604 1.2 1 0.5 0.5 140 81.2 6,409 32.5 91.3
2000 16.1 997 3.6 0.8 39.9 611 1.4 1.1 0.5 0.5 108 81.4 3,933 414 92.5
2006 25.4 629 2.3 1.4 41.9 462 1.4 1.1 0.5 0.6 110 87.6 837 34.6 96.2
2013 34.2 821 3 10.4 539 536 1.3 1 0.5 0.5 110 88.2 76 38.4 98.8
Forest

1982 529 655 2.4 41.5 52 580 1.3 1 0.5 0.5 118 92.6 6 29.8 99.8
1994 48.7 720 2.6 38.2 55.7 579 1.3 1 0.5 0.5 124 91.4 7 33.2 99.7
2000 422 698 2.5 17.2 62.4 497 1.5 1.1 0.5 0.6 110 88.9 24 40 99.2
2006 25.9 661 2.4 5.1 36.8 553 1.3 1 0.5 0.5 132 89.4 167 30.1 98.2
2013 16.8 711 2.6 2.3 29.4 623 1.3 1 0.5 0.5 145 86.9 545 29.9 97

Note: PL = percentage of land-use type (%); NP = number of patches; PD = patch density (number/100 ha); LPI = largest patch index (%); ED = edge
density (m/ha); PAR = perimeter:area ratio; SHI = shape index; FDI = fractal dimension index; RCC = related circumscribing circle; CI = contiguity index;
ENN = Euclidian nearest neighborhood distance (m); PLA = proportion of like adjacencies (%); SPI = splitting index; LSI = landscape shape index; and
PCI = patch cohesion index.
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Fig. 4. (a) Box-whisker plot of the ratio of mean annual surface runoff to streamflow (Q,/Q); and (b) box-whisker plot of the ratio of mean annual
streamflow in the dry season to streamflow in the wet season (Qry / Qye) from simulations using land-use cover from different years. White diamonds

represent mean values.

of settlement had a negative correlation with Qury/Qye- Fig. 5
shows the estimated Pearson’s correlation coefficients between
landscape metrics and streamflow characteristics.

Changes in Streamflow Characteristics under Different
Land Configuration Scenarios

The correlation analysis shows that the percentages of forest and
settlement and the patch cohesion index of forest and settlement
were the metrics that best correlated with streamflow characteristics
(av = 1%). It was expected that PL; and PL;, would significantly
affect streamflow characteristics based on previous studies for the
Samin catchment (Marhaento et al. 2017a, b). An increase in PL;
and at the same time a decrease in PL; increased mean annual
streamflow (Q). In addition, the fraction of streamflow originating
from surface runoff significantly increased, compensated by a de-
crease in base flow. This led to an increase in the ratio of mean
annual surface runoff to streamflow (Q,/Q) and at the same time
a decrease in the ratio of dry-season streamflow to wet-season
streamflow (Qgry/ Oweo)-

The relations of PCI and PCIy, with the streamflow character-
istics independent of the percentage of settlement and forest area
was assessed using the scenario analysis. Fig. 6 shows the land-use
distribution of the baseline scenario (i.e., land-use planning), the
clustered land-use scenario, and the scattered land-use scenario,
and Fig. 7 shows the differences of PCI values for each land-use
scenario compared with the baseline scenario. The clustered sce-
nario had larger PCI values and the scattered scenario had smaller
PCI values than the baseline scenario.

At the catchment scale, the results of the simulations show that
the clustered and scattered scenarios reduced the long-term average
of Q,/Q. Compared with the baseline scenario, the long-term ratio
of Q,/Q decreased from 0.37 to 0.35 under the clustered scenario
and from 0.37 to 0.36 under the scattered land-use scenario. The
long-term ratio of Qg /Qye increased under the clustered land-
use scenario and decreased under the scattered scenario. Simulations
using different land configuration scenarios may result in different
hydrological responses (Fig. 8). However, the changes in the long-
term ratios of Q,/Q and Qgry/Qye at the catchment scale under
different scenarios were relatively small (i.e., from —0.02 to +-0.01).

The effect of changes in the patch connectivity on the stream-
flow characteristics can be better observed at the subcatchment
level, in particular for changes in PCl,; Q,/Q increased to
+0.1 following an increase in PCI; by as much as +0.9, with a
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coefficient of determination (R?) of about 0.5 under the clustered
scenario, whereas Q,/Q decreased by as much as —0.2 following a
decrease in PCI, by as much as —2.4, with a R? of about 0.6 under
the scattered scenario (Fig. 9). Conversely, Qgry/Qwe increased by
as much as 40.02 following a decrease in the PCI; by as much as
—2.4 with a R? of about 0.7 under the scattered scenario, whereas
less clear impacts on Qg /Qye under the clustered scenario oc-
curred (i.e., R* = 0.3). Whereas the effects of changes in PCI, on
the streamflow characteristics were discernible, there was no clear
relation between PCI and the streamflow characteristics, for which
R? was less than 0.2 under both clustered and scattered scenarios.

Discussion

The study shows that changes in the streamflow characteristics of
the study catchment can be attributed to both changes in the per-
centages of the land-use types and changes in the physical connec-
tivity between patches of similar land-use types. We found that the
decrease of vegetation and the increase of impervious areas were
likely the cause of substantial changes in simulated streamflow by
the SWAT model. A consistent decline of forest area in the catch-
ment due to conversion into settlement area resulted in a larger vol-
ume of rainfall transformed into surface runoff. With less water
infiltrated into and stored in the soil, an increased fraction of rainfall
will become surface runoff and a less balanced water distribution
between the wet and dry seasons can be expected. Our findings re-
garding the relationship between changes in the percentages of dif-
ferent land-use types and changes in the streamflow characteristics
confirm those of earlier studies (e.g., Bruijnzeel 1989, 2004; Badhuri
et al. 2001; Brown et al. 2005; Wagner et al. 2013; Remondi et al.
2016; Gumindoga et al. 2014b; Marhaento et al. 2017a, b).
When the percentages of different land-use types are fixed but
the configuration and physical connectivity of patches is changed,
changes in streamflow characteristics occur at both the catchment
and subcatchment levels. We found that changes at the catchment
level (278 km?) were very small and not consistent (e.g., the long-
term ratio of surface runoff to streamflow decreased for both clus-
tered and scattered scenarios at the catchment scale, whereas the
long-term ratio of dry-season streamflow to wet-season streamflow
responded differently under scattered and clustered scenarios). Ap-
parently, the different patch cohesion indexes from different land-
use scenarios only slightly affect the streamflow characteristics. A
clearer relationship between streamflow characteristics and patch
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Fig. 5. (a) Pearson’s correlation coefficient for relations between landscape metrics and the ratio of mean annual surface runoff to streamflow (Q,/Q);
and (b) ratio of dry-season streamflow to wet-season streamflow (Qgry/Qye)- Solid bars show landscape metrics with a significance level of 1%;

a, f, and s denote agriculture, forest, and settlement, respectively.

connectivity occurred at the subcatchment scale (0.12-83 km?),
where Q,/Q was positively correlated and Qgyy/Qyer Was nega-
tively correlated with increases in patch connectivity of settlements.
Apparently, the opposite impacts of changes in the patch connec-
tivity at the subcatchment scale compensated each other at the
catchment level. We expected that the clustered forest area in the
upstream part would reduce Q,/Q and increase Q gy, / Qe Whereas
the clustered settlement area in the downstream part would increase
0,/ Q and decrease Qgry/ Qe With different directions of changes
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in streamflow characteristics between upstream and downstream
areas within the catchment, long-term changes of those variables at
the catchment level canceled each other out. This is similar to the
findings by Wagner et al. (2013) and Wilk and Hughes (2002), who
argued that the net hydrological result at the catchment level can
mask the impacts of land-use changes on hydrological processes
at the subcatchment scale.

The impacts of changes in the patch connectivity of settlement
on streamflow characteristics were more pronounced than the
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Fig. 6. Land-use configuration of (a) baseline scenario (i.e., land-use
planning); (b) clustered scenario; and (c) scattered scenario. Land-use
scenarios represent different cohesion values (PCI), whereas percen-
tages of different land-use types (PL) are fixed.

impacts of changes in the patch connectivity of forest. We agree
with Mejia and Moglen (2009), Wagner et al. (2013), and Su et al.
(2014), who argued that urban imperviousness patterns within
catchments can play an important role in determining changes in
streamflow characteristics, particularly because of changes in the
fraction of flow becoming surface runoff. When the settlement area
is clustered, peak flows will increase without much affecting the
flow volume compared with scattered settlement (Corbett et al.
1997). When the urban development is located in the downstream
area near the catchment outlet (as simulated in this study under the
clustered scenario), more-pronounced impacts can be expected
compared with settlement scattered over the catchment (Su et al.
2014; Wheater and Evans 2009).

‘We found that the percentages of different land-use types strongly
affect the runoff generation of the study catchment, whereas the
patch connectivity for a certain land-use type may affect surface run-
off and the seasonal balance of flows by accelerating or decelerating
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Fig. 8. Changes in metrics under different scenarios relative to the
baseline scenario, including coefficient of variation of annual precipi-
tation for the period 1985-2013: (a) ratio of surface runoff to total run-
off (Q,/Q); and (b) ratio of streamflow in the dry season to streamflow
in the wet season (Qgry/ Quwer)-

runoff responses. However, the spatial heterogeneity of hydrological
response over catchments is scale-dependent, and the landscape met-
rics may change with changing scale (McGarigal and Marks 1995;
McGarigal et al. 2012) as well as dominant hydrological processes
(Bloschl et al. 2007; Zhang et al. 2013). This study used a semidis-
tributed SWAT model that simulates hydrological processes in each
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Fig. 7. (a) Patch cohesion index (PCI) of each land use type for different land use scenarios; and (b) percentages of the different land use types (PL).
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Fig. 9. Relationship between changes in the patch cohesion index for settlement (PCI;) and forest (PCI;) and changes in streamflow characteristics

relative to the baseline scenario.

Hydrological Response Unit within subcatchments. Thus, the water
balance simulation is at the HRU level, which is a combination of
land-use type, soil type, and slope class. With the coarse scale of
land-use scenarios used in this study, we might have lost spatial de-
tail of changes in the land-use configurations. Both land-use scenar-
ios provided relatively small changes in the patch connectivity at the
subcatchment scale (Fig. 9). Although the results show relatively
clear signals for changes in the streamflow characteristics due to
changes in the patch connectivity, a more discernible signal can
be expected if the land-use change scenarios are developed at a finer
scale. The SWAT model is able to simulate streamflow only at the
subcatchment level, so the spatial flow variation between HRUs
within a subcatchment is not taken into account. With this model
limitation, changes in hydrological processes due to changes in land-
use patterns cannot be presented at a smaller scale than the subcatch-
ment scale. To further investigate the impacts of different land-use
metrics on streamflow characteristics, we suggest using a fully dis-
tributed model, e.g., the Gridded Surface Subsurface Hydrologic
Analysis (GSSHA) model (Zhang et al. 2013) and the Regional
Hydro-Ecological Simulation System (RHESSys) model (Tague
and Band 2004).

Although the effects of climate variability were isolated in the
simulations by forcing the model with the same meteorological
input for different land-use inputs, the contribution of climate vari-
ability to changes in streamflow characteristics cannot be neglected.
The hydrological response to different land-use scenarios varied
across years, likely due to rainfall variability (Fig. 8). Marhaento
et al. (2018) found for the same study area that changes in the rain-
fall variability may have large impacts on the water availability of
the study catchment.
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Findings of this study offer an opportunity to include hydrolog-
ical impact considerations in developing land-use plans. For the
study catchment, the existing land-use planning is projected to re-
duce the mean annual streamflow and surface runoff, and increase
the mean annual base flow and evapotranspiration (Marhaento et al.
2018). By altering the spatial patterns of the land-use plan, e.g., by
scattering settlement area in the downstream area and clustering
forest area in the upstream area, surface runoff can be reduced and
a more balanced distribution of streamflow between the dry season
and the wet season can be achieved. Because land-use planning
always occurs at different spatial scales (e.g., national, provincial,
and district scales), multiscale analysis of the impacts of land-use
patterns on streamflow characteristics is recommended.

Conclusions

This study assessed the effects of changes in land-use patterns
on streamflow characteristics in the Samin catchment and found
that changes in the ratio of surface runoff to streamflow (Q,/Q)
and the ratio of dry-season streamflow to wet-season streamflow
(Qary/ Ower) are significantly affected by the percentage of forest
and settlement (PL; and PL,) and the patch cohesion index of forest
and settlement (PCI; and PCI,). Simulations with the SWAT model
indicated that a decrease of PL; and PCI; and an increase of PL;
and PCI; cause an increase of Q;/Q and a decrease of Qgry/Qyer-
Individually, changes in PCI may affect the streamflow character-
istics; clear relationships were found at the subcatchment level.
Simulating the impact of two hypothetical land-use scenarios, a
clustered scenario and a scattered scenario, found that an increase

J. Water Resour. Plann. Manage.

J. Water Resour. Plann. Manage., 2019, 145(12): 04019054



Downloaded from ascelibrary.org by Hero Marhaento on 09/26/19. Copyright ASCE. For personal use only; al rights reserved.

in PCI; with PL; maintained constant may result in an increase
of Q,/Q and a decrease of Qgry/Qye» and vice versa, whereas
changes in PCI; with PL; maintained constant have less impact
on streamflow characteristics. The findings show that, particularly
for settlements, altering the spatial configuration can be an effective
measure to achieve a more favorable distribution of streamflow be-
tween the dry season and the wet season.
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