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ABSTRACT: The Abuan Watershed in Isabela, Philippines faces increasing hydrologic and environmental pressures
from rainfall variability, land-use change, and hazard-sensitive landscape conditions. This study integrated Soil and
Water Assessment Tool (SWAT) modeling with GIS-based vulnerability assessment to evaluate watershed response
and spatial vulnerability to flood, drought, and soil erosion. A 5 m x 5 m IFSAR-derived digital elevation model,
land-use/land-cover data, soil maps, and hydroclimatic and streamflow records supported the analysis. Streamflow
performance was acceptable, with calibration values of R* = 0.61, nRMSE = 22%, and PBIAS = 3.1%, and validation values
of R? = 0.70, nRMSE = 14%, and PBIAS = 10%. Under baseline conditions, the 63,922-ha watershed received 2169. mm
of annual precipitation, of which 47% became surface runoff, 23% evapotranspiration, and 30% percolation. Wetter
scenarios produced the clearest hydrologic response, increasing runoff by up to 15.99% and soil erosion by up to 13.02%
under combined land-use and rainfall-change conditions. Under the projected 2050 rainfall scenario, reforestation
caused only minor runoff and percolation changes but reduced simulated soil erosion by up to 116 t ha™! yr™!
relative to the urbanized condition. Flood vulnerability was concentrated in downstream agricultural and settlement
areas, whereas drought and soil-erosion vulnerability were greater in cultivated and rainfed uplands. Priority actions
therefore include flood-risk reduction and runoff moderation in downstream lowlands, together with vegetation
recovery, reforestation, and soil-conservation measures in cultivated hilly and rolling terrain. The integrated SWAT-GIS
approach provides a practical, spatially explicit basis for watershed prioritization and intervention planning for future
watershed management.

KEYWORDS: Hydrologic modeling; GIS-based vulnerability assessment; flood vulnerability; drought vulnerability;
soil erosion; watershed management; land-use change; climate variability; Abuan Watershed; Philippines

1 Introduction

Watersheds are increasingly affected by the combined pressures of land-use change and climate
variability. Both of which can alter hydrologic processes and intensify environmental degradation. In tropical
regions, land-use and land-cover change associated with forest conversion, agricultural expansion, and
settlement growth has been widely linked to changes in streamflow, surface runoff, water yield, evapo-
transpiration, and groundwater recharge [1,2]. These effects become more critical when they interact with
changing rainfall patterns and climatic variability, which can further modify watershed response and increase
hydrologic uncertainty [1,3]. Climate change also has important implications for soil erosion, as shifts in
rainfall intensity and runoff regimes can increase soil loss and degrade watershed functions, ecosystem
services, and land productivity [4,5]. Because land-use pressure and climate change act simultaneously in
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many basins, watershed-scale assessment has become increasingly necessary to support water resources
management, land-use planning, and environmental protection [1,4].

Geospatial approaches provide an efficient means of examining how environmental conditions and
hazards vary across space. Geographic Information Systems (GIS) allow terrain, land use, hydrology, soils,
and other spatial datasets to be integrated into analytical frameworks for environmental assessment and
decision-making [6]. In watershed studies, this is especially useful because basin conditions are rarely
uniform. Spatial analysis helps delineate priority zones, hazard patterns, and management units [7]. Recent
studies have likewise demonstrated the value of GIS-based approaches in flood risk zoning [8], terrain-
informed hazard assessment using digital elevation models [9], and scenario-based spatial evaluation of
environmental quality [10]. These capabilities make GIS particularly relevant for watershed analysis, where
spatially explicit outputs are needed to support monitoring, hazard mapping, and intervention planning.

Alongside GIS, hydrologic modeling has become a key tool for evaluating watershed response under
changing land-use and climatic conditions. Process-based watershed models are employed to simulate
runoff, streamflow, evapotranspiration, percolation, and sediment-related processes under both baseline
and scenario conditions, making them useful for analyzing present and future watershed behavior [11].
Among these tools, the Soil and Water Assessment Tool (SWAT) has been widely applied because it
represents watershed heterogeneity through subbasins and hydrologic response units and supports long-
term assessment of land management and climate effects on hydrologic processes [12]. SWAT was selected
in this study because it can simulate the baseline and scenario-based hydrologic variables needed for
integration with GIS-based hazard-vulnerability assessment, particularly runoff, evapotranspiration, per-
colation, and soil-erosion response at the watershed scale. In the Philippines, SWAT has been applied to
evaluate hydrologic responses to land-cover and climate scenarios in selected watersheds. These studies
showed that changes in precipitation, forest cover, and urbanization can substantially influence water yield,
runoff, evapotranspiration, and baseflow [13]. It has also been applied in the Abuan Watershed to assess
probable streamflow changes and associated water-resources risk under climate and land-use change [13].
However, previous work in the Abuan Watershed did not combine that hydrologic modeling approach
with hazard-specific GIS-based flood, drought, and soil-erosion vulnerability assessment within a single
spatial interpretation framework. In a related Philippine application, Alejo and Ella [14] used SWAT to
assess the impacts of climate change on dependable flow and potential irrigable area in the Maasin River
Watershed, further showing the value of model-based watershed analysis for water-resources planning. These
studies indicate that hydrologic modeling is useful not only for quantifying watershed behavior, but also
for testing alternative land-use and climate scenarios that cannot be directly observed in the field. The
present study extends that line of work by linking hydrologic scenario simulation with hazard-specific GIS-
based vulnerability assessment. This integration was used to identify priority management areas within the
same watershed.

Hydrologic simulation alone, however, does not fully show where environmental impacts are likely to
be most critical within a watershed. For watershed planning, model outputs need to be interpreted spatially
so that areas prone to flood, drought, or soil erosion can be identified more clearly. In the Philippines, GIS-
based flood mapping has been applied to delineate flood-prone areas from multiple terrain, hydrologic, and
land-related factors, thereby supporting hazard assessment and land-use planning [15]. GIS-based drought
assessment has likewise been applied at the river-basin scale to identify spatial differences in vulnerability and
to support management in climate-sensitive watersheds [16]. For soil erosion, GIS-based approaches such as
RUSLE and susceptibility mapping have been implemented to estimate spatial soil-loss patterns in Philippine
watersheds and to identify erosion-prone areas under both present and changing rainfall conditions [17,18].
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These approaches complement hydrologic modeling by translating watershed response into mapped priority
areas for intervention and planning.

Despite the broad use of hydrologic modeling and GIS-based spatial assessment, these approaches are
often applied separately in watershed studies. Reviews of integrated watershed analysis have noted that land-
use and climate investigations commonly focus on individual components of basin response, even though
water-resources management problems usually involve interacting hydrologic, geomorphic, and spatial pro-
cesses [19]. More recent framework studies have likewise emphasized the need to move from single-hazard
or single-variable assessment toward integrated spatial identification of priority management areas within
watersheds [20]. Applied studies have shown that combining GIS with hydrologic or hydraulic modeling can
strengthen evaluation of current and future watershed risk by linking process-based simulation with spatially
explicit hazard interpretation [21]. Integrated watershed approaches have also been conducted to inform
land-use planning and management by connecting scenario analysis with watershed-scale environmental
response [22]. However, many studies still do not clearly show how modeled hydrologic change relates to
the spatial distribution of hazard vulnerability within the same watershed. This gap is especially important
in tropical settings, where land-use pressure, rainfall variability, and management constraints often occur
simultaneously. These studies indicate that linking hydrologic modeling with GIS-based flood, drought, and
erosion mapping can provide a more spatially explicit basis for watershed management.

The Abuan Watershed in Isabela, Philippines provides an appropriate case for this type of integrated
technical assessment. In this study, hydrologic response under land-use and climate scenarios is examined
together with GIS-based assessments of flood, drought, and soil-erosion vulnerability. This integrated
approach allows modeled watershed change and mapped hazard sensitivity to be interpreted within a
single framework for identifying priority management areas. In the present study, flood, drought, and soil-
erosion vulnerability were first assessed separately using hazard-specific GIS-based indicators and were then
interpreted jointly with the SWAT hydrologic outputs to identify priority management areas. The watershed
includes lower areas exposed to flooding, agricultural zones sensitive to drought, and cultivated uplands
susceptible to erosion. The watershed therefore provides a suitable setting for linking hydrologic modeling
with GIS-based spatial assessment to evaluate watershed condition and identify priority management areas.
The study aimed to evaluate hydrologic response and spatial hazard vulnerability under land-use and climate
change and to identify priority areas for watershed management in the Abuan Watershed.

2 Methodology
2.1 Study Area

The study was conducted in the Abuan Watershed in Isabela, Philippines, located at approximately
17°11'12" N and 122°07'12" E, with an estimated catchment area of 63,922 ha (639.23 km?) (Fig. 1). The
watershed is drained mainly by the Abuan and Bintacan Rivers. It shows strong spatial variation in terrain and
land characteristics, with flood-prone lowlands in the downstream portion and rolling, hilly, to mountainous
areas in the middle and upper catchments. Hydrologically, the available daily discharge records from the
Alinguigan gauging station for 1985-2010 indicate that the long-term mean integrated downstream flow was
approximately 333 m?/s. Because this station reflects the combined flow from the Abuan and Pinacanauan
watersheds, the value is presented here only as a descriptor of downstream basin flow conditions and not as an
observed annual mean discharge for the Abuan Watershed alone. The available geologic map shows that the
Abuan Watershed is dominated by broad undifferentiated geologic units, with other formations occurring
mainly near parts of the watershed boundary. This suggests spatial variability in subsurface conditions that
may influence infiltration, percolation, and baseflow response across the basin. Soil information was based
on the Bureau of Soil and Water Management (BSWM) soil map used in this study. In that source, upland
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and mountainous portions of the watershed are dominated by mapping units identified as mountain soils.
Clay loam occurs in rolling and hilly areas, while sandy loam is more common in the floodplains. Land use
is predominantly forest in the upper catchments, whereas agricultural areas planted mainly with corn and
patches of kaingin are concentrated in the lower and middle portions. For the period used in the hydrologic
modeling, the watershed received an average annual precipitation of about 2169.1 mm. Rainfall peaked
during October and November, when flooding commonly occurs in the lower areas, and relatively drier
conditions occurred from February to April. These characteristics make the Abuan Watershed a suitable case
for integrated assessment because it combines forested upper catchments, cultivated and rainfed uplands,
and flood-prone downstream agricultural and settlement areas within a single basin. The watershed is
also undergoing land-use transition, including the recent development of tourism areas and ongoing road
construction connecting the valley and coastal municipalities. This setting allows flood, drought, and soil-
erosion vulnerability to be examined under shared land-use and rainfall pressures and provides a baseline
for future watershed assessments.
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Figure 1: Study area map of the Abuan Watershed in Isabela province, Philippines, showing the watershed boundary,
main river network, and surrounding municipalities.

2.2 Overall Methodological Framework

The study followed an integrated methodological framework consisting of four main stages namely
data preparation, hydrologic simulation, GIS-based hazard vulnerability mapping, and integrated assessment
(Fig. 2). In Stage 1, spatial, hydroclimatic, and hydrologic datasets were assembled and preprocessed for
analysis. In Stage 2, the SWAT model was set up through watershed delineation and hydrologic response
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unit (HRU) generation. This stage was followed by model calibration and validation, land-use and climate
scenario simulation, and hydrologic output extraction. In Stage 3, hazard-specific GIS-based flood, drought,
and soil-erosion vulnerability maps were generated from relevant spatial indicators. In Stage 4, the baseline
vulnerability maps and scenario-based hydrologic outputs were compared spatially and interpreted jointly.
These results were then used to identify priority areas for watershed management and environmental
intervention. The arrows in Fig. 2 show the sequence of analysis within each stage and the linkages among
stages. They indicate the flow of prepared input data to hydrologic modeling, the parallel generation of
hazard-specific GIS layers, and the final integration of modeled and mapped outputs.
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Figure 2: Integrated methodological framework showing the sequence of data preparation, hydrologic modeling, GIS-
based hazard-vulnerability mapping, and result integration for watershed management prioritization. Arrows indicate
the main flow of analysis within and across stages.

2.3 Data Sources and Preparation
2.3.1 Spatial and Model Input Data

Spatial inputs used in the study included the digital elevation model (DEM), land-use/land-cover data,
soil map, river network, and thematic GIS layers required for flood, drought, and soil-erosion vulnerability
assessment. The DEM used in this study was a 5 m x 5 m IFSAR-derived DTM obtained from National
Mapping and Resource Information Authority (NAMRIA). The dataset formed part of NAMRIAs 2013
nationwide IFSAR acquisition and was referenced to PRS92/WGS84. It was used for watershed characteri-
zation, delineation, and terrain analysis. Soil information was based on the soil map from the Bureau of Soils
and Water Management (BSWM).

2.3.2 Calibration and Validation Data

Hydroclimatic inputs included rainfall, temperature, relative humidity, wind speed, and solar radiation
data. Available historical climate records from 1985-2016 were obtained from the Department of Agriculture
Regional Field Unit 2—Cagayan Valley Research Center (CVRC) in Ilagan City, Isabela, and were used to
characterize rainfall and climatic variability in the watershed. Rainfall input for the study was supported
by two available sources namely, the historical CVRC station record and an automatic weather station
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(AWS) installed within the watershed. This available station setup was considered adequate for the present
watershed-scale assessment, although it may not fully capture fine-scale spatial rainfall variability across
the basin, which remains a common limitation in many Philippine watersheds. Automatic weather station
(AWS) data collected within the watershed covered the period from 03 October 2016 to 03 February 2017
and included 47 storm events. For hydrologic analysis and model evaluation, streamflow data were obtained
from the Alinguigan DPWH gauging station, where daily discharge records for 1985-2010 represented
the integrated downstream flow from the Abuan and Pinacanauan watersheds. The observed record was
not separated into independent contributions from the two watersheds and was therefore used as a com-
bined downstream discharge series for calibration and validation. Automatic water-level recorder (AWLR)
observations within the watershed were also obtained during the in-watershed monitoring period. Table 1
summarizes the main input datasets and their sources used in the study.

Table 1: Main input datasets and their sources used in the study.

Input Data Source
Digital elevation model (DEM),
NAMRIA
Land-use/land-cover data
Soil map Bureau of Soils and Water Management (BSWM)

Department of Agriculture Regional Field Unit
2—Cagayan Valley Research Center (CVRC);
automatic weather stations

Rainfall, temperature, relative humidity, wind
speed, and solar radiation data

Streamflow data DPWH

WWE report based on ESONER outputs;
soil-erosion monitoring plots

Supporting erosion and runoff information

2.3.3 Data Preparation

The spatial and hydrometeorological datasets were preprocessed prior to hydrologic modeling and GIS
analysis. In the SWAT component, the DEM was used for watershed delineation, stream-network generation,
and extraction of terrain-related parameters such as slope, basin area, stream length, and channel charac-
teristics. Land use, soil type, and slope were then combined to define hydrologic response units (HRUs),
while weather records were formatted into SWAT weather input text files for precipitation, temperature,
solar radiation, wind speed, and relative humidity before simulation. For the GIS-based flood, drought,
and soil-erosion assessments, thematic layers were processed through standard GIS procedures, including
slope derivation from the DEM, computation of river proximity using Euclidean distance, rasterization and
reclassification of indicator layers, and spatial overlay through raster-based map algebra to generate the final
vulnerability maps.

2.4 Hydrologic Modeling
2.4.1 SWAT Model Setup

The Soil and Water Assessment Tool was utilized to simulate hydrologic processes in the Abuan
Watershed. The model setup used the digital elevation model, land-use/land-cover data, soil map, and
hydroclimatic inputs as the main spatial and temporal inputs. Watershed delineation and stream generation
were performed automatically in SWAT using the DEM. Hydrologic response units were then defined from
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the spatial combination of land use, soil type, and slope. Weather data for rainfall, temperature, relative
humidity, wind speed, and solar radiation were preprocessed into individual SWAT weather input text
files prior to simulation. Initial model runs were then performed to establish the baseline setup used for
calibration, validation, and scenario simulation.

2.4.2 Calibration and Validation

Model calibration was conducted using long-term streamflow data gauged along the Pinacanauan River,
where the Abuan River drains, while part of the dataset was reserved for model validation. Because the
available gauging record represents the combined discharge from the Abuan and Pinacanauan watersheds,
calibration was performed against the integrated downstream flow signal. This means that the calibrated
parameter set reflects the available monitoring configuration rather than the isolated discharge response
of the Abuan Watershed alone. Formal model calibration and validation were evaluated using observed
streamflow data. Although erosion- and runoff-related information was used during parameter adjustment,
the performance statistics presented in this study are based on streamflow. The reported streamflow
performance statistics were the coefficient of determination (R*), normalized root mean square error
(nRMSE), and percent bias (PBIAS). The acceptability criteria adopted in the source study were R* > 0.60,
nRMSE < 30%, and PBIAS within +25%. Soil-erosion information from the World Wide Fund for Nature
(WWE) report based on ESONER outputs and runoff observations from soil-erosion monitoring plots were
used only as supporting information for parameter adjustment and process checking. These datasets were
not treated as independent validation datasets for formal model-performance evaluation. This calibration
strategy was adopted because directly observed watershed-scale sediment and isolated Abuan discharge
records were not available for the present analysis. The calibrated parameters included available soil water
content (SOL_AWC), evaporation compensation factor (ESCO), baseflow alpha factor (ALPHA_BF), curve
number (CN2), USLE practice factor (USLE_P), groundwater delay (GW_DELAY), threshold water depth in
the shallow aquifer required for return flow (GWQMN), and groundwater revap coeflicient (GW_REVAP).
These parameters were adjusted to improve the simulation of streamflow response and related watershed
processes under the available data conditions.

2.4.3 Scenario Development

After calibration and validation, the SWAT model was employed to simulate land-use and climate
scenarios in the Abuan Watershed. These scenarios represented reforestation, agricultural and urban
expansion, and projected rainfall change. Scenarios 1 to 5 combined land-use conversion with a 10%
increase in annual rainfall, whereas Scenarios 6 to 8 used projected 2050 rainfall conditions derived from
Philippine Atmospheric, Geophysical and Astronomical Services Administration (PAGASA). The latter
represented wetter wet-season conditions and drier dry-season conditions. The simulated scenario impacts
were evaluated relative to the baseline simulation period of 1986-2016. Reforestation scenarios included the
conversion of 2125, 3187, and 4250 ha of grassland to forest in Scenarios 1, 2, and 3, respectively. Under the
mixed land-use scenarios, 5321 ha of forest area were converted to agriculture, while 2125 and 3187 ha of
grassland were reforested in Scenarios 4 and 5, respectively. Under the projected 2050 rainfall condition,
Scenario 7 converted 2867 ha of agricultural land and 1062 ha of grassland to settlements, whereas Scenario 8
represented reforestation of 2867 ha of cultivated land and 4250 ha of grassland. All scenarios were evaluated
against the baseline simulation to assess the hydrologic effects of land-use and climate change. The simulated
land-use and climate scenarios are hereafter referred to as Baseline and S1 to S8. The simulated scenarios are
summarized in Table 2.
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Table 2: Land-use and climate scenarios simulated for the Abuan Watershed.

Scenario Land-Use Change Assumption Climate/Rainfall Assumption

Baseline Existing land cover Baseline rainfall condition
S1 50% of grassland converted to forest 10% increase in annual rainfall
S2 75% of grassland converted to forest 10% increase in annual rainfall
S3 100% of grassland converted to forest 10% increase in annual rainfall

10% of forest converted to agricultural land and 50% of

S4 10% increase in annual rainfall
grassland converted to forest
0, 1 V)
S5 10% of forest converted to agricultural land and 75% of 10% increase in annual rainfall
grassland converted to forest
S6 No land-use change Projected 2050 rainfall condition
50% of agricultural land and 25% of land ted
§7 % ofagricultural land and 25% of grassland converte Projected 2050 rainfall condition
to settlement areas
50% of agricultural land and 100% of land ted
S8 % of agricultural land an % of grassland converte Projected 2050 rainfall condition

to forest

2.4.4 Simulated Hydrologic Outputs

The hydrologic outputs extracted and analyzed from the SWAT simulations included precipitation,
surface runoff, evapotranspiration, percolation, groundwater-related components, and soil erosion. These
variables were compared across baseline and scenario conditions to determine the effects of land-use and
climate change on watershed hydrologic behavior and erosion response.

2.5 GIS-Based Hazard Vulnerability Assessment
2.5.1 Vulnerability Assessment Framework

Flood, drought, and soil-erosion vulnerability in the Abuan Watershed were assessed using a GIS-
based framework based on sensitivity, exposure, and adaptive capacity. Sensitivity refers to the physical and
environmental conditions associated with hazard occurrence, exposure refers to the elements likely to be
affected, and adaptive capacity refers to the ability of the watershed and local communities to cope with or
reduce hazard impacts. Each indicator was assigned a rating from 1 to 5, with higher values indicating greater
vulnerability and lower adaptive capacity. For each hazard, the component layers were combined through
weighted spatial overlay to generate the final vulnerability map.

For all three hazard assessments, indicators were rated on a five-level scale and grouped under sensitivity,
exposure, and adaptive capacity. Component weights of 30% for sensitivity, 30% for exposure, and 40% for
adaptive capacity were applied in the GIS-based overlay, and vulnerability was computed as a function of
sensitivity, exposure, and adaptive capacity. Adaptive capacity was given slightly greater weight because it
reflects the watershed’s and local communities ability to cope with or reduce hazard impacts. Within each
component, the indicators were assigned equal weight and combined by averaging their reclassified ratings.
The detailed rating criteria, data sources, and reclassification scheme for each hazard are provided in the
Supplementary Tables S1-S3. For the final map generation, the composite vulnerability index was classified
into five categories: very low, low, moderate, high, and very high. These classes corresponded to index ranges
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of 1.00-1.80, 1.81-2.60, 2.61-3.40, 3.41-4.20, and 4.21-5.00, respectively. The five-class scheme was adopted
to maintain consistency with the original indicator rating scale and to provide an interpretable gradation of
relative vulnerability across the watershed. This classification also aligns with the standard use of ordinal five-
level rating scales in the underlying GIS-based vulnerability framework. Data were sourced from multiple
agencies according to indicator type. PAGASA provided weather- and climate-related data, DENR provided
environment- and forest-related data, OCD provided damage-related data, and Local Government Units and
WWEF provided watershed, exposure, and locally derived vulnerability information.

2.5.2 GIS Processing and Map Generation

The hazard layers were processed in a GIS environment using Quantum GIS to produce the final
vulnerability maps. Thematic layers were rasterized, reclassified, and assigned ratings based on the adopted
criteria. Indicator layers were reclassified according to the rating criteria and the resulting component
layers were combined using weighted raster overlay. The digital elevation model was utilized to derive slope
classes, while river-proximity layers were generated where relevant using Euclidean distance. Raster-based
map algebra and weighted overlay were then applied to produce the sensitivity, exposure, and adaptive-
capacity layers for each hazard. These layers were integrated to generate the final flood-, drought-, and
soil-erosion-vulnerability maps, which were classified into five classes: very low, low, moderate, high, and
very high.

2.5.3 Flood Vulnerability Indicators

Flood vulnerability was assessed using indicators grouped under sensitivity, exposure, and adaptive
capacity. The sensitivity component covered the physical conditions associated with flood occurrence.
Exposure covered affected production areas, population, and damage-related conditions. Adaptive capacity
covered the availability of planning, warning, infrastructure, and support mechanisms. The flood-
vulnerability indicator groups used in the assessment are summarized in Table 3. For the flood assessment,
the aggregation of sensitivity, exposure, and adaptive-capacity indicators through weighted raster overlay is
illustrated in Supplementary Fig. SI.

Table 3: Summary of flood-vulnerability components and indicators used in the GIS-based assessment.

Component Indicators
Rainfall, slope, percent forest cover, vegetation type, elevation, proximity to
Sensitivity rivers/stream banks, extent of urban land use in agricultural areas, flooding
frequency

Extent of flooded production areas, number of flooding events, flood
Exposure duration, yield loss, income loss, agriculture-dependent population, extent of
damage to houses, farm equipment, animals, and structures

Flood-prone maps, historical flood data, access to flood forecasting and early
warning systems, flood-control and drainage facilities, flood preparedness,
Adaptive capacity evacuation routes, agricultural expenditure in flood-prone areas, access to
crop insurance or subsidies, access to planting-calendar and related
information
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2.5.4 Drought Vulnerability Indicators

Drought vulnerability was likewise assessed using sensitivity, exposure, and adaptive-capacity indica-
tors. Sensitivity focused on the biophysical conditions associated with drought occurrence, while exposure
covered affected agricultural production and livelihoods. Adaptive capacity reflected the availability of
irrigation, water-conservation measures, forecasting support, and other drought-related interventions. The
drought-vulnerability indicator groups used in the assessment are summarized in Table 4. For the drought
assessment, the aggregation of sensitivity, exposure, and adaptive-capacity indicators through weighted
raster overlay is illustrated in Supplementary Fig. S2.

Table 4: Summary of drought-vulnerability components and indicators used in the GIS-based assessment.

Component Indicators

Rainfall, continuous dry days, percent forest cover, land use, stream type,
Sensitivity plant growth stage during drought, dependence on irrigation, drought
duration

Extent of drought-affected production areas, yield loss, income loss, number

E
Xposure of agriculture-dependent families affected

Small-scale irrigation, water-harvesting facilities, water-conservation
practices, crop diversification, drought-prone area maps, access to crop
insurance or subsidies, drought forecasting and early warning systems,

cloud-seeding coverage, diversified livelihood practices, planting-calendar
information, drought-related agricultural expenditure, use of

Adaptive capacity

drought-resistant crop varieties

2.5.5 Soil-Erosion Vulnerability Indicators

Soil-erosion vulnerability was assessed using the same three-component structure. Sensitivity indicators
were associated with rainfall, forest cover, soil, slope, land use, and the presence of constructions. Exposure
indicators covered production areas affected by erosion, yield and income losses, and the population depen-
dent on upland agriculture. Adaptive-capacity indicators reflected erosion-related coping and conservation
measures, including agricultural expenditure in erosion-affected areas, reforestation efforts, access to crop
insurance, and diversified livelihood practices. The soil-erosion-vulnerability indicator groups used in the
assessment are summarized in Table 5. For the soil-erosion assessment, the aggregation of sensitivity,
exposure, and adaptive-capacity indicators through weighted raster overlay is illustrated in Supplementary
Fig. S3.

Table 5: Summary of soil-erosion-vulnerability components and indicators used in the GIS-based assessment.

Component Indicators
Sensitivity Rainfall, percent forest cover, soil type, slope, land use, presence of constructions
Exposure Extent of production farm areas exposed to different levels of erosion, yield loss,
X . . . .
P income loss from production, population dependent on upland agriculture
Average expenditure for agricultural programs in erosion-affected areas,
Adaptive capacity g€ exp 5 Prog

reforestation efforts, access to crop insurance, diversified livelihood practices




Revue Internationale de Géomatique. 2026535 519

2.6 Integration of Hydrologic and GIS-Based Results

The SWAT outputs and GIS-based hazard-vulnerability maps were integrated to examine the spatial
relationship between modeled watershed response and mapped flood, drought, and soil-erosion vulnerabil-
ity. Key hydrologic variables, including runoft, evapotranspiration, percolation, and soil-erosion response
under baseline and scenario conditions, were compared with the corresponding vulnerability patterns
across the watershed. This step was employed to identify areas where unfavorable hydrologic response
coincided with high hazard vulnerability and to delineate priority areas for watershed management and
environmental intervention.

2.7 Data Analysis and Interpretation

Hydrologic-model outputs were summarized through descriptive comparison of baseline and scenario
results. Percent change analysis was conducted to assess the magnitude and direction of change in selected
hydrologic variables under the different land-use and climate scenarios. The GIS-based flood, drought, and
soil-erosion maps were analyzed by comparing the spatial distribution of vulnerability classes across the
watershed. The integrated results were then interpreted to identify priority zones for management, hazard
mitigation, and environmental planning.

3 Results
3.1 Hydrologic Model Performance

The SWAT model showed reasonable calibration performance against the integrated downstream
streamflow record of the Abuan-Pinacanauan system. Based on the calibration dataset, the model produced
an R? of 0.61, nRMSE of 22%, and PBIAS of 3.1%. These values indicate a satisfactory match between the
simulated and observed combined downstream streamflow under the available monitoring configuration.
They support the use of the calibrated parameter set for comparative scenario simulation, while recognizing
that the calibration does not independently validate the isolated discharge response of the Abuan Watershed.
The calibration relationship between observed and simulated streamflow is shown in Fig. 3a.
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Figure 3: Streamflow-based SWAT model performance in the Abuan Watershed: (a) calibration and (b) validation.

Validation using an independent streamflow dataset also showed reasonable model performance. The
model produced an R? of 0.70, nRMSE of 14%, and PBIAS of 10%. These results indicate that the model was
able to reproduce streamflow behavior with acceptable accuracy under a separate dataset. The validation
relationship between observed and simulated streamflow is presented in Fig. 3b.
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3.2 Baseline Hydrologic Characteristics of the Abuan Watershed
3.2.1 Average Monthly Hydrologic Behavior

Under baseline conditions, the hydrologic behavior of the Abuan Watershed followed the seasonal
rainfall regime of the basin. Simulated rainfall, runoff, lateral flow, and water yield generally increased during
the wet months, while evapotranspiration followed a different seasonal pattern and reached its highest levels
from May to July. At the watershed scale, the rainy season was reflected by stronger hydrologic response
during the latter part of the year, consistent with the observed climatic pattern in which mean monthly
rainfall was highest in November (322 mm), and lowest in February (56.4 mm) and March (54.6 mm).
This seasonal contrast indicates that runoff and water-yield responses were mainly rainfall-driven, whereas
evapotranspiration was more pronounced during the warmer part of the year. The simulated monthly basin
values under baseline conditions are shown in Fig. 4.
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Figure 4: Average monthly simulated hydrologic variables in the Abuan Watershed under baseline conditions.

3.2.2 Baseline Annual Hydrologic Components

The baseline simulation indicated that the Abuan Watershed received an average annual precipitation
of 2169.1 mm. Of this amount, 1010.5 mm was converted to surface runoff, 488.6 mm was lost through
evapotranspiration, and 641.5 mm percolated into the soil profile (Table 6). Simulated groundwater con-
tributions included 606.2 mm from the shallow aquifer and 31.9 mm from the deep aquifer, while deep
aquifer recharge was estimated at 31.9 mm. Potential evapotranspiration reached 9370 mm annually. In
relative terms, surface runoff accounted for about 47% of annual rainfall, evapotranspiration for about 23%,
and percolation for about 30%, indicating that runoft was the dominant hydrologic pathway under baseline
conditions. The model also showed strong spatial variation in annual sediment yield, ranging from about
0.1tha™! in mountainous areas to as much as 243 t ha™" in hilly and sloping agricultural areas. These baseline
values provided the reference condition for evaluating the effects of land-use and climate scenarios in the
watershed.

Table 6: Simulated annual hydrologic components of the Abuan Watershed under baseline conditions.

Hydrologic Variables Value, mm
Precipitation 2169.1
Surface Runoff 1010.51
Groundwater (Deep Aquifer) 31.94

(Continued)
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Table 6 (continued)

Hydrologic Variables Value, mm
Groundwater (Shallow Aquifer) 606.17
Percolation 641.54
Evapotranspiration 488.6
Potential Evapotranspiration 937

3.3 Effects of Land-Use and Climate Scenarios on Watershed Hydrology
3.3.1 Scenario Effects on Runoff, Evapotranspiration, and Percolation

Scenario simulations showed that rainfall change produced the clearest hydrologic response in the
Abuan Watershed (Table 7). Under S1to S5, runoff increased by 15.87% to 15.99%, while percolation increased
by 7.27% to 7.45% and evapotranspiration changed only slightly. Under S6 and S7, runoff increased by
about 6.21% to 6.22%, while percolation increased by 1.51% and evapotranspiration decreased by 0.86%.
Under S8, runoff remained above baseline but was slightly lower than under the urbanized 2050 scenario.
Percolation was also slightly higher than under S7, while evapotranspiration remained unchanged. Wetter
rainfall conditions exerted a stronger watershed-scale effect than the tested land-use changes.

Table 7: Simulated changes in hydrologic variables and soil erosion under land-use and climate scenarios in the Abuan
Watershed.

Scenario Runoff Change (%) Percolation Change (%) Evapotranspiration Change (%) Soil Erosion Change

S1 +15.88 +7.43 +1.39 +12.75
S2 +15.87 +7.45 +1.39 +12.51
S3 +15.91 +7.34 +1.39 +13.02
S4 +15.94 +7.34 +1.39 +12.76
S5 +15.99 +7.27 +1.39 +12.57
S6 +6.21 +1.51 -0.86 +5.21
S7 +6.22 +1.51 -0.86 +4.84
S8 +6.06 +1.74 -0.86 +3.31

3.3.2 Scenario Effects on Soil Erosion

Soil erosion also responded to the land-use and rainfall scenarios (Table 7). Under Sl to S5, erosion
increased by 12.51% to 13.02%, with the largest increase observed under S3. Under S6 and S7, erosion increased
by 5.21% and 4.84%, respectively. Under S8, soil erosion remained above baseline, but was lower than
under the urbanized 2050 scenario. These results indicate that rainfall intensification and land disturbance
increased erosion pressure, whereas reforestation provided a clearer benefit for erosion control than for
basin-scale runoff reduction.

3.4 GIS-Based Hazard Vulnerability Patterns
3.4.1 Flood Vulnerability Pattern

The flood-vulnerability assessment showed that vulnerability in the Abuan Watershed ranged from
very low to low. The more vulnerable zones were concentrated in the lower subcatchments, particularly in
areas where agricultural land and settlements coincide. These areas were associated with higher exposure
to repeated flooding, longer flood duration, and greater potential damage to production areas and physical
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assets. In contrast, the forested upper portions of the watershed generally showed lower flood vulnerability.
The results also suggest that existing adaptive-capacity measures helped reduce overall flood vulnerability in
the basin. The spatial distribution of flood vulnerability is shown in Fig. 5.
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Figure 5: GIS-based flood-vulnerability map of the Abuan Watershed.

3.4.2 Drought Vulnerability Pattern

The drought-vulnerability assessment indicated very low vulnerability across the watershed under
the adopted five-class scale, although spatial variation was observed within this class. The highest relative
drought-vulnerability values occurred in agricultural areas, particularly in subbasin 26, where cultivated
lands were more exposed to limited irrigation, production losses, and livelihood sensitivity during prolonged
dry periods. Most of the forested portions of the watershed showed very low drought vulnerability. The results
suggest that drought impacts were more pronounced in rainfed agricultural areas than in the more vegetated
or less cultivated parts of the basin. The spatial pattern of drought vulnerability is presented in Fig. 6.
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Figure 6: GIS-based drought-vulnerability map of the Abuan Watershed.

3.4.3 Soil-Erosion Vulnerability Pattern

The soil-erosion assessment indicated greater vulnerability in cultivated upland and sloping areas than
in the forested portions of the watershed. Areas planted to corn and other agricultural crops in rolling and
hilly terrain were more exposed to erosion because of their slope, land-cover condition, and production
use. In contrast, forested areas showed relatively lower erosion vulnerability. These results are consistent
with the broader physical and land-use setting of the watershed, in which erosion risk is concentrated in
disturbed uplands and cultivated areas rather than in closed-forest zones. The spatial distribution of soil-
erosion vulnerability is shown in Fig. 7. Spatially, the more erosion-vulnerable areas were concentrated in
the southwestern to south-central part of the watershed. Based on the sub-basin delineation shown in Fig. 7,
subbasins 20, 24, 25, and 26 together cover about 8578 ha. This is equivalent to 13.4% of the total watershed
area. Among these, subbasin 26 showed the most pronounced erosion vulnerability. It covers about 3994 ha,
or 6.2% of the watershed. By contrast, much of the northern and eastern subbasins remained within the lower
vulnerability range. This indicates that erosion sensitivity is spatially concentrated rather than uniformly
distributed across the basin.
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Figure 7: GIS-based soil-erosion-vulnerability map of the Abuan Watershed.

3.5 Integrated Interpretation of Hydrologic and Spatial Results
3.5.1 Spatial Correspondence of Modeled Hydrologic Response and Mapped Vulnerability

This subsection examines the spatial correspondence between modeled hydrologic response and
mapped baseline vulnerability patterns. The comparison was interpretive and spatial, rather than based on
formal statistical coincidence, correlation, or ranking analysis. The integrated results showed that hydrologic
change and spatial vulnerability were concentrated in specific parts of the Abuan Watershed rather than
distributed evenly across the basin. Under the land-use and climate scenarios, surface runoft increased by
up to 15.99%, equivalent to about 161.6 mm above the baseline annual runoff of 1010.5 mm. This increase
is hydrologically meaningful at the watershed scale because it indicates a substantial rise in excess water
available for downstream routing and flood exposure. In general, wetter rainfall scenarios produced the
clearest watershed-scale hydrologic response, while reforestation showed a more distinct benefit for soil-
erosion control than for basin-scale runoft reduction. The discussion below focuses on how these hydrologic
responses correspond to the mapped spatial patterns of flood, drought, and soil-erosion vulnerability.
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These hydrologic responses are consistent with the mapped hazard patterns, although the comparison
was interpretive rather than based on a quantified overlap metric. Flood vulnerability was concentrated in
the lower agricultural and settlement areas and ranged overall from very low to low. The more exposed
zones were those with higher flooding frequency, longer flood duration, and greater potential damage to
production areas and physical assets. Drought vulnerability remained within the very-low class across the
watershed. The highest subbasin-level average was observed in subbasin 26, with a drought-vulnerability
index of 1.70, which is near the upper limit of the very-low class under the adopted five-class scale. This
subbasin also had the largest agricultural area and the greatest exposure to limited supplemental irrigation.
Soil-erosion vulnerability likewise ranged from very low to low, but higher sensitivity was associated with
cultivated hilly and rolling terrain, particularly in subbasins 20, 24, 25, and 26, where land disturbance
and road construction increased erosion sensitivity. Although the mapped vulnerability classes ranged
mainly from very low to low, their concentration in exposed agricultural and settlement areas still indicates
management-sensitive parts of the watershed. Although the mapped vulnerability classes ranged mainly
from very low to low, their concentration in exposed agricultural and settlement areas, together with the
projected hydrologic changes under the scenario analysis, still indicates management-sensitive parts of
the watershed.

Two main zones emerged from the integrated assessment. The downstream floodplain emerged as
the clearest area of overlap. Wetter scenarios increased runoft at the watershed scale, while the mapped
flood-vulnerability pattern was concentrated in low-lying agricultural and settlement areas. In this context,
increased runoft is interpreted as increasing the likelihood of greater surface-water accumulation and flood
exposure. This is especially important in areas that are already physically and socially susceptible. The study
did not define a specific runoff threshold for flood occurrence. The linkage was interpreted through the
spatial correspondence between modeled hydrologic intensification and mapped flood-prone conditions.
The second zone was the cultivated upland and sloping terrain, where increased erosion response under
rainfall-change scenarios corresponded with mapped drought and soil-erosion vulnerability in rainfed
agricultural areas. These results show that the areas most exposed to hydrologic deterioration are also the
areas most vulnerable to hazard impacts.

3.5.2 Priority Areas for Watershed Management

Priority management areas were identified where scenario-driven increases in runoff or soil erosion
overlapped with baseline zones of higher flood, drought, or soil-erosion vulnerability. These areas also
included exposed agricultural or settlement zones. The integrated results indicate that priority management
areas in the Abuan Watershed include both the downstream floodplain zones and the cultivated hilly to
rolling areas of the middle and lower watershed. The downstream zones require priority attention because
they combine relatively high flood exposure with scenario-driven increases in runoff of up to 15.99% under
intensified rainfall conditions and more than 6% under the projected 2050 rainfall scenarios. These areas
include agricultural lands and settlements that were identified as more vulnerable to repeated flooding,
longer flood duration, and greater damage to production areas and assets.

The cultivated hilly to rolling areas also emerged as priority zones because they combine drought
sensitivity, rainfed farming dependence, and elevated erosion risk. In this study, priority designation refers to
the most management-sensitive areas within the watershed rather than only to areas that fall under high or
very high vulnerability classes. The drought assessment showed that subbasin 26 had the highest subbasin-
level average drought-vulnerability index (1.70), although this value remained within the very-low category.
Its priority relevance therefore arises from its relative position within the watershed, its large agricultural
extent, and its limited supplemental irrigation, rather than because it was classified in a higher vulnerability
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category. For soil erosion, the more sensitive cultivated and disturbed uplands were concentrated particularly
in subbasins 20, 24, 25, and 26. This interpretation is reinforced by the SWAT simulations, which showed
that soil erosion increased by as much as 13.02% under the land-use and rainfall-change scenarios. Under the
projected 2050 rainfall condition, reforestation produced only marginal changes in runoft and percolation
relative to the urbanized scenario, with runoft decreasing by 0.17% and percolation increasing by 0.23%. Its
more defensible management value in this study is therefore related to soil-erosion reduction rather than
basin-scale flood mitigation. Its more notable effect was on soil erosion, which decreased by as much as
116 tha ' yr .

These findings suggest that watershed management in Abuan should prioritize flood-risk reduction
and runoff moderation in the lowlands while strengthening reforestation, vegetation recovery, and soil-
conservation measures in cultivated uplands. Reforestation emerges as the most consistent intervention from
the integrated assessment because it improves both hydrologic response and spatial hazard conditions. In
this sense, the combined use of SWAT simulation and GIS-based vulnerability mapping provides a more
spatially explicit basis for management prioritization in Abuan.

4 Discussion

4.1 Hydrologic Response under Baseline and Scenario Conditions

The baseline water balance suggests that the Abuan Watershed behaves as runoff-dominated, with about
47% of annual precipitation expressed as surface runoff, compared with about 23% as evapotranspiration
and 30% as percolation. This partitioning suggests a relatively rapid rainfall-to-runoff response at the basin
scale. In the present study, this interpretation is broadly consistent with the watershed’s strong rainfall
seasonality, steep terrain, and relatively high drainage density, as indicated by the DEM-based geomorphic
characterization. More generally, runoff and flood response are shaped by the interaction between rainfall
characteristics and catchment properties [23]. However, the modeled water-balance partitioning is treated
with caution because calibration and validation were based on streamflow, whereas evapotranspiration and
subsurface fluxes were not independently validated. In addition, the available soil and geologic information
suggests spatial variability in subsurface conditions, but it is not sufficient to confirm the exact magnitude
of infiltration, percolation, or baseflow contributions. The relatively low evapotranspiration share should
therefore be regarded as a model-based estimate under the available data conditions rather than as an
independently confirmed watershed characteristic.

A major implication of the scenario results is that rainfall change produced the clearest hydrologic signal
among the tested conditions. Runoff increased by as much as 15.99% in the scenarios that combined land-
cover change with a 10% increase in rainfall, while the projected 2050 rainfall condition still raised runoft by
more than 6%. These responses suggest that, under the conditions examined, Abuan is especially sensitive
to wetter climate inputs. This pattern agrees with broader tropical evidence showing that although both
land-use change and climate change affect basin hydrology, substantial precipitation shifts often exert the
strongest short-term control on streamflow and runoft response [1]. It is also consistent with previous work
in Abuan, which showed that streamflow and water-resources risk are sensitive to both climate and land-use
change [24].

The weaker response of evapotranspiration and percolation is also hydrologically important. In the
present study, evapotranspiration changed only slightly across the tested scenarios, while percolation
increased more modestly than runoff. This means that additional rainfall in Abuan is more readily converted
to surface flow than redistributed through atmospheric loss or deeper subsurface storage. This pattern
is important because wetter conditions may intensify flood and erosion pressure more quickly than they
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improve infiltration-related benefits. Related sensitivity to climate-driven hydrologic change has also been
reported in other Philippine SWAT applications, including the Maasin River Watershed, where shifts in
rainfall altered dependable flow and water-availability indicators relevant to irrigation planning [14].

The results suggest that the principal contribution of reforestation in Abuan lies in strengthening water-
shed regulation and reducing erosion under climatically stressed conditions rather than in producing large
immediate changes in basin-scale runoft. This interpretation is consistent with broader forest-hydrology
studies showing that restoration effects are often context-dependent and may be expressed more clearly
through flow regulation, dry-season support, and erosion control than through short-term changes in
annual runoft totals [25,26]. In Abuan, this interpretation is reinforced by the erosion results, which show
strong concentration of sediment yield in cultivated sloping terrain and a clearer reduction in erosion
under reforestation than in runoff. These findings further suggest that vegetation recovery may provide its
greatest benefit through slope protection, sediment retention, and improved landscape stability rather than
through large immediate reductions in annual streamflow response. This view is consistent with evidence
that vegetation restoration can reduce runoff and soil loss while producing stronger gains in erosion-control
services [27].

4.2 Spatial Vulnerability to Flood, Drought, and Soil Erosion

The mapped hazard patterns indicate that vulnerability in the Abuan Watershed is strongly shaped by
watershed position, land use, and terrain rather than distributed uniformly across the basin. Flood vulnera-
bility is concentrated in the downstream agricultural and settlement areas, where low-lying terrain, proximity
to channels, repeated inundation, and exposure of production areas combine to increase susceptibility. This
pattern is hydrologically plausible because flood impacts typically accumulate in lower landscape positions,
where runoff converges and agricultural and built-up land uses are more concentrated. Comparable GIS-
based flood assessments in the Philippines have likewise shown that flood-prone conditions are most
evident where topographic setting, drainage proximity, and land use interact to amplify exposure and hazard
intensity [15]. In Abuan, the downstream floodplain therefore emerges not merely as a low-elevation zone,
but as a part of the watershed where biophysical susceptibility and land-use exposure reinforce one another.

Although drought vulnerability remained within the very-low class across the watershed, relatively
higher values were associated with cultivated lands, limited supplemental irrigation, and production systems
sensitive to prolonged dry periods. Subbasin 26 had the highest subbasin-level average drought-vulnerability
index, but its value remained within the very-low category. This indicates that drought vulnerability in Abuan
is shaped less by inherently dry climatic conditions than by agricultural dependence and limited buffering
capacity in rainfed zones. This interpretation is consistent with Philippine river-basin studies showing that
drought vulnerability tends to intensify where crop production is closely tied to rainfall variability and
where irrigation access, adaptive support, or water-storage options remain limited [16]. The overlap between
subbasin 26 in the drought assessment and subbasins 20, 24, 25, and 26 in the soil-erosion assessment
suggests that parts of the cultivated uplands are sensitive to both water stress and land-degradation processes.
In this sense, the implication is not that these areas already fall under high vulnerability classes, but that
they represent the more management-sensitive portions of the watershed under current land-use and
hydroclimatic conditions.

The spatial pattern of soil-erosion vulnerability is likewise consistent with the watershed’s physical and
land-use setting. Higher erosion vulnerability is concentrated in cultivated uplands and sloping terrain rather
than in the more densely forested parts of the basin. This reflects the combined influence of slope, vegetation
condition, soil exposure, and agricultural disturbance, all of which increase the likelihood that rainfall will
be translated into sediment detachment and transport. Similar spatial tendencies have been reported in
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Philippine erosion studies, where cultivated and sparsely protected slopes consistently emerge as the more
erosion-prone parts of the landscape [17]. Erosion-susceptibility mapping in the Philippines has shown that
rainfall change can further intensify this risk in already sensitive sloping terrain [18]. In Abuan, the erosion
map therefore supports the view that land disturbance in hilly and rolling agricultural areas remains a central
driver of watershed degradation.

The three hazard maps suggest that different parts of the watershed are vulnerable for different reasons.
Flood vulnerability is concentrated where runoff accumulates and exposed land uses are located in the
downstream zone. Drought vulnerability is tied more closely to agricultural dependence and limited water
buffering in cultivated areas. Soil-erosion vulnerability is governed mainly by slope, disturbance, and land-
cover condition in upland terrain. This spatial differentiation is important because it shows that watershed
management in Abuan cannot rely on a single uniform intervention. Although the mapped vulnerability
classes were generally in the very low to low range, these classifications do not imply negligible management
concern. In Abuan, even lower vulnerability classes remain important when they are concentrated in exposed
agricultural and settlement areas. In such areas, recurrent hazard impacts can still lead to production losses,
infrastructure damage, and environmental degradation. Responses need to be tailored to the physical and
land-use context of each zone within the basin.

4.3 Integrated Interpretation and Priority Management Areas

The main value of this study lies in linking modeled hydrologic response with mapped spatial vulnera-
bility rather than treating them as separate lines of evidence. In this study, the integrated interpretation was
based on comparative spatial analysis of modeled hydrologic changes and baseline GIS-based vulnerability
patterns. It was not derived from a formal optimization or ranking procedure. The relationship between
the hydrologic simulations and the vulnerability maps was therefore interpreted spatially rather than
operationalized through a quantitative coupling or statistical integration framework. The SWAT simulations
show that wetter scenarios increase runoff and erosion pressure. The GIS-based assessments show that
vulnerability is concentrated in specific parts of the watershed rather than spread evenly across the basin.
These results show that hydrologic intensification becomes most critical where it overlaps with already
exposed land uses and sensitive terrain. This integrated reading is important because watershed decisions
are shaped not only by the magnitude of hydrologic change, but also by where that change is most likely to
translate into flood damage, drought stress, or erosion risk. Integrated watershed assessments have likewise
been recommended because land-use and climate effects are better understood when hydrologic processes
and spatial response are examined together rather than in isolation [19].

In Abuan, the clearest area of convergence is the downstream floodplain, where modeled runoff
increases under wetter scenarios align with the mapped concentration of flood vulnerability in agricultural
and settlement areas. This means that the importance of increasing runoft is not only hydrologic but also
spatially consequential, because it is expressed in the part of the basin where exposure is already highest.
A second area of convergence is the cultivated hilly and rolling terrain of the middle and lower watershed. For
drought and soil erosion, the main overlap occurred in subbasin 26 and in the cultivated uplands of subbasins
20, 24, 25, and 26. In these areas, mapped vulnerability coincided with rainfed farming dependence, land
disturbance, and greater erosion sensitivity. This overlap is important because it identifies areas where
land degradation and production risk may reinforce one another. Similar GIS-hydrologic frameworks have
been shown to improve the identification of flood-prone and management-sensitive areas by connecting
process-based simulation with explicit spatial exposure patterns [21].

These convergences suggest that priority areas should be differentiated by hazard type and watershed
position. These patterns indicate that management priority is greatest where scenario-driven increases
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in runoff or soil erosion coincide with baseline zones of higher mapped vulnerability and concentrated
agricultural or settlement exposure. The downstream zone requires stronger attention to runoff moderation,
flood-risk reduction, and protection of exposed agricultural and settlement areas. The cultivated uplands
require greater emphasis on reforestation, vegetation recovery, and soil-conservation measures because these
areas combine slope-related sensitivity with agricultural disturbance and drought exposure. This interpreta-
tion is consistent with integrated watershed planning studies showing that land-use interventions are more
effective when they are targeted to parts of the basin where environmental response and management need
overlap most strongly [22]. The combined use of SWAT simulation and GIS-based vulnerability mapping
provides a more spatially explicit basis for management prioritization in Abuan. The integrated interpretation
should therefore be viewed as a relative spatial prioritization framework under the available data conditions,
and its methodological limitations are discussed further in Section 4.4.

4.4 Study Limitations and Implications for Watershed Management

The findings of this study should be interpreted in light of several limitations. Formal model evaluation
was based on observed streamflow, while erosion- and runoff-related information was used mainly to support
parameter adjustment rather than independent validation. In addition, the streamflow record used for
calibration and validation was derived from the Abuan-Pinacanauan system, which introduces uncertainty
in representing the isolated hydrologic response of the Abuan Watershed. The GIS-based flood, drought, and
soil-erosion assessments were also based on indicator rating and weighted overlay. The resulting vulnerability
maps should therefore be interpreted as relative indices of spatial susceptibility and management sensitivity
rather than as direct predictions of hazard occurrence or damage magnitude. The mapped patterns were
interpreted in relation to known watershed conditions, but they were not independently validated against a
separate historical event inventory, and no formal sensitivity analysis of indicator weighting was performed.
These methods are useful for spatial prioritization, but they remain sensitive to the selected indicators,
rating criteria, and weighting assumptions. The integration of SWAT outputs and hazard-vulnerability maps
was based on comparative spatial interpretation rather than formal statistical coupling. For this reason, the
results are more robust for identifying broad management-sensitive zones than for defining exact quantitative
priority rankings. The findings that carry the greatest uncertainty are the exact magnitude of some calibrated
hydrologic partitioning values and the strength of the inferred link between simulated hydrologic change and
mapped vulnerability. These uncertainties could be reduced through additional watershed-specific discharge
records, observed sediment data, and more detailed socio-economic and exposure datasets.

Despite these limitations, the study provides a useful basis for watershed management in Abuan. The
integrated results consistently indicate that the downstream floodplain and the cultivated hilly to rolling
areas require different forms of intervention. In practical terms, flood-risk reduction, runoff moderation, and
protection of exposed agricultural and settlement areas should be prioritized in the lowlands. In cultivated
uplands, greater emphasis should be placed on reforestation, vegetation recovery, and soil-conservation
measures. The implementation of these measures should also consider socio-economic feasibility, including
land-use constraints, agricultural dependence, local capacity for maintenance, and the availability of insti-
tutional support. In this sense, the study does not prescribe a fixed intervention ranking. Rather, it provides
a spatially explicit basis for targeting watershed management actions and for guiding subsequent planning
with more detailed biophysical and socio-economic evaluation.

5 Conclusion

This study showed that the Abuan Watershed is highly responsive to rainfall variability and that
its hydrologic and spatial hazard conditions are not distributed uniformly across the basin. The SWAT
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simulations indicated that runoff is the dominant hydrologic pathway under baseline conditions and that
wetter scenarios generally increased runoff and soil erosion more clearly than the tested land-use changes
alone. Reforestation showed its most meaningful benefit through erosion reduction rather than large
immediate changes in basin-scale runoff. In the present study, reforestation reduced soil erosion by as much
as 1.16 t ha™' yr!, indicating a clearer erosion-control effect in cultivated and disturbed uplands than an
immediate basin-scale runoff response. The GIS-based assessments further showed that flood vulnerability
is concentrated in the downstream agricultural and settlement areas, whereas drought and soil-erosion
vulnerability are more evident in cultivated and rainfed upland zones. These results identify two principal
management priorities in the watershed which are flood-risk reduction and runoff moderation in the
downstream lowlands, and vegetation recovery, reforestation, and soil-conservation measures in cultivated
hilly and rolling terrain. The study shows that combining hydrologic simulation with GIS-based hazard
mapping provides a more spatially explicit basis for watershed prioritization and intervention planning in
the Abuan Watershed.
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