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ABSTRACT

The Maros watershed is a rapidly urbanizing tropical karst region experiencing severe land degradation and annual
flooding. To address these extreme hydrological risks, this study proposes an integrated climate-land cover dynamic
simulation framework utilizing the soil and water assessment tool (SWAT) to quantify the impact of each driver
on extreme discharge dynamics. According to the results of the analysis of precipitation and temperatures from
1983-2023, there was a fluctuating trend in annual precipitation, with an average of 1,979.53 mm/year (the highest
in January, with a value of 370.16 mm/month), while the temperature was 26.27 °C. However, the results of the
2064 projection show that the trend of rainfall increases in rainy months by between 1% and 4% and decreases in
dry months by 32%. In the land cover area projected by 2064, land degradation occurs, where the area of second-
ary forests is projected to decrease by 50.41 ha/year (382.18 ha/year from 2014-2023), as well as the expansion of
agricultural land (26.25 ha/year for agriculture/crop land and 0.54 ha/year for paddy areas) and settlements (24.11
ha/year). The results of the SWAT simulation describe a highly sensitive (striking) flow characteristic where extreme
intense rains occurred on December 7, 2021, resulting in simulated maximum flows of 1,206 m?/s in sub watershed
6, 618.70 m*/s in sub watershed 23 and 289.80 m?/s in sub watershed 46. In terms of the projection, the maximum
flow occurred on February 13, 2064, with flows of 184.10 m?/s in sub watershed 6, 133 m*/s in sub watershed 23,
and 79.40 m%/s in sub watershed 46. The resulting flow value represents a rapid response between the extreme pre-
cipitation event and land cover change for the discharge surge. The results of the validation of the best SWAT model
at the Lekopaccing Dam revealed satisfactory performance, with a Nash-Sutcliffe (NSE) value of 0.75.
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(industrial management activities), and a tertiary
economy of 54.50% (trade and provision of ser-
vices) from 2015-2020 (Yanuar et al., 2023). This

INRODUCTION

Since the 1980s, Mamminasata, which in-

cludes Makassar city, Maros Regency, Gowa Re-
gency, and Takalar Regency, has transformed into
a metropolitan area in Eastern Indonesia (Sul-
miah et al., 2019). Makassar serves as the main
growth hub (metropolitan core), with its influence
extending to the surrounding regions. Maros Re-
gency, as one of the buffer regencies (metropoli-
tan periphery) in the Mamminasata area, contrib-
uted to the highest economic growth of the other
regencies, with a primary economy of 25.33%
(agricultural), a secondary economy of 20.15%

economic growth cannot be separated from the
role of its natural landfill, namely, the Maros wa-
tershed, which functions as a critical ecological
and economic support system, supplying water
for domestic consumption, industrial operations,
transportation infrastructure (National Strategic
Project/PSN of the Makassar—Parepare Railway
and Sultan Hasanuddin International Airport),
agriculture, irrigation, and strategic tourism ob-
jects (Djafar and Faisal, 2019; Hayati and Wakka,
2016; Suhairin, 2020). Therefore, the linkage


https://orcid.org/0009-0003-7141-2862
https://orcid.org/0000-0002-7277-6129

Ecological Engineering & Environmental Technology 2026, 27(4), 1-18

between the Maros watershed and the Mammina-
sata metropolitan area supports economic activi-
ties in terms of water quality, land use, and pro-
ductivity (Rajaei et al., 2016; Surya et al., 2021;
Zhong et al., 2022).

However, an important ecological function of
the region, the Maros watershed is now experienc-
ing severe degradation because of changes in land
cover and the global climate. Alterations in land
cover and climate significantly influence the hy-
drological cycle of a watershed. These changes are
based on high agricultural activity, urban area ex-
pansion, and significantly high deforestation rates
(Malede et al., 2023). High agricultural activity
and land expansion encourage irrigation, which
causes changes in river flow patterns by decreas-
ing the base flow and increasing the maximum
flow due to reduced natural vegetation (Liu et al.,
2020). Furthermore, increased urban development,
the construction of river-bordered structures, and
the construction of zones that ignore flood zoning
have led to increased peak flows and imperme-
able surfaces, thus exacerbating the risk of flood-
ing (Dwivedi et al., 2024; Knighton et al., 2017;
Talib and Randhir, 2017). The implications of this
phenomenon include an increase in temperature
and changes in precipitation patterns, an increase
in the volume of surface runoff, changes in the in-
tensity of evapotranspiration, and a significant in-
crease in river flow (Hyandye et al., 2018; Kumar
et al., 2022). Combined with shifting precipitation
patterns, these transformations cause problems,
such as annual flooding, river sedimentation, and
damage to karst ecosystems. The annual overflow
of the Maros watershed poses problems for trans-
portation, economic and social connectivity (Preg-
nolato et al., 2017). These transformations are ex-
pected to intensify under future climate scenarios,
potentially amplifying hydrological extremes, and
require an urgent assessment of the impact of
changes in hydrological responses and fluctua-
tions derived from extreme flows (Wldmchel and
Osore, 2025). However, three major research gaps
remain, particularly in rapidly urbanizing tropical
watersheds: (1) there is limited use of combining
changing land cover and adjusted climate predic-
tions in a single water model; (2) there is insuf-
ficient research on how much climate change and
land use change impact extreme discharge dynam-
ics; and (3) tropical karst-influenced watersheds
are not often included in long-term studies on cli-
mate and water flow, even though they have com-
plex and sensitive runoff patterns.

Predicting discharge amid changing environ-
mental and climatic conditions poses considerable
challenges in complex hydrological cycles. The
variability of input meteorological data, changes
in land use/land cover, and other watershed fea-
tures require a modeling approach that can accu-
rately capture spatial and temporal diversity (Cor-
deiro et al., 2017; Hasan and Pradhanang, 2017).
It is important to observe the extent to which the
existing change process is affected by simulating
hydrological processes via models. Water and soil
assessment tools (SWAT) have been used in sev-
eral studies to simulate hydrologic cycles because
of their ability to calculate surface runoff, infiltra-
tion, evapotranspiration, and discharge dynamics
(Akoko et al., 2021). SWAT models have been
widely used to simulate hydrological processes,
considering the effects of land management, cli-
mate change and adaptation strategies, and water
resource planning (Wang et al., 2019). Owing to
this capability, SWAT is considered a computa-
tionally efficient prediction model for predicting
river flow on the basis of meteorological, topo-
graphic, soil, and land cover data (Akoko et al.,
2021; Huang et al., 2024). Moreover, SWAT sim-
ulates daily, monthly, or annual river discharges
(Golmohammadi et al., 2014; Moura et al., 2025).

To address the identified research gaps, this
study aims to develop and implement a compre-
hensive simulation framework. This framework
will integrate dynamically projected land cover
change, bias-corrected climate projections, and
distributed hydrological modeling using SWAT.
Two programs, LanduseSim and SiBias, were
used in this study for the projection scenarios.
LanduseSim is an algorithm that uses a cellular
automata (CA) model to predict land cover, al-
lowing users to control all spatial simulation pro-
cedures, such as growth targets and driving fac-
tors (Pratomoatmojo, 2018a). SiBias assists in
processing climate projection data by extracting
CMIPS5 GCM data and bias-correcting climate
data (Faqih, 2017). The primary scientific objec-
tive is to assess the relative and combined effects
of climate variability and land cover change on
discharge dynamics within a rapidly urbanizing
tropical karst watershed. This study is specifical-
ly guided by the following research hypotheses:
(1) anticipated land-cover degradation and urban
expansion are expected to significantly increase
peak discharge and decrease base flow, attribut-
able to a reduction in vegetative buffering capac-
ity and an increase in surface impermeability; (2)
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bias-corrected climate projections, which indicate
intensified wet-season rainfall and diminished
dry-season precipitation, are predicted to amplify
seasonal discharge variability; (3) the combined
effects of land-cover change and climate vari-
ability are hypothesized to produce a non-linear
amplification of extreme flow responses at the
sub-watershed scale, surpassing the impact of
each driver when acting independently; and (4)
hydrological responses are anticipated to exhibit
strong spatial heterogeneity, with sub-watersheds
experiencing varying sensitivities depending on
the intensity of land transformation and local
physiographic characteristics.

MATERIALS AND METHODS

Research location

The Maros watershed is a basin with a stra-
tegic hydrological system in the Province of
South Sulawesi, covering an area of 72,348.95
ha and extending from the upper parts of the
karst and volcanic mountains to the lower coast
of the Makassar Strait. Administratively, most
of it belongs to Maros Regency, with an area

percentage of 91.78% (geographical coordinates
119°55°45.797-119°27°56.85” east longitude
and 5°8°3.457-5°1°33.45” south latitude). (Fig-
ure 1). As an integral part of the Mamminasata
Metropolitan Area, it supports regional economic
growth by providing ecosystem services for the
agricultural, industrial, and national sectors, as
well as for various National Strategic Projects
(NSP). The unique biophysical characteristics of
the region, with the predominance of karst land-
scapes as natural equators, make the hydrological
system complex, and the challenge of the impact
of the degradation of dynamic soil functions is
expert pressure.

SWAT model

Developed under the auspices of the USDA’s
agricultural research service (ARS) by Dr. Jeff
Arnold, SWAT is a modeling instrument designed
specifically for watershed-scale hydrological
analyses (Farzana et al., 2019). SWAT was de-
signed to simulate the hydrological response to
interventions in land use/cover patterns and cli-
mate change phenomena. The mechanism or
workflow of this model involves dividing the
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Figure 1. Research location
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study area into sub watersheds and grouping
them into hydrology response units (HRUs). The
HRU is the result of the overlay of soil, slopes,
and land cover (Xu et al., 2010). To produce com-
prehensive simulations at daily and monthly time
intervals, the model requires climatological input
data in the form of rainfall, temperature, relative
humidity, wind speed, and solar radiation (Kibii
etal., 2021) (Table 1).

Data preparation

Digital elevation model (DEM)

The DEM data were used in this study as the
topographical basis for delineating the watershed
and its sub watershed boundaries, forming river
networks, and slope classification, which serves
as the primary data for HRU formation.

Land cover

Land-cover maps were generated through
the supervised classification of Landsat 8 imag-
ery for the years 2014, 2019, and 2023. Multi-
spectral composites were created utilizing bands
6—5—4 (SWIR1-NIR-Red), followed by pan-
sharpening with the 15 m panchromatic band to
enhance spatial detail. Land-cover change over
the decade (2014-2023) was evaluated using a
post-classification change detection approach.
Change detection involves determining the rate
of ground change at any time via remote sensing
technology in a specific study area between two
or more time periods (Soma and Kubota, 2017).
Transitions among land cover categories were
quantified by comparing classified maps from
different years. The classification performance
was assessed using a confusion matrix to calcu-
late the overall accuracy and kappa coefficient,

Table 1. Data used in SWAT modeling

ensuring that only outputs meeting acceptable
accuracy thresholds were retained for subse-
quent modeling.

LanduseSim software was utilized for fu-
ture land-cover projections. LanduseSim is an
algorithm that uses a cellular automata model to
predict land use, allowing users to control spatial
simulation procedures, such as growth targets and
driving factors (Pratomoatmojo, 2018a, 2018b).
The simulation incorporated four spatial driving
factors: distance to primary roads, distance to sec-
ondary roads, distance to rivers, and distance to
existing settlements. The existing 2023 land-cov-
er data were codified as the baseline. All spatial
datasets were converted into a 30 m raster format,
as required by the cellular automata unit of analy-
sis (Pratomoatmojo, 2018c).

Meteorological data

NASA'’s “The Modern-Era Retrospective Anal-
ysis for Research and Applications” (MERRA)-II
climate data were used in this study because the
completeness of the data was in line with the needs
of the data in SWAT modeling, with a pixel resolu-
tion of 0.5° x 0.625° or 50 km (Gelaro et al., 2017).
The data were downloaded based on the coordi-
nates of the weather station, with a resolution of 14
km. This resolution was a result of the reduction in
the GCM for the eastern archipelago of Indonesia
(McGregor et al., 2016). The data collection years
were 1983-2023 for climate change analysis with
precipitation and temperature data and 2010-2023
for SWAT climate data on precipitation, tempera-
ture (maximum and minimum), solar radiation, hu-
midity, and wind speed.

The climate change scenario in the Ma-
ros watershed was analyzed via the Statistical
Bias Correction for Climate Scenarios (SiBiaS)

No Data Type Period Source
- . _ . Ina Geoportal of the Geographic Information
1 Digital elevation Raster —resolution 0.27 2018 Agency (BIG) https://tanahair.indonesia.go.id/
model (DEM) arcsecond (8.1 m)
demnas/#/
. . Climate data “The Modern-Era Retrospective
Tabular — daily with analysis for Research and Applications”
2 | Meteorological data | resolution 0.5° x 0.625° or | 1983-2023 Y , PP
50 km (MERRA) — Il Nasa https://power.larc.nasa.gov/
data-access-viewer/
3 Landsat-8 imagery Raster — resolustion 30 m 2014, 2019, | United States Geological Survey (USGS) https://
and 2023 earthexplorer.usgs.gov
4 Soil data Vector — scale 1:250,000 1984 Landsystem RePPProT and soil sampling
Observation .
5 discharge data Daily 2010-2023 BBWS Pompengan Jeneberang
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program, which helps to represent the output of
the CMIP5 GCM data from the MERRA-2 data.
With this application, CMIP5 absorbs the repre-
sentative concentration pathway (RCP) scenario
model. RCP is a term used in future climate sce-
narios to represent the range of radiative forcing
values in climate models of 2.6 W/m?, 4.5 W/m?, 6
W/m?, and 8.5 W/m?2. However, only a few GCM
models can be represented for the Indonesian re-
gion, one of which is CSIRO-Mk3-6-0. CSIRO-
Mk3-6-0 has very strong results in simulating
climate change in the Indo-Pacific region, with
an RCP of 4.5 W/m? (Rotstayn et al., 2012).
Therefore, in this study, the CSIRO-MK3-6-0
scenario was applied.

Soil data

Soil data required for this study includ-
ed soil type classification and soil physical
and chemical property parameters. The soil

classification and associated property data were
obtained from the Regional Physical Planning
Program for Transmigration (RePPProT) com-
piled by the National Coordinating Board for
Survey and Mapping (Bakosurtanal) in 1987,
at an original scale of 1:250,000. To improve
spatial resolution for watershed-scale mod-
eling, the dataset was adjusted to a scale of
1:50,000. Detailed soil information was further
refined through a field-based soil survey, includ-
ing soil sampling of individual land units (LU).
A land unit is defined as a spatial area compris-
ing soils with homogeneous or similar physi-
cal and chemical characteristics. In addition
to RePPProT soil classifications, slope classes
were incorporated to account for topographic
influence on hydrological processes. These
combined datasets provided the necessary in-
put parameters for the subsequent SWAT hy-
drological modeling (Figure 2).
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Model setup

SWAT is processed through a GIS applica-
tion, specifically ArcSWAT, which requires spa-
tial data, both vector and raster data, and tabular
data for the simulation. The spatial data consisted
of digital elevation model (DEM), soil, and land
cover data. Tabular data were presented in the
form of climate data. The first phase involves de-
limiting the limits of the hydrographic watershed.
At this stage, the information generated is pre-
sented in the form of watershed morphometry in
the form of watershed boundaries, flow directions,
flow accumulation, and stream outlets. It will also
form another hydrographic sub watershed. The
data required are DEM data and river lines (for
burn-in DEMs). HRU formation is a unit or ter-
restrial unit with various elements formed from
land cover map data, soil type maps, and terrain
slope maps. Each HRU has the composition of
the land cover, type of soil, and slope of each sub
watershed. Climate data entry was performed by
selecting the Write Input Tables menu by calling
the weather generator data (WGN) file that had
been previously transformed, that is, precipitation
(pep.txt), temperature (tmp.txt), solar radiation
(solar.txt), relative humidity (rh.txt), and wind
speed (wind.txt).

The simulation process can be performed
after the data on HRU formation and climate
are successfully obtained. This simulation
was performed with the Run SWAT tool in the
SWAT simulation menu by setting the time pe-
riod, the SWAT version, and the amount of time
data generated, that is, daily, monthly, or year-
ly. The SWAT model was then run to produce
the hydrological conditions. The SWAT model
is based on the principle of water balance (Xie
and Zhu, 2022) and is expressed by the follow-
ing algorithm:

t
RSday - qurf -
X ) o
t 0 = _Eact - Sseep - ng ( )

where: S, represents the final soil water content
(mm), S represents the initial soil water
content (mm), t represents time (day),
RS 1y TEPTESENtS dz.culy rainfall (mm),
0., ,represents daily surface runoff (mm),
Em‘ represents daily evapotranspiration
(mm), S, Tepresents daily percolation
(mm), and ng represents daily lateral
flow (mm).

The simulation process can be divided into
four models. Model 1 simulates 2014 land cover
data with 2010-2014 climate data. In this mod-
el, a calibration review process is performed to
help correct problems in the simulation results
with the fitted value. The 2019 land cover model
2 with 2015-2019 climate data, 2023 land cover
model 3 with 2020-2023 climate data, and 2064
projected land cover model 4 with 2064 climate
data are used as validation models on the basis
of the calibration results. The SWAT output has
several file types (SWAT output files), and in this
study, we focused solely on the RCH files. The
RCH file contains the simulated data.

Model calibration and validation

The statistical methods used to calibrate and
validate the model are the coefficient of deter-
mination (R?) model and the Nash-Sutcliffe ef-
ficiency (ENS) model recommended by Ameri-
can Civil Engineers. The calibration stage was
performed in SWAT-CUP by analyzing sensitive
parameters that referenced observational down-
loaded data. The simulation used five parameters:
R _CN2 (curve number), V. ALPHA BF (base-
flow alpha factor), V.GW_DELAY (groundwater
delay), R GWQMN (depth of the shallow aqui-
fer needed to return the flow), and R SURLAG
(surface runoff delay coefficient). The Nash—Sut-
cliffe value (ENS) describes the level of correla-
tion between simulation and observational data,
where the index value is between 0 and 1. ENS
model is used to evaluate the simulation outcome
model. According to the NSE criteria, the simula-
tion is considered decent if the NSE value is >
0.75, satisfactory if the NSE value is 0.36 < NSE
<0.75, and less feasible if the NSE value is < 0.36
(Upadhyay et al., 2022).

RESULTS AND DISCUSSION

Climate change

The results of the precipitation analysis of
the Maros watershed from 1983-2023 (Figure
3) revealed a fluctuating trend. The average pre-
cipitation during this period was 1,979.53 mm/
year, with the highest peak occurring in 1999
(3,440.69 mm) and the lowest occurring in 2005
(1,237.10 mm). The data show that from the
1990s to the 2000s, the highest precipitation often
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Figure 3. Annual climate trends (precipitation and temperature) in the Maros watershed (1983-2023)

occurred and began to decline in the 2010s. The
following period until 2023 will increase again.
Moreover, the relative temperature was stable in
the range of 24.08-29.26 °C at the maximum and
minimum values, with an average of 26.27 °C.
The climate variability that occurs is in-
versely proportional to the results of the 40-year
scenario in the Maros Basin (Figure 4). A signifi-
cant warming trend in air temperature was iden-
tified, characterized by an average temperature
of 27.74 °C and an overall maximum value of
30.32 °C. This resulted in an average decrease
in rainfall of 1,945.52 mm/year or 28.07 mm/
year, or approximately -1.07%. Contrasting re-
sults were observed in the change delta based
on the CSIRO climate model MK-3.6.0. During
the rainy season (December, January and Feb-
ruary), the model projected greater rainfall than
did the observational data. This can be seen in
the increase in rainfall of >1-4%, indicating an

increase in rainfall intensity and implications for
an increase in peak discharge. In contrast, the dry
season period (June, July and August) showed a
significant decrease. The largest decline occurred
in August, with a reduction of 32.02%, indicat-
ing extreme drought conditions and a deficit in
water availability in the Maros watershed in the
middle of the year. The transition period between
March—May and September—November tends to
vary (Figure 5).

Existing climatic fluctuations then cause La
Nina. La Nifia has an impact on increased rainfall
through changes in sea surface temperature in the
Pacific Ocean, which affect atmospheric circula-
tion and water vapor distribution. This causes in-
creased rainfall, especially in areas easily affected
by ENSO (El Nino—South Oscillation). Specifi-
cally, La Nifia, which occurs in Indonesia, causes
extreme precipitation, such as the number of con-
secutive days of precipitation, and tends to lead
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Figure 4. Trends of annual climate scenarios (precipitation and temperature)
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to extreme weather anomalies and drought condi-
tions due to El Nifo. Therefore, La Nifia events
are often associated with high precipitation and
extreme hydrometeorological events, such as
flooding, in various regions of the world (Huang
et al., 2024; Supari et al., 2017; Ummenhofer et
al., 2015).

According to the results of the CSIRO, Mk-
3.6.0. In the climate model, climate change is
indicated by a change in the hydrological cycle
characterized by a decrease in the intensity of an-
nual rainfall that coincides with an increase in
the average temperature. The CSIRO-Mk3-6-0
model tends to project drier conditions in some
regions of southern Indonesia (including South
Sulawesi) below RCP 4.5, which is consistent
with the drying trend in the maritime continent
projected by the CORDEX-SEA and CMIP5
studies (Aprizal and Meris, 2020; Tangang et al.,
2020). The increase in temperature has a dual
hydrometeorological impact, specifically evapo-
transpiration, which affects the water deficit in
the dry season and prolongs the duration of the
drought, as does the occurrence of extreme rain-
fall anomalies in certain months that can cause
flash floods. These complex climate interactions
are giving rise to increasingly dynamic hydrolog-
ical responses, especially when juxtaposed with
changes in land cover patterns within watersheds
(Farjad et al., 2016; Malede et al., 2023; Mollel
et al., 2023) (Figure 6).

Land cover changes

The results of the ground cover accuracy test
yielded accurate results, with overall accuracies
of 98.10% (2014), 98.60% (2019), and 98.17%

(2023) and kappa accuracies of 97.69%, 98.31%,
and 97.80%, respectively. Data verification in
2014 and 2019 used high-resolution imagery from
Google Earth Pro as a reference, whereas valida-
tion in 2023 was performed through direct field
surveys. (Islami et al., 2022; Tilahun and Teferie,
2015). These results show that the precision value
has a high accuracy rate of at least 80% for the
overall and kappa data (Mathewos et al., 2022).

According to Table 2, the analysis of the last
ten years revealed a massive transition in land use
in the Maros watershed, dominated by the con-
version of forest cover into agricultural areas and
built-up land. The dryland secondary forest class
recorded the highest deforestation rate, with a
cumulative area loss of 3,439.61 ha (382.18 ha/
year). The downward trend is constant at 34.86%
in 2023, indicating fairly high pressure in the up-
stream and midstream basins.

The growth of urbanized areas of settlements
shows a very aggressive trend, with the addition
of 1,300.32 ha (144.48 ha/year), indicating in-
tensive urbanization. This trend correlates with
population pressures and the development of
metropolitan areas, which hydrologically im-
plies the expansion of impermeable layers and
an increase in the runoff coefficients. In addition
to settlements, dryland agriculture has also ex-
perienced a massive expansion of 2,589.71 ha
(287.75 ha/year), increasing its domain of use to
13.26% by 2023. In contrast, mixed agriculture/
agroforestry and ponds decreased by 1,295.88
ha and 278.54 ha, respectively. The paddy area
showed a moderate increase of 1,046.36 ha,
reinforcing its position as the second highest
coverage area (19.36%). These data show a fo-
cus or intensification of agricultural land use.



Ecological Engineering & Environmental Technology 2026, 27(4), 1-18

"P)IQ\”'E “3‘:\'!{\'( HsToE HQYI"E Hl‘ﬂl!E'E Wr9vE
a) Legend b) Legend
Actual (mmlyear) Projection (mm/year)
£ 1869-1900 2 E 1846-1900 I
B 5 5 e
v I 19001850 T B 1900-1950 ¢
B 19502000 I 19502000
I 20002050 I 20002050
I 20502108 I 0502072
¢ pe
i | & 3 R
N
0255 10 15 20
Km
L) L) T T
HRVE e nosroe nowve 1 arare nosITE
“V:lwi --w:rure NYSTUE "y .:HTE ||vlf:ﬂ.“f TSIVE
Legend d) Legend
Actual Max (*Clyear) Projectin (*Clyear)
B 2567-26.05 g8 | ELRIETY TR 4
? R B
g 26,05-26.43 B I 26812719 -
| B I 27102864
B s551-27.19
B 782758
. o P »
& ERN £
£ z e o
B w @ &
T L) L) T
e 1T nersroe newTe I nesro
odent waesre nersroe na e N nesyvE
1 1 1 1
Legend Legend
Actual Min (*Clyear) Projection (*Clyear)
2 2212275 L = 23.14-2344 .2
> 2752344 &R 23.44-24.13 &
DU-24.13 24.13-2482
24.13.24.82 B 2 222658
B 2482255
14 B
& L% 2 B
T T T T
MFWVE NYWNE NISTUE NFWUTE Hr@wwE HYSIUE
HFWTE My OWE NIsTUE NFWTE NFOWE NWYWVE
L I L '
Legend h) Legend
Actual Mean (*Clyear) Projection Mean (*Clyear)
£ 25.67-26.05 LE] I 26742601 g
(G & 1271 s
¢ 26.05.26.43 e I 20812710 v
I 27 192864
N 26432681
B 26012719
B 2702758
p g P “
B | 5 2 L
2 v R 2
5 58 §
) 1] T 1
NIWUTE MYSNE NrSVE Nrevre 1WEWE NISTUE

Figure 6. Spatial analysis of actual and climate projections for the Maros Watershed. a) Actual precipitation;
b) projected precipitation; ¢) actual maximum temperature; d) projected maximum temperature;
e) actual minimum temperature; f) projected minimum temperature; g) actual mean temperature;
h) projected mean temperature

Other classes, such as secondary mangrove for- The transport sector, that is, airports, tends to be
ests, savannas, shrublands, open land, and wa- stable, which shows that the main infrastructure
ter, were relatively stable, with minor changes. has been formed since 2014.
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Table 2. Land cover data from 2014, 2019 and 2023 in the Maros watershed

Land cover Area in 2014 Area in 2019 Area in 2023 Change area (2014-2023)

ha % % ha % ha halyear
Airport area 380.12 0.53 380.12 0.53 380.12 0.53 0.00 0.00
Secondary forest 28,663.56 | 39.62 | 27,067.56 | 37.41 | 25,223.95 | 34.86 | -3,439.61 -382.18
Secondary mangrove forest 320.43 0.44 299.78 0.41 285.59 0.39 -34.84 -3.87
Planted forest 1,976.74 273 2,077.08 2.87 1,985.24 | 2.74 8.50 0.94
Settlement 2,511.33 3.47 2,894.35 | 4.00 3,811.65 | 5.27 1,300.32 144.48
Agricultural/crop land 7,006.23 9.68 9,235.04 | 12.76 | 9,595.94 | 13.26 | 2,589.71 287.75
Mixed agricultural/agroforestry 9,474.98 | 13.10 | 8,393.67 | 11.60 | 8,179.10 | 11.31 | -1,295.88 -143.99
Grassland 511.44 0.71 545.09 0.75 529.15 0.73 17.71 1.97
Paddy area 12,960.86 | 17.91 | 12,779.17 | 17.66 | 14,007.22 | 19.36 | 1,046.36 116.26
Shurbland 1,279.41 1.77 1,250.85 1.73 1,321.55 | 1.83 42.14 4.68
Fish pond 6,001.75 8.30 5,934.42 8.20 5,723.20 | 7.91 -278.54 -30.95
Open area 497.46 0.69 752.66 1.04 539.43 0.75 41.98 4.66
Water 764.65 1.06 739.17 1.02 766.81 1.06 2.16 0.24
Total area 72,34895 | 100 | 72,348.95| 100 | 72,348.95| 100

Land cover changes at the research site oc-
curred in a fluctuating manner, particularly in
the secondary forest class. The decrease in the
area of this class is due to the agricultural activi-
ties of the community, which are aimed at meet-
ing the food economy needs of the region. This
is in line with the implementation of national
policies related to food security (Arifanti et al.,
2021; Putra et al., 2019). In addition, increasing
demographic pressures are driving the develop-
ment of residential and infrastructure areas in
the Mamminasata Metropolitan Area. Given that

the study location is in a hilly topographic zone
with a predominance of steep slope classes, land
conversion in this area increases the region’s
vulnerability index to geophysical disasters,
such as landslides and floods, and triggers mas-
sive erosion and sedimentation rates (Rahmat et
al., 2023; Soma et al., 2023; Soma and Kubota,
2017) (Table 3).

According to the spatial simulations that
have been validated, it is quite “good” (Kappa
accuracy of 76.41%), and the land cover of the
Maros watershed in 2064 is expected to continue

Table 3. Projected land cover data for 2064 in the Maros watershed

Land cover Area in 2023 Area in 2064 Change area (2023-2064)
ha % ha % ha halyear

Airport area 380.12 0.53 380.79 0.53 0.67 0.13
Secondary forest 25,223.95 34.86 24,971.90 34.52 -252.05 -50.41
Secondary mangrove forest 285.59 0.39 260.52 0.36 -25.07 -5.01
Planted forest 1,985.24 274 1,985.30 2.74 0.06 0.01
Settlement 3,811.65 5.27 3,932.19 5.44 120.54 24.11
Agricultural/crop land 9,595.94 13.26 9,727.18 13.44 131.24 26.25
Mixed agricultural/agroforestry 8,179.10 11.31 8,171.49 11.29 -7.61 -1.52
Grassland 529.15 0.73 526.45 0.73 -2.70 -0.54
Paddy area 14,007.22 19.36 14,009.92 19.36 2.70 0.54
Shurbland 1,321.55 1.83 1,324.26 1.83 2.71 0.54
Fish pond 5,723.20 7.91 5,748.24 7.95 25.03 5.01
Open area 539.43 0.75 540.67 0.75 1.24 0.25
Water 766.81 1.06 770.05 1.06 3.23 0.65
Total area 72,348.95 100 72,348.95 100
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to be dominated by pressure on forest areas. The
deforestation rate of secondary forests was re-
corded at 50.41 ha/year, inversely proportional
to the increase of 24.11 ha in settlement and ag-
ricultural areas. A change in the characteristics
of the ground surface to become more imper-
meable will inhibit soil infiltration. This condi-
tion, when contrasted with the trend of high an-
nual precipitation, has the potential to increase

the volume of surface runoff, thus indicating a
high level of vulnerability to the risk of floods
and other hydrometeorological disasters in the
future. The expansion of agriculture/crop land
(26.25 ha/year) in upstream or sloping areas, if
not managed with good conservation, can trig-
ger further erosion, as the precipitation intensity
in the Maros watershed peaks in January (Kay-
itesi et al., 2022; Siyamsih, 2024) (Figure 7).
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Figure 7. Spatial land cover data for 2014, 2019, and 2023 and 2064 projections for the Maros watershed
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Watershed deliniation and HRU
establishment

Using the DEM input data, spatial delimi-
tation was performed to define the catchment
area and river network. On the basis of the

determination of the direction and accumulation
of flow, the watershed was divided into 48 subwa-
tersheds (Figure 8). Within the SWAT framework,

this spatial structure is detailed in the HRU. The
HRU represents the smallest unit of analysis with
uniform hydrological characteristics, resulting
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Figure 10. Daily discharge data (2014-2023) for subwatersheds 46, 23, and 6

from the overlay of land cover, soil, and topo-
graphic parameters.

The variations in land cover, soil, and slope
(Figure 9) were combined in each HRU to al-
low hydrological simulation in a hydrologically
homogeneous area. According to the training
results, there was a variation in the number of
HRUs in each scenario: 3.234 units (2014), 3.419
units (2019), and 3.278 units (2023), which in-
creased to 3.475 units for the 2064 projection.
With this splitting mechanism, the SWAT model
can more accurately calculate surface flow, infil-
tration, evapotranspiration, and discharge based
on the different conditions of each HRU.

SWAT results

In this study, SWAT demonstrated its ability to
calculate discharge in the Maros watershed. In this
analysis, the data range used is the daily data range.
During the period of 2014-2023, the simulation
SWAT results in Figure 10 reveal a significant re-
lationship between precipitation intensity and flow
fluctuations in the three watershed representation
zones (upstream in subwatershed 46, middle in
subwatershed 23, and downstream in subwater-
shed 6). The extreme rainfall event of December 7,
2021, caused the highest peak flow, reaching 1.206
m?/s in subwatershed 6, 618.70 m*/s in subwater-
shed 23, and 289.80 m?®/s in subwatershed 46. The
difference in flow values between the upstream and
downstream areas reflects the heterogeneity of the
catchment area in each HRU. The HRU is illustrat-
ed by the physical conditions of the soil and slopes,
as well as by land cover changes.

In addition, projected daily discharge data
for 2064 show that each sub watershed has an in-
crease in discharge value from December to April,
with peak conditions occurring on February 13,
with flows of 184.10 m%/s in sub watershed 6, 133
m?/s in sub watershed 23, and 79.40 m?/s in sub
watershed 46. Steep slopes and high amounts of
precipitation produce a hydrological response,
with rapid and high increases in river flow caused
by morphological conditions, intense rainfall, and
changes in land cover that reduce water storage
and infiltration capacity (Borsos and Sendzimir,
2018; Dehaspe et al., 2018). Therefore, the re-
sponse of the river to high rainfall is very rapid,
with an increase in flow.

A comparison of the period of 2014-2023
with the projection for 2064 revealed a change
in the hydrological cycle of the Maros watershed
in a more extreme direction. Although the dis-
charge value in the 2064 scenario was low, the
duration of the absence of flow in the dry season
was expected to be much longer. This phenom-
enon aggravates the vulnerability of watersheds,
reinforcing indications of a reduction in second-
ary dryland forests by 50.41 ha/year due to agri-
cultural and settlement expansion, which affects
regional water absorption. As a result, rivers lose
their natural ability to maintain base flow, trigger-
ing the risk of hydrological droughts in the dry
season and flooding in more severe rainy seasons
(Qi et al., 2020; Wang et al., 2013) (Figure 11).

To validate the SWAT simulation results,
model parameter optimization was performed
through repeated calibrations to ensure the pre-
cision or goodness of fit between the simulation
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Figure 11. Daily discharge data (2064) for subwatersheds 46, 23, and 6

Table 4. SWAT calibration parameters

No Parameter File extention Fitted value Min value Max value
1 R_CN2 mgt 0.96 -0.20 1.00
2 V_ALPHA_BF gw 0.15 0.00 1.00
3 V_GW_DELAY gw 32.50 0.00 500.00
4 R_GWQMN gw 475.00 0.00 5000.00
5 R_SURLAG bsn 6.47 0.05 10.00
Table 5. SWAT validation results
Simulasi Simulation period R? NSE
Pra-Kalibrasi Batubassi 2010-2014 0.52 0.14
Pra-Kalibrasi Lekopancing 2010-2014 0.71 0.59
Validasi Batubassi 2015-2019 0.6 0.5
Validasi Lekopancing 2015-2019 0.71 0.75
Validasi Batubassi 2020-2023 0.48 0.42
Validasi Lekopancing 2020-2023 0.72 0.65

discharge and observation. Calibration and vali-
dation tests were performed on two sets of flow
observation data, namely, Lekopancing and Ba-
tubassi Dams data. The obstacles faced by this
study were the existence of some missing data
or the absence of daily data. Daily tests are rated
poorly and are performed with monthly average
data. This evaluation is quite good and can be per-
formed in the evaluation of models (Hermawan et
al., 2025). The parameters used for calibration are
listed in Table 4.

The final results of the evaluation of the exist-
ing simulation are presented in Table 5.

The results of the model validation re-
vealed a difference in the statistical performance

14

between the two observational datasets. The
validation results revealed the best evaluation
of the Lekopaccing Dam, with an R? value of >
0.71 and an NSE in the range of 0.49-0.75. This
evaluation is in the “Decent” and “Satisfactory”
categories, with the highest NES in the period
2015-2019. However, the lower accuracy at Ba-
tubassi Dam was due to the incompleteness of
the available input data series. However, taken
together, the R? and NSE values obtained are
still within the acceptable range for long-term
prediction purposes, especially since the study
simulates hydrological interactions due to cli-
mate variability and land cover change in the
study area (Figure 12).
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Figure 12. Relationships between the observed and simulated discharges during the validation period
from 2010-2023

CONCLUSIONS

This study successfully applied an integrated
modeling framework to quantify the impacts of
land-cover transformation and climate variabil-
ity on discharge dynamics in the rapidly urbaniz-
ing tropical karst Maros watershed. Overall, the
SWAT model showed a satisfactory level of accu-
racy in representing the dose-response to rainfall
and land cover, despite variability in model per-
formance owing to the availability of observation-
al data. Based on the formulated hypotheses, the
spatial and hydrological analyses revealed several
key findings. First (H1), significant and consistent
changes in land cover, characterized by the con-
tinued rate of deforestation of secondary forests
and the massive expansion of agricultural land and

settlements, have led to the expansion of imperme-
able surfaces, which has directly increased peak
discharge and altered base flows. Second (H2),
climate projections indicating fluctuating rainfall
patterns have amplified seasonal discharge vari-
ability. Third (H3), the combined effects of land
cover and climate change have directly resulted in
a rapid and amplified response between extreme
precipitation events and discharge surges. Finally
(H4), the hydrological responses exhibited strong
spatial heterogeneity, as evidenced by the varying
simulated maximum flows across different sub-
watersheds depending on their local sensitivities.
These findings emphasize the necessity of inte-
grating dynamic land-use planning with climate
adaptation strategies to mitigate future hydrologi-
cal extremes in the region.
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